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Water-soluble polysaccharides as carriers of paramagnetic 
contrast agents for magnetic resonance imaging: Synthesis 
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ABSTRACT 

Water-soluble, carbohydrate-based, paramagnetic metal chelate derivatives have been investigated 
as potential organ-selective contrast media for magnetic resonance imaging (m.r.i.). The in vitro proton 
spin-lattice relaxation properties of compounds with different paramagnetic metals, chelating agents, and 
carbohydrate matrixes have been studied. Typically, these complexes were 60-260% more efficient proton- 
relaxation agents than the corresponding low-molecular-weight metal chelates at 10 MHz, but less efficient 

than the corresponding protein derivatives. As expected, carbohydrates that contained manganese or 
gadohnium were more effective relaxation agents than iron, copper, erbium, or nickel derivatives. 

INTRODUCTION 

The development of magnetic resonance imaging (m.r.i.) as a clinical diagnostic 
modality is a major jump in technology in medical imaging after the introduction of 
computerised tomography approximately twenty years ago. Although m.r.i. provides 
excellent soft-tissue contrast in unenhanced images, early experiments showed that 
contrast agents might increase the diagnostic value’. The image intensity in m.r.i. is due 
to the n.m.r. signals of the protons of water, protein, and fat in the human body. The 
signal intensity is a function of severa physical and chemical parameters. However, the 

main contrast parameters are proton density and the spin-relaxation times T, and T,. In 
in vitro n.m.r. spectroscopy, it is well known that paramagnetic compounds enhance the 
spin-lattice relaxation rate of water24; thus, nitroxide radicals and salts and chelates of 

lanthanides and transition metals have been evaluated as contrast agent&-‘. Most of 
the clinical experience with paramagnetic contrast today has been gained with gadolini- 
um-diethylenetriaminepenta-acetic acid (Gd-DTPA). This chelate is a general contrast 
medium with extracellular distribution and rapid renal elimination’. 

There is a need for more tissue-specific compounds. The aims of the study now 
reported were to synthesise and evaluate the in vitro efficacy of water-soluble paramag- 
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temperature. The mixture was stirred at ambient temperature for 20 h, then lyophilised. 

A solution of the solid residue in distilled water (250 mL) was stirred overnight, the pH 

was adjusted to 5.0, a solution of GdCl;6H20 (8.0 g) in distilled water (75 mL) was 

added, the pH was adjusted to 5.5, and the solution was stirred for 1 h, then subjected to 

ultrafiltration with aqueous 0.9% sodium chloride followed by distilled water. The 

solution was lyophilised and the product was dried in uacuo at 50” to give a white solid 

(13.1 g) (Gd, 9.8%). 

Gadolinium(III)~carhoxymethyldextran (5). - Carboxymethyldextran sodium 

salt (2.0 g, mol. wt. 65 000, d.s. 0.11) was dissolved in distilled water (100 mL) at pH 5.8, 

a solution of GdCl,*6H20 (0.4 g) in distilled water (20 mL) was added, the pH was 

adjusted to 5.6, and the product was purified and isolated as colourless transparent 

flakes (1.75 g) (Gd, 2.8%). 

Gadofinium(ZZZ)-dextran (6). - A solution of GdCl,.6H,O (1.8 g) in water (20 

mL) was added to a solution of dextran (2.0 g, mol. wt. 70 000) in distilled water (100 

mL) at pH 5.8. The solution was stirred for 30 min, and the product was purified and 

isolated as colourless transparent flakes (1.7 g) (Gd, 0.7%). 

Gadofinium(III)-dextran phosphate (7). - Dextran phosphate (2.0 g, mol. wt. 

74,800, d.s. 0.13; prepared by phosphorylation of dextran with phosphorus oxychlo- 

ride”) was dissolved in distilled water (200 mL), the pH was adjusted to 6.2, and a 

solution of GdC1,.6H,O (0.4 g) in distilled water (20 mL) was added. The pH was 

adjusted to 5.9, an insoluble by-product was removed by centrifugation, and the 

water-soluble product was purified and isolated as white flakes (0.55 g) (Gd, 3.1%). 

Manganese(H)-EDTA-sucrose-epichlorohydrin copolymer cor#gate (8). -To a 

solution of a copolymer of sucrose and epichlorohydrin (2.0 g, mol. wt. 70 000; Ficoll’ 

70) in dry methyl sulfoxide (200 mL) was added EDTA bisanhydride’” (1.03 g), and the 

mixture was stirred at ambient temperature for 16 h. The mixture was placed in an 

ice-water bath, the pH was adjusted to 5.8, and a solution of MnCl;4H,O (0.88 g) in 

distilled water (20 mL) was added. The pH was adjusted to 5.7, and the product was 

purified and isolated as white flakes (2.8 g) (Gd, 0.3%). 

Mangunese(II)-EDTA-aminoethyldextran conjugate (9). - Dextran (100 g, mol. 

wt. 80 000) was dissolved in a solution of sodium hydroxide (160 g) and sodium 

borohydride (2 g) in distilled water (500 mL). 2-Chloroethylamine hydrochloride (230 

g) was added, and the mixture was boiled and stirred under reflux for 22 h, cooled, and 

neutralised to pH 7 with cont. hydrochloric acid. The product was precipitated with 

ethanol, and a solution in distilled water (500 mL) was dialysed, concentrated to 100 

mL, and then diluted with ethanol. The product was dried in uacuo to yield ami- 

noethyldextran (65 g), mol. wt. 80 000, ds. 0.35. 

To a solution of aminoethyldextran (2.0 g) in dry methyl sulfoxide (200 mL) was 

added EDTA bisanhydride’” (1.03 g), The mixture was stirred at ambient temperature 

for 16 h, then cooled in an ice-water bath; distilled water (200 mL) was added, and the 

pH was adjusted to 5.8. Stirring was continued at ambient temperature for 6 h, a 

solution of MnCl,.4H,O (0.88 g) in distilled water (20 mL) was added, the pH was 

adjusted to 5.7, and the product was purified and isolated as white flakes (3.8 g) (Mn, 

1.7%). 
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Manganesc~(l/)~-DTPA~~ck~.rtran cmjugate (10). DTPA bisanhydride”’ (2.0 g) 

was added to a solution of dextran (2.0 g, mol. wt. 70 000) in dry methyl sulfoxide ( 100 

mL.) with stirring at ambient temperature. The mixture was ,ytirred at ambient remper- 

ature for 20 h, then cooled in an icewater bath. and distilled water ( 100 mL) wilt+ a&id 

gradually. The ice-water bath was removed. the mixture ~‘15 stirred fbr 7 h. and the pIl 

was adjusted to 6.5. A solution of MnC1;4H 0 (0.85 g) in distilled watsr (20 ml.) \V:IS 

added, the pH was adjusted to 5.7. and the solution was stirred TM ?O min. The product 

was purified and isolated as white. slightly yeilow Bakes ii.0 g) (Mn. 1.7’:~ I. 

Mar1gunrsri I/i T“Tli.4 lklitran mnjllgute ( 1 I ). ‘I TK.4 ( I .O g) and 4-dimethyl- 

aminopyridine (100 mg) were added to :Y solution ofdextran (2.0 g mol. wt. 40000) in 

dry methyl sulfoxide (100 ml_), EDCI (1 .O g) was added. the >oiutiibn \4’ah stirred for 7 h 

at ambient temperat.ure and then cooled 111 an ice water bath. and distil!ed water (100 

mL) was added gradually. The solution was stirred for 30 Knin. the pi-1 was adjusted 10 

6.3. and a solution ofMnC’l,~4H,O (0.40 g) in distilled\vater (310 m-.) ~.as added. The pH 

was adjusted to 2.8, the mixture was stirred for 30 min. and the product bias puritied and 

isolated as white flakes (2.5 g) (Mn, 0.25%). 

Proni III, DTPA r/c.\ trm conju~~utt~ C 12). A solution cjf FeCIq~61-I,0 (I. 16 g.) in 

distilled water (20 mL) was added to a solution of DTPA dextran (intermediate for IO) 

at pH 6.5. After adjustment of the pH to 5.7 and stirring for 30 min. the product M’X 

purified and isolated as light-brown transparant flakes (4.0 go (Fe. 3.h’Jo ). 

Ironl [iI J ED TA SIII~~O.W t~pir.hloroll?‘ririrr cq,w~~wwr corrjmgrtr ( 14). EDT:1 

was bound to Ficoll 400 as described for 8, and treated with a solution of FeCI;OH.CI 

(I .4O g) in distilled water ~20 ml,). The pH was adjusted to 5.7. the solution was stirred 

for 30 min. and the product was purified and isolated as brown Aakes (3.2 gj (Fc, 1.7’f~ 1. 

Zron(Ilii r,arh~,.u?.rnl,t~r~./(/~~.~/~~~~ (IS). To a >olutlon of the sodium salt oi 

carboxymethytdextran (2.0 g: mol. WI. 65000. d.s. 0.1 I j in ciistilicd Lvatcr f 100 mL j at 

pH 5.8 was added a solution of FeCl;hH,O (0.29 gf in distilled M’ater (20 ml-). ‘The pH 

was adjusted to 5.6, and the product was purified and isoi:ltcd a\ brow 11 transparent 

flakes (1.9 g) (Fe. 3.;3%). 
C’opprrlII/--c.urho,\-~.n?Pt/1~,l~~/~z4/o~s~~ (16). The pH of ‘1 solution ot’ the sodium 

salt of carboxymethylceilulose (2.0 g, mol. wt. c)OOOO, d.5. 0.X) 11: distilled uater (200 

mL) was adjusted to 6.0, and a solution of CuS0;5H,O (0.41 g) in distilled water (50 

mL) was added. After adjustment of the pH to 5. 9. the solution was Girred for 1 h. and 

the product was purified and isolated as blue flakes ( I .‘I go (Cu. 2.2%). 

C'opprrf iI) --DTPA d~~_vrrw cwjugutr~ ( t?). I>?‘PA LC;I~ bound to deutran 

(mol. wt. 2 x 10”) as described for 10. and treated with a solution ofC’uSB;511,0 ( 1.08 

g) in distilled water (20 ml.) at pH 6.5. The pH was adjus& to 5.7, thy soluticjn was 

stirred for 30 min. and the product was purified and isolated a~ blue flakes (3.5 g! (Cu. 

5.2’%,). 
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Copper(mercaptosuccinic acid-dextran conjugate (18). - Mercaptosuccinic 

aciddextran conjugate (2.0 g, mol. wt. 70 000, d.s. 0.16), prepared by esterification of 
dextran with S-acetylmercaptosuccinic anhydride12, was dissolved in distilled water 
(200 mL). After the addition of a solution of CuS0,.5Hz0 (0.42 g) in distilled water (50 
mL) at pH 6.0, the pH was adjusted to 5.8, and the product was purified and isolated as 
dark green flakes (1.85 g) (Cu, I .6%). 

Erbium(III)-DTPA-dextran conjugate (19). - DTPA was bound to dextran 

(mol. wt. 2 x 106) as described for 10, and treated with a solution of ErCl, (1.6 g, 40% of 
water) in distilled water (20 mL) at pH 6.5. The pH was adjusted to 5.7, the solution was 

stirred for 30 min, and the product was purified and isolated as rose-coloured flakes (3.1 
g) (Er, 8.4%). 

Nickel(II)-DTPA-hydroxyethylstarch (20). - Hydroxyethylstarch (2.0 g, mol. 

wt. 13 1,000, d.s. 0.52), prepared by hydroxyethylation of starch with ethylene oxide13, 
was dissolved in dry methyl sulfoxide (60 mL), and DTPA bisanhydride” (1.7 g) was 
added. The mixture was stirred at ambient temperature for 16 h and then cooled in an 

ice-water bath. Distilled water (100 mL) was added, the solution was stirred for 30 min, 
the pH was adjusted to 6.0, a solution of NiC1,6H,O (1.23 g) in water (20 mL) was 

added, and the pH was adjusted to 5.0. The mixture was stirred at ambient temperature 
for 30 min, and the product was purified and isolated as green flakes (3.4 g) (Ni, 8.5%). 

TABLE I 

T, Relaxivity of paramagnetically labelled polysaccharides in glycerol-water 

Conjugate/complex r,” Mb 
Is-‘.mm01-‘.Li (%) 

Gadolinium(III)-EDTA-hydroxypropylstarch conjugate (1) 10.5 4.7 
Gadolinium(III)TTHAdextran conjugate (2) 9.0 1.0 
Gadolinium(III)DTPAdextran conjugate (3) 8.3 4.1 
Gadolinium(II1 jDTPA-inulin conjugate (4) 6.6 9.8 
Gadolinium(III)carboxymethyldextran (5) 0.2 2.8 
Gadolinium(III)-dextran (6) 0.2 0.7 
Gadolinium(III)dextran phosphate (7) 16.0 3.1 
Manganese(lI)EDTA-sucroseepichlorohydrin conjugate (8) 19.2 0.3 
Manganese(II)EDTA-aminoethyldextran conjugate (9) 12.8 1.7 
Manganese(II)-DTPAdextran conjugate (10) 1.7 4.1 
Manganese(II)TTHAdextran conjugate (11) 5.5 0.25 
Iron(IIItDTPAclextran conjugate (12) 5.0 4.6 
Iron(IItDTPAdextran conjugate (13) 2.0 3.6 
Iron(III)EDTA-sucrose-epichlorohydrin copolymer conjugate (14) 0.5 2.1 
Iron(III)carboxymethyldextran (15) 0.07 3.2 
Copper(II)-carboxymethyIcellu1ose (16) 2.0 2.2 
Copper(IIt_DTPAdextran conjugate (17) 0.6 5.2 
Copper(II)mercaptosuccinic acidddextran conjugate (18) 0.6 1.6 
Erbium(III)DTPAdextran conjugate (19) 0.05 8.4 
Nickel(IIkDTPA-hydroxyethylstarch (20) 0.01 8.5 

” All relaxivity values are denoted per metal concentration. ’ Metal in the compound. 
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immobilised paramagnetic ions. In larger proteins, the prolonged rotational correlation 
time no longer dominates the total dipolar correlation time, and the electronic relaxa- 
tion time, being field dependent, may cause asymmetric variations of the relaxivities 
with varying fields”. Our measurements were performed at 10 MHz, in glycerol-water 
(1:2.13), a medium that has relaxation properties similar to those of body fluids. The 
difference in relaxivity of GdDTPA and Fe(III)-DTPA in this medium and distilled 
water is considerable (Table II), reflecting the difference in viscosity. The gadolinium- 
carbohydrate derivatives showed a 60-260% increase in relaxivity compared to that of 
GdDTPA. Gibby et al.‘* measured the relaxivity of gadolinium-DTPAclextran deriv- 
atives with various molecular weights at 80 MHz, and found only a w 25% increase in 
relaxivity compared to that of GdDTPA. These results may indicate that the rotational 
correlation time of the paramagnetic sites on dextran is short enough to dominate the 
total dipolar correlation time, which will result in lower relaxivity and less magnetic- 

field dependence. Lauffer’ stated that, when metal chelates are attached covalently to 
the lysine side chains in proteins, the internal flexibility of the methylene side chains may 
reduce the relaxivity because of an increase in the rotational correlation times of the 

metal chelate part. The linear character of the polysaccharides used in the present study 
may allow more independent rotation of parts of the molecule, consequently resulting in 
a reduced relaxivity. 

The chelating agents were connected to the carbohydrates via ester bonds, which 
probably resulted in a higher degree of co-ordinated inner-sphere water(q) on the metal 
ion. According to the Solomon-Bloembergen theory3.4, this situation will result in an 
increased relaxation rate of the bulk water protons. 

The gadolinium-labelled derivatives in Table I show some expected trends in r,. 
The high-molecular-weight derivative (3) of GdDTPA, the low-molecular-weight deriv- 
ative (4) of inulin and GdDTPA, and GdDTPA (Table II) show a corresponding 
decrease in Y, from 8.3 to 6.0 sm. ‘.mmoll’.L. The EDTA derivative 1 had a higher r, than 
the DTPA derivative 3 with the same molecular weight, reflecting the difference in 

degree of inner sphere water (q). 

TABLE II 

r, Relaxivity of paramagnetic chelates 

Compound rl Frequency 
(s~‘.mmol~‘.L) (MHz) 

Temp.0 Medium” Ref. 

Gadolinium(III)-DTPA 6.0 IO 37 
Gadolinium(lII)-EDTA 6.6 20 35 
Gadolinium(III)-DTPA 4.1 20 35 
Manganese(II)-EDTA 2.9 20 35 
Manganese(II)-DTPA 1.3 20 35 
Iron(IlI)-DTPA 0.72 20 37 
Iron(IIItDTPA 1.3 10 37 
Copper(II}-EDTA 0.21 20 20 
Copper(DTPA 0.12 60 20 

28 
31 
31 
31 
31 
32 
28 
33 
34 

’ A, Glycerol--water( 1:2.13); B, water. 
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The extremely low r, of Cd-~dextran 6 indicates that the few paramagnetic ions 

(0.7%) may be buried in the polymer matrix, thereby making the outer-sphere water 

inaccessible. This situation is indicated also by the fact that the gadolinium ions were 

not removed by extensive dialysis. 

In contrast, the phosphate ester derivative 7 had iln Y, which \vas 1 CM-fold larger 

than that of 6. The phosphate ester groups have a high affinity for gadolinium and are 

situated on the “surface” of the carbohydrate matrix. The high j-, t I6 s ‘_ mmol ‘.I~) ot 

7 may reflect an excess of co-ordination sites of gadolinum o\‘er those for \vater 

combined with a somewhat lower tumbling rat-c of the molecule brcausc of increased 

ionic character of the surface 

The manganese derivatives also showed some expected trends. The derivatives 9. 

10. and 11 had similar molecular weights, but the ligands used had 2111 increasing number 

of donating groups (EDT.4. DTP.4. and TTHA). This situation resulted in reduced 

degree of inner-sphere water (qj and reduction of la,_ 

The sucrose-epichlornhydrin polymer used in the Mn Ft)TA derivative X W;I~ 

anticipated to have a matrix ,*hich w:~s more cross-linked than that ofthe dextran-type 

polymer. Hence, there\vassome restriction in theinternal flexibility of‘the matrix. a,hich 

seemed to be expressed in the difference in r, between 8 anti 9 

The iron(lIIj and iron derivatives of DTPA ~dextran. 12 and 13. respectively. 

had the expected difference in r,. A feature of iron chemistry is the tendency of ions to 

f(orm hydroxides and oxide> ‘tt neutral pH, which results in ;t large reduction of the 

relaxation efficacy. In the D’PPA derivative, the chelate is stable ~nuugh to resist thir 

tendency. but, in 14 and IS. the formation of hydroxides is the prohablt~ c;1usc of the 

Iower Y;. 

The relaxivity data for the salts of nickel, and erbium correspond with those ofthc 

carbohydrate derivatives 19 and 20 which show low rclaxivitk’ .” 

We thank Professor B. Lindberg (Pharmacia AH, Uppsala) for valuable dis- 

cussions and the supply of various carbohydrates, and Dr. K Granath (Pharmacia AH) 

for the determination of molecular weights. 
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