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Synthesis and evaluation of gadolinium complexes

based on PAMAM as MRI contrast agents

Guo-Ping Yan, Bin Hu, Mai-Li Liu and Li-Yun Li

Abstract

Diethylenetriaminepentaacetic acid (DTPA) and pyridoxamine (PM) were incorporated into the amine

groups on the surface of ammonia-core poly(amidoamine) dendrimers (PAMAM, Generation 2.0–5.0)

to obtain dendritic ligands. These dendritic ligands were reacted with gadolinium chloride to yield the

corresponding dendritic gadolinium (Gd) complexes. The dendritic ligands and their gadolinium

complexes were characterized by 1HNMR, IR, UV and elemental analysis. Relaxivity studies showed

that the dendritic gadolinium complexes possessed higher relaxation effectiveness compared with the

clinically used Gd-DTPA. After administration of the dendritic gadolinium complexes (0.09mmolkg�1)

to rats, magnetic resonance imaging of the liver indicated that the dendritic gadolinium complexes

containing pyridoxamine groups enhanced the contrast of the MR images of the liver, provided

prolonged intravascular duration and produced highly contrasted visualization of blood vessels.

Introduction

As a noninvasive and efficient imaging technique, magnetic resonance imaging (MRI)
is widely used in the detection and diagnosis of a variety of diseases. MRI is used in
conjunction with MRI contrast agents. These contrast agents can enhance various
portions of the MR image by changing the relaxation times of the protons in the
immediate vicinity to the agent, and make the area of interest much more conspicuous
than the surrounding tissue (Lauterbur 1973; Lauffer 1987).

The extracellular fluid agents, for example the clinically used gadolinium diethylene-
triaminepentaacetic acid (Gd-DTPA), do not work very well for imaging of the vascular
system and for some organs such as the liver, because the majority of the agent is lost to
the extracellular fluid space and is rapidly excreted by the body; however, these agents
can work well in the brain and spinal cord. The quest to discover novel organ or tissue
targeting and macromolecular MRI contrast agents has led to a number of interesting
results (Van Beers et al 1997; Caravan et al 1999). Some liver-targeting contrast agents
including gadobenate dimeglumine (Gd-BOPTA), gadolinium ethoxybenzyltriamine
pentaacetic acid (Gd-EOB-DTPA) and manganese dipyridoxal-diphosphate (Mn-
DPDP) have been studied for use in clinical trials (Rocklage et al 1989; Cavagna et al
1991; Schuhmann-Giampieri et al 1993).

On the surface of mammalian hepatocytes there exist a large number of asialogly-
coprotein receptors that can selectively recognize and bind to galactose-terminated
glycoproteins, and internalize them by a receptor-mediated endocytosis process
(Cynthia et al 1996). Zhuo et al (1997) incorporated the galactose moiety into poly-
lysine-(Gd-DTPA) to give liver-specific MRI contrast agents. Their biodistribution in
mice showed that the polylysine (Gd-DTDA)-containing galactose moiety could be
specially taken up by the liver.

Mn-DPDP is a liver-targeting contrast agent that is taken up specifically by hepatocytes
through the pyridoxine transporter at the sinusoidal pole. The ligand consists of two linked
pyridoxyl-50-phosphate groups, the catalytically active form of vitamin B6 (Rummeny et al
1991). Previously, we incorporated the amine form of vitamin B6, pyridoxamine (PM), to a
series of polyester and polyaspartamide to obtain MRI contrast agents and anticancer
conjugates. The experimental data proved that polymers containing pyridoxamine groups



exhibited a liver-targeting property and their uptake by the
liverwas highly enhanced inmice and rats (Yan et al 2001a, b,
2002a, b).

Macromolecular MRI contrast agents exhibit more
effective relaxation compared with the low molecular
weight metal complex alone and improve the relaxivity per
gadolinium atom because of an increase in rotational cor-
relation time. They show prolonged intravascular retention
due to their bulky molecular size, and so they can be used
clinically as the blood pool contrast agents (Caravan et al
1999; Yan & Zhuo 2001; Beezer et al 2003; Uzgiris et al
2004). The conjugate of paramagnetic metal chelates with
dendrimers is currently being explored as a new type of
potential macromolecular MRI contrast agent. This is
because dendrimers have some advantages over other poly-
mer carriers including a spherical and highly branched
structure, low polydispersity molecule, and large modifiable
surface functionality (Balogh et al 1989; Huber & Burchard
1989; Hawker & Frechet 1990; Tomalia et al 1990; Wiener
et al 1994, 1996, 1997; Archut & Vögtle 1998; Fischer &
Vögtle 1999; Esfand & Tomalia 2001).

The ammonia-core poly(amidoamine) dendrimers
(PAMAM) are one kind of dendrimers that have been
investigated the most as MRI contrast agents because they
are biocompatible, non-immunogenic, water-soluble and
possess terminal-modifiable amine functional groups
for binding various targeting or guest molecules (Patri
et al 2002). Cell-based, acute and subchronic in-vitro and
in-vivo toxicity profiles revealed that some kinds of dendri-
mers displayed low toxicity and so would possibly be
good to use as vehicles for drug delivery (Neerman et al
2004).

Dendrimer-basedMRI contrast agents have been synthe-
sized, and their pharmacokinetics, whole-body retention,
and dynamicMRI evaluated inmice to determine an optimal
agent in comparison with Gd-DTPA. The results showed
that small dendrimer conjugates were more rapidly excreted
from the body than the larger dendrimer conjugates. Thus
small dendrimer conjugates might be acceptable for use in
further clinical applications (Kobayashi et al 2003). Wiener
et al (1994, 1996, 1997) made gadolinium complexes of
folate-conjugated PAMAM dendrimers for targeting
tumour cells expressing high-affinity folate receptor (hFR).
These conjugates showed the increased longitudinal relaxa-
tion rate and a 33% increase by contrast enhancement in
ovarian tumours compared with a non-specific agent. Other
groups have investigated PAMAM dendrimers for drug
targeting (Margerum et al 1997; Bryant et al 1999).

In this study, the dendritic gadolinium complexes con-
taining Gd-DTPA and PM groups based on PAMAM
(Generation 2.0–5.0) were synthesized, characterized and
evaluated as potential MRI contrast agents by relaxivity
and magnetic resonance imaging studies (Figure 1).

Materials and Methods

Instruments and reagents

The compounds prepared were characterized using a
Spectrum One infrared spectrophotometer, a Lambda
Bio40 UV/vis spectrophotometer, a Varian Mercury-
Vx300 NMR spectrometer and a Carlo Erba 1106 analyser.
The concentration of the paramagnetic species [Gd3þ] was
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Figure 1 The synthetic route to dendritic MRI contrast agents.
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measured by an ICP Atomscan-2000 spectrometer.
Longitudinal relaxation time (T1) for gadolinium complex
was determined by a VarianMercury-Vx300 NMR spectro-
meter. MR imaging was performed on a 4.7 Tesla
BIOSPEC 47/30 MR Scanner (Bruker Medical, Ettlingen,
Germany) using Sprague Dawley white rats (150� 2 g) as
the model.

All chemicals and solvents were of analytical grade. The
ammonia-core poly(amidoamine) dendrimers (PAMAM,
Generation 2.0–5.0) were obtained from Dendritech Inc.
(MI). Chloroformyl-N4-pyridoxamine (PMCOCl) and
DTPA mono(hydroxysuccinimide) ester (SuO-DTPA)
were prepared according to Yan et al (2001b).

Synthesis of the dendritic ligands

PAMAM (Generation 2.0, G2.0, 0.52 g, 0.5mmol) and
5mL triethylamine were dissolved in 60mL distilled
water. The solution of chloroformyl-N4-pyridoxamine
(PMCOCl, 0.3 g, 1.2mmol) in DMF (20mL) was added
slowly at�15 to�20�C. The reaction was stirred for 4 h at
�5�C and then for 20 h at room temperature. After filtra-
tion, the filtrate was collected and cooled to �5�C.

The solution of DTPA mono(hydroxysuccinimidyl)
ester (SuO-DTPA, 1.1 g, 2.4mmol) in DMF (20mL) was
added dropwise to the mixture at �5�C. The reaction was
stirred for 4 h at 0�C and then for 48 h at room tempera-
ture. The product was filtered and precipitated with etha-
nol and diethyl ether. The solid was reprecipitated from
distilled water using ethanol and diethyl ether, filtered and
dried under vacuum to yield a yellow dendritic ligand
containing pyridoxamine group G2.0-DTPA-PM (2.3 g,
81%). 1HNMR (D2O, �): 7.9–7.7(C5NH), 5.8(HOCH2),
4.2(NHCH2), 3.7 (CH2C¼O), 3.4�3.2(NCH2CH2N),
3.0(CH3), 2.9–2.8(NCH2CH2N), 2.6�2.3 (NHCH2CH2NH).
IR(KBr, cm�1): 3421(NH), 3013(C-H), 1724, 1639(COO,
CONH), 1396, 1228 (C-N), 1089 (C-O); UV(H2O, nm): 324.

The dendritic ligands with differing dendrimers
(Generation: G3.0–5.0) were synthesized by the same
method to give the following: G3.0-DTPA-PM (77%),
G4.0-DTPA-PM (M1, 73%; M2, 75%; M3, 70%) and
G5.0-DTPA-PM (72%).

G3.0-Gd-DTPA-PM: 1HNMR (D2O, �): 7.9–
7.7(C5NH), 5.8(HOCH2), 4.2(NHCH2), 3.7 (CH2C¼O),
3.4�3.2(NCH2CH2N), 3.0(CH3), 2.9–2.7(NCH2CH2N),
2.6�2.3 (NHCH2CH2NH). IR(KBr, cm�1): 3433(NH),
3013(C-H), 1722, 1637(COO, CONH), 1397, 1232(C-N),
1090(C-O); UV(H2O, nm): 329.

G4.0-Gd-DTPA-PM (M1):
1HNMR (D2O, �): 7.9–7.6

(C5NH), 5.7(HOCH2), 4.1(NHCH2), 3.7 (CH2C¼O),
3.5�3.2(NCH2CH2N), 3.0(CH3), 2.9–2.8(NCH2CH2N),
2.7�2.3 (NHCH2CH2NH). IR(KBr, cm�1): 3427 (NH),
3018 (C-H), 1722, 1638(COO, CONH), 1397, 1233(C-N),
1094(C-O); UV(H2O, nm): 328.

G4.0-Gd-DTPA-PM (M2):
1HNMR (D2O, �): 7.9–7.6

(C5NH), 5.7(HOCH2), 4.1(NHCH2), 3.7 (CH2C¼O),
3.5�3.2(NCH2CH2N), 3.0(CH3), 2.9–2.8(NCH2CH2N),
2.7�2.3 (NHCH2CH2NH). IR(KBr, cm�1): 3432(NH),
3074 (C-H), 1724, 1639(COO, CONH), 1397, 1237(C-N),
1127(C-O); UV(H2O, nm): 331.

G4.0-Gd-DTPA-PM (M3):
1HNMR (D2O, �): 7.9–7.6

(C5NH), 5.7(HOCH2), 4.1(NHCH2), 3.7 (CH2C¼O),
3.5�3.2(NCH2CH2N), 3.0(CH3), 2.9–2.8(NCH2CH2N),
2.7�2.3 (NHCH2CH2NH). IR(KBr, cm�1): 3431(NH),
3014(C-H), 1726, 1638(COO, CONH), 1396, 1227(C-N),
1126(C-O); UV(H2O, nm): 328.

G5.0-Gd-DTPA-PM: 1HNMR (D2O, �): 8.0–
7.8(C5NH), 5.7(HOCH2), 4.2(NHCH2), 3.8 (CH2C¼O),
3.5�3.2(NCH2CH2N), 3.0(CH3), 2.9–2.8(NCH2CH2N),
2.7�2.3 (NHCH2CH2NH). IR(KBr, cm�1): 3425(NH),
3018(C-H), 1722, 1639(COO, CONH), 1397, 1233(C-N),
1177(C-O); UV(H2O, nm): 328.

Complexation

The dendritic gadolinium complexes with differing den-
drimers (Generation: G2.0–5.0) were synthesized accord-
ing to the following standard procedure. G2.0-DTPA-PM
(1.15 g, 0.4mmol) was dissolved in 20mL distilled water
and gadolinium chloride (GdCl3, 0.53 g, 2mmol) was
added. This solution was stirred for 1 h and the pH was
adjusted to pH 5 with 2M NaOH solution. The solution
was then stirred for a further 12 h at room temperature.
After dialysis, the dialysed solution was evaporated
and the solid residue was dried under vacuum to yield
the dendritic gadolinium complex G2.0-Gd-DTPA-PM
(1.0 g, 72%). G3.0-Gd-DTPA-PM (73%), G4.0-Gd-
DTPA-PM (M1, 65%; M2, 70%; M3, 68%) and G5.0-
Gd-DTPA-PM (70%) were similarly synthesized.

G2.0-Gd-DTPA-PM: IR (KBr, cm�1): 3428(NH),
3011(C-H), 1595, 1443, 1408(COO, CONH), 1326 (C-N),
1093(C-O). Anal. (%) found (calc.): Gd 14.1(14.3), C
41.5(42.2) N 16.5(16.8), H 6.25(6.2); UV(H2O, nm): 327.

G3.0-Gd-DTPA-PM: IR (KBr, cm�1): 3432(NH),
3010(C-H), 1595, 1442, 1408(COO, CONH), 1325(C-N),
1093(C-O). Anal. (%) found (calc.): Gd 14.2(14.4), C
41.7(42.5) N 16.3(16.6), H 6.2(6.1); UV(H2O, nm): 329.

G4.0-Gd-DTPA-PM (M1): IR (KBr, cm�1): 3426
(NH), 3014 (C-H), 1595, 1441, 1408 (COO, CONH),
1326(C-N), 1094(C-O). Anal. (%) found (calc.): Gd 11.5
(11.6), C 43.8(44.4), N 17.8(18.0), H 6.7(6.6); UV(H2O,
nm): 328.

G4.0-Gd-DTPA-PM (M2): IR (KBr, cm�1): 3433(NH),
3076 (C-H), 1595, 1439, 1407 (COO, CONH), 1325(C-N),
1093(C-O). Anal. (%) found (calc.): Gd 9.5(9.6), C
45.3(45.7), N 18.9(19.1), H 7.0(6.9); UV(H2O, nm): 331.

G4.0-Gd-DTPA-PM (M3): IR (KBr, cm�1): 3433(NH),
3011(C-H), 1595, 1439, 1407(COO, CONH), 1325(C-N),
1093(C-O). Anal. (%) found (calc.): Gd 10.8(10.9), C
44.4(44.9), N 18.1(18.3), H 6.8(6.7); UV(H2O, nm): 328.

G5.0-Gd-DTPA-PM: IR (KBr, cm�1): 3400(NH),
3014(C-H), 1595, 1442, 1408(COO, CONH), 1326(C-N),
1094(C-O). Anal. (%) found (calc.): Gd 12.3(12.5), C
43.2(43.8) N 17.2(17.5), H 6.5(6.4); UV(H2O, nm): 328.

Relaxivity

The solvent longitudinal relaxation time (T1) for the gado-
linium complexes in distilled water (pH¼ 7) was deter-
mined using a VarianMercury-Vx300 NMR spectrometer.
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MR imaging

MR imaging of the liver was carried out on Sprague Dawley
rats (150� 2g) using a 4.7 Tesla BIOSPEC 47/30 MR
Scanner. The rats were anaesthetized with urethane (10%,
10mLkg�1), positioned supine and fixed to a polystyrene
cradle with adhesive tape to minimize respiratory motion.
After performing non-enhanced MR imaging, a solution of
Gd-DTPA (0.1mmolkg�1, Magnevist), G2.0-Gd-DTPA-
PM (0.09mmolkg�1), G4.0-Gd-DTPA-PM (M1, 0.09mmol
kg�1), G4.0-Gd-DTPA-PM (M2, 0.09mmolkg�1) or G4.0-
Gd-DTPA-PM (M3, 0.09mmolkg�1) in 0.9% sodium chlor-
ide was injected via the tail. Coronal images of the liver were
obtained with a T1-weighted spin-echo sequence. (Repetition
time (TR) 500ms, echo time (TE) 15ms, the field of view was
40mm, with an image matrix of 128� 128. Six slices were
taken and slice thickness was 2mm, with a l-mm interslice
gap.)

Statistical analysis

Six T1-weighted image slices were taken for the liver of
each rat. The top and bottom slices were not included in
the data analysis to prevent confounding partial volume
effects at the edges of the liver. The average relative signal
intensities (pre-injection and post-injection at different
times) within the region of interest (indicated areas 1 and
2) were normalized to the water label background
(RIbackground) at each of the imaging conditions. The per-
centage of contrast enhancement in the signal from the
liver was calculated according to the following equation:

Enhancement ð%Þ ¼ 100% ðRIpost �RIpreÞ=
ðRIpre �RIbackgroundÞ

ð1Þ

The effect of the various factors on the results derived
from image analysis were examined using the Kruskal–
Wallis and Wilcoxon signed rank tests, where appropriate.
The effect of the concentration and the observed solvent
relaxation time (T1obsd) of gadolinium complex on the
relaxivity (R1) was performed using the Kruskal–Wallis
test.

Results and Discussion

Synthesis and characterization

Poly(amidoamine) dendrimers (PAMAM, Generation
2.0–5.0) are water-soluble molecules with high numbers
of amine groups on their surface and in this instance they
have been used as the carriers for MRI contrast agents.
Experimental data including 1HNMR, IR, UV and ele-
mental analysis indicated that DTPA and PM were cova-
lently bound to the dendrimers and the subsequent
gadolinium complexes formed. 1HNMR spectra showed
that the dendritic ligands had the characteristic peaks
of PM groups at 8.0–7.6 ppm. The dendritic ligands in
aqueous solution after dialysis showed UV absorption at
327–331 nm; however, dendrimers show no characteristic
absorption at the above-mentioned wavelengths. IR

spectra of the dendritic ligands showed characteristic
absorption peaks of carboxyl at 1639�1635 cm�1, while
the IR spectra of their gadolinium complexes had lost
those peaks but strong absorption peaks were present at
1596�1594 cm�1.

Relaxivity of metal complexes

In the absence of solute–solute interactions, the solvent
relaxation rates were linearly dependent on the concentra-
tion of the paramagnetic species ([M]); relaxivity, R1, was
defined as the slope of this dependence (Lauffer 1987;
Nicolle et al 2002):

ð1=T1Þobsd ¼ ð1=T1Þd þR1½M� ð2Þ
Where (1/T1)obsd was the observed solvent relaxation rate
in the presence of a paramagnetic species, (1/T1)d was the
solvent relaxation rate in the absence of a paramagnetic
species. In this experiment, the concentrations of the
paramagnetic species [Gd3þ] were measured by an ICP
Atomscan-2000 spectrometer. Thus R1 for gadolinium
complexes in distilled water could be calculated (Table 1).

The water exchange rate and rotational correlation
times are the critical factors to limit proton relaxivity for
macromolecular gadolinium chelates as potential MRI
contrast agents. Thus the dendritic gadolinium complexes
have higher proton relaxivities than the low molecular
weight chelates on the basis of the higher rigidity, faster
water exchange rate and slower rotation (Nicolle et al
2002). Table 1 illustrates that the dendritic gadolinium
complexes containing pyridoxamine groups exhibited
higher relaxation effectiveness compared with Gd-DTPA.
Moreover, their relaxivities were enhanced accordingly
when the content of Gd3þ increased; for example, the relax-
ivity of G4.0-Gd-DTPA-PM (M3) was higher compared
with G4.0-Gd-DTPA-PM (M2) and less compared with
G4.0-Gd-DTPA-PM (M1).

MR imaging

The T1-enhanced positive MR images of the liver were
obtained after injection with a low dose of MRI contrast
agent. Contrast agents can enhance the image contrast of
tissues in which the agent accumulates, and then indicate
the status of organ function or blood flow.

Table 1 Relaxivity of gadolinium complex

Gadolinium complex [Gd3+] (mM) T1obsd (s) R1 ((mM�s)---1)

Gd-DTPA 1.22� 0.049 0.105� 0.011 7.3� 1.3

G2.0-Gd-DTPA-PM 1.32� 0.053 0.044� 0.002 16.7� 1.6

G3.0-Gd-DTPA-PM 1.13� 0.045 0.0479� 0.003 17.9� 2.1

G4.0-Gd-DTPA-PM (M1) 1.16� 0.046 0.0436� 0.002 19.2� 1.8

G4.0-Gd-DTPA-PM (M2) 1.06� 0.042 0.0697� 0.006 12.9� 1.9

G4.0-Gd-DTPA-PM (M3) 1.00� 0.04 0.0586� 0.004 16.5� 2.0

G5.0-Gd-DTPA-PM 1.18� 0.047 0.0521� 0.004 15.7� 1.5

Temperature: 17�C. NMR frequency: 300MHz. T1d¼ 1.60� 0.08 s.
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Compared with the signal intensities (SI) of the liver in
the rat injected with Gd-DTPA (0.1mmol kg�1) (Yan et al
2001a), the signal intensities of the liver in the rat injected
with G4.0-Gd-DTPA-PM (M2) (0.09mmol kg�1) or G4.0-
Gd-DTPA-PM (M3) (0.09mmol kg�1) were enhanced, the
irradiated portion of the liver was brighter and the demar-
cation became clearer at the same time intervals during the
detection time. In Figures 2 and 3 it can be seen that G4.0-
Gd-DTPA-PM greatly enhanced the contrast of the MR
images of the liver after its injection, and provided pro-
longed intravascular duration and exhibited highly
resolved visualization of the blood vessels.

Thirty minutes after injection of G4.0-Gd-DTPA-PM
(M2, 0.09mmol kg�1), the signal enhancement of the liver
was 46–49% (Figures 4 and 5). This signal enhancement
was better than Gd-DTPA (0.1mmol kg�1, 19%) but was
not as good as G2.0-Gd-DTPA-PM (0.09mmol kg�1,
58–60%), G4.0-Gd-DTPA-PM (M3, 0.09mmol kg�1, 72–
74%) or G4.0-Gd-DTPA-PM (M1, 0.09mmol kg�1, 95–
98%). Thus, G4.0-Gd-DTPA-PM (M2), with the lower
average percentage of Gd-DTPA attached to the amine
of PAMAM, could enhance the contrast of the MR
images of the liver better than Gd-DTPA. As the signal
enhancement of the liver increased, the relaxivity (R1) of
the dendritic gadolinium complex became higher. In addi-
tion, the dendritic gadolinium complexes showed a pro-
longed intravascular duration time of approximately 2 h.
The results indicated that the dendritic gadolinium com-
plexes containing pyridoxamine groups could be used as
MRI contrast agents for the liver.

Conclusion

Dendritic gadolinium complexes containing pyridoxamine
groups possessed higher relaxation effectiveness compared
with Gd-DTPA. MR imaging of rat liver after the animals
were administered the lower dose of G4.0-Gd-DTPA-PM
or G2.0-Gd-DTPA-PM showed enhanced signal intensity
(SI). G4.0-Gd-DTPA-PM and G2.0-Gd-DTPA-PM
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C1 60 min D1 120 min

1
2

Figure 2 A1 shows the T1-weighted image of the liver of a rat not

administered any MRI contrast agent; B1, C1 and D1 are the T1-

weighted images of the liver from a rat injected with dendritic G4.0-
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greatly enhanced the contrast of the MR image of the liver
and provided prolonged intravascular duration and pos-
sessed highly contrasted visualization of the blood vessels.
The results indicated that the dendritic gadolinium com-
plexes containing pyridoxamine groups could have poten-
tial as MRI contrast agents for the liver.
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