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ABSTRACT

Biodegradable particles were produced by the cross-linking of starch with epichlorohydrin. Diethyl-
enetriaminepenta-acetic acid (DTPA) was covalently linked to the particles by using DTPA bisanhydride.
The small, gadolinium-labelled particles were 40-260% more efficient in vitro proton relaxation agents than
the corresponding unbound chelate gadolinium—DTPA. The relaxation properties were dependent on the
metal chelate, the particle size, the metal content, and the degree of substitution (d.s.). For the small
gadolinium—DTPA particles, an increased d.s. decreased the rate of degradation by alpha-amylase.

INTRODUCTION

Magnetic resonance imaging (m.r.1.) is a new medical imaging modality which,
for most areas of the human body, provides a better contrast resolution than other
imaging techniques such as X-ray, ultrasound, and scintigraphy. Paramagnetic salts
and chelates of lanthanides and transition metals are potential contrast agentsin m.r.i.,
because of a characteristic effect on proton relaxation.

The spin—lattice relaxation rate of water protons can be enhanced by the addition
of paramagnetic salts'. The first use of paramagnetic m.r.i. contrast agents was de-
scribed by Lauterbur ef al.%, and various paramagnetic compounds have been evaluated
in animals and humans. The first m.r.i. contrast agent to be marketed was the bis-
meglumine (1-deoxy-1-methylamino-p-glucitol) salt of gadolinium—diethylenetriami-
nepenta-acetic acid (Gd-DTPA), a well-tolerated chelate with broad potential clinical
indications®. However, Gd-DTPA and other hydrophilic compounds of low molecular
weight are “general contrast agents” with extracellular distribution and renal elim-
ination. The main clinical indications for such compounds today are space-filling
lesions in the central nervous system, and there is a need for more tissue-specific m.r.i.
contrast agents. Lipophilic chelates have been investigated for the hepatobiliary sys-
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tem’, porphyrins and monoclonal antibodies for tumor imaging™". water-soluble ma-
cromolecules as potential blood-pool agents’, and particles and liposomes for m.r.i. of
liver and spleen®. Small particles administered intravenously will be cleared rapidly
from the circulation by the reticuioendothelial systems with liver and spleen is the main
target organs.

The aims of the study now reported were to synthesise and evaluate the bio-
degradability and in virro efficacy of cross-linked starch microspheres loaded with
paramagnetic chelates,

EXPERIMENTAL

General. — Spherical starch particles with various average diameters were pre-
pared by cross-linking hydrolysed potato starch with epichlorohydrin by a modification
of the bead polymerisation method”". The size of the particles was measured with a
Coulter Counter.

Methyl sulfoxide was dried by storage over 4 A molecular sieves. Half lives (7..)
were determined with 240 1U /L of alpha-amylase (Sigma) in phosphate buffer at pH 7.0
and 37°. Water regain (Wr) 1s defined as the weight of water (g) taken up bv | gof dry
particles.

The products were purified and isolated as follows. Each suspension was dialysed
against aqueous 0.9% sodium chloride for 5 days. The external solution was exchanged
2-3 times every day until the 7', was > 3000 ms (see relaxation measurements). The
suspension was then dialysed against distilled water and dried i vacuo at 50 . The metal
content (%) in each product was determined by atomic absorption spectroscopy.

Iron(H)-DTPA starch particles (1). -~ DTPA bisanhydride! (DTPA-A) (1.5 g)
was added to a suspension of swollen starch microspheres (2.0 g, diam. 30 gm) in dry
methyl sulfoxide (60 mL} at ambient temperature. The suspension was agitated at
ambient temperature for 24 h, then cooled with an ice-water bath. Distilled water (100
mL) was added and the suspension was agitated at ambient temperature for T h. The
particles were collected by centrifugation, and washed 6 times by ilternate suspension in
distilled water and centrifugation. Finally, the pH of a suspension in distilled water {50
mL) was adjusted t0 6.2, and a solution of FeCl,-4H.0 (0.92 g) in distilled water (10 mL)
was added with agitation. The pH was adjusted to 5.1, the suspension was agitated for 2
h, and the particles were isolated by centrifugation, washed with disulled water.
purified, and isolated as dark-yellow particles (0.9 g) {Fe, 5.6% ).

Copper( I} -DTPA-starch particles (2) — DTPA was bound to starch micro-
spheres (2.0 g) as described above. The pH of a suspension of the particles in distilled
water (50 mL) was adjusted to 6.1, a solution of CuSOQ,-5H,O (1,15 g)in distilled water
(10 mL.) was added with agitation, the pH was adjusted to 5.2, and the suspension was
agitated for 1 h. The particles were purified and isolated as blue-green particles (1.2 g)
(Cu. 8.1%).
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Gadolinium—D TP A-starch particles (3). — DTPA was bound to starch particles
(0.3 g) as described above. The pH of a suspension of the particles in distilled water (30
mlL) was adjusted to 5.8 and a solution of GdCl,-6H,0 (0.2 g) in distilled water (20 mL)
was added with agitation. The pH was adjusted to 5.8, the suspension was agitated for 1
h, and the particles were purified and isolated as white particles (0.25 g) (Gd, 1.5%).

Erbium( Il )-DTP A-starch particles (4). — DTPA was bound to starch particles
(2.0 g) as described above. The pH of a suspension of the particles in distilled water (50
mL) was adjusted to 6.2, a solution of ErCl; (1.77 g containing 40% of water) in distilled
water (10 mL) was added with agitation, the pH was adjusted to 5.1, and the suspension
was agitated for 30 min. The particles were purified and isolated as white particles (1.77
g) (Er, 8.5%).

Chromium( 111 )-D TP A-starch particles (§). — DTPA was bound to starch parti-
cles (2.0 g, diam. 1.5 um) as described above. The pH of a suspension of the particles in
distilled water (50 mL) was adjusted to 6.1, and a solution of CrCl,-6H,0 (1.23 g) in
distilled water (10 mL) was added. The pH was adjusted to 5.0 and the suspension was
agitated for 35 min. The particles were purified and isolated as violet particles (1.23 g)
(Cr, 4.0%).

Manganese (Il )-DTPA-starch particles (6). — DTPA was bound to starch parti-
cles (2.0 g, diam. 1.5 um) as described above. The pH of a suspension of the particles in
distilled water (50 mL) was adjusted to 6.2 and a solution of MnCl,-4H,0 (0.91 g) in
distilled water (10 mL) was added. The pH was adjusted to 5.2 and the suspension was
agitated for 40 min. The particles were purified and isolated as white particles (0.91 g)
(Mn, 5.9%).

Iron(IIl )|-DTP A-starch particles (7). — DTPA was bound to starch particles (2.0
g, diam. 1.5 ym) as described above. The pH of a suspension of the particles in distilled
water (50 mL) was adjusted to 6.3 and a solution of FeCl;-6H,0 (1.25 g) in distilled
water (10 mL) was added. The pH was adjusted to 5.1 and the suspension was agitated
for 1 h. The particles were purified and isolated as dark-yellow particles (1.25 g) (Fe,
7.8%).

Gadolinium(III )-DTP A-starch particles (8). — DTPA was bound to starch
particles (2.0 g, diam. 1.5 gm) as described above. The pH of a suspension of the
particles in distilled water (50 mL) was adjusted to 6.1 and a solution of GdCl,-6H,0
(1.72 g) in distilled water (10 mL) was added with agitation. The pH was adjusted to 5.2
and the suspension was agitated for 50 min. The particles were purified and isolated as
white particies (1.72 g) (Gd, 12.2%).

Gadolinium( III )-DTPA-starch particles (9-12). — Different amounts of Gd-
DTPA were bound to starch particles (diam. 1.5 um) as described for 8. See Table I for
experimental details.

Relaxation measurements. — All measurements were performed in glycerol-
water (1:2.13) at 0.24 T and 37° on a Radx n.m.r. spectrometer (Radx Proton Spin
Analyzer), using an inversion recovery sequence. The spin-lattice relaxivities (r,) are
listed in Table I1.
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TABLE 1

Preparation of gadolintum DTPA -starch microspheres” 9312

Product DIP4 A Gddl, Yield (G i Hr
ramy conol i 4

9 1.0 19 1.2 w2 j20

10 0.5 0.45 i 5.2 140

11 4,25 3.225 1.0 32 O]

12 0.1 .09 1.0 il R

“From [0 g of starch particles. which correspeonds to ~ 5 3 mmo! of glucose
TABLE 1i

T relaxivity of paramagnetically labelied DTPA starch microspheres (F-12) in giyvcerol water

Product Meral 1on ¢ M Dicneter A (%) i
ey v ol L

i Fedll) 60 56 .22
2 Cu(lh 50 8.1 G2
3 Gd(tiny S0 I.s 14
4 Er(Il) 0 8.5 a4
s Criin 1.2 3.0 (9t
6 Mn(fh i 4 5.9 28
7 Fe(lll 1.9 T8 [
3 Gd( i3 122 O
9 Gd(Ih P 8.2 [
10 Gdoilh I.3 s.2 4 i
11 Gdih 1.3 0 Pt
12 Gd(l 1.3 i .

“All relaxivity values are denoted per metal concentration.

DISCUSSION

Degradable starch microspheres can be prepared with physiochemical properties
within well defined limits'*'"". Thesc microspheres are slightly deformable and have a
sharp distribution of sizes. In the microspheres used for preparation of 1-4. 65-70% of
the glucose residues remained unsubstituted after the cross-linking process’. The
particles swelled markedly 1in water and possessed a typical gel-like character tn an
aqueous medium, Water-soluble carbohydrates have been evaluated as potential carri-
ers of paramagnetic m.r.i. contrast agents".

Data on the composition and relaxivity of derivatives 112 are summarised in
Table I1. The products had particle-size distributions in the range 1.2-70 gm. Table |
contains details for the preparation of gadolinium DTPA particles(9 12). This method
of paramagnetic labelling of the particulate matenal was highlyv reproducibile and the
metal content in the products was linearly dependent on the quantities of the reagents
used.
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The measurements of relaxivity were performed at 10 MHz in glycerol-water
(1:2.13), which has relaxation properties close to those of body fluids. The significant
difference in relaxivity of, for example, Gd—DTPA and Fe(II1)-DTPA in this medium
and distilled water was due to the increased viscosity.

The spin—lattice relaxivities (r,) for 8-12 were 40-260% higher than that for
Gd-DTPA, even though the paramagnetic units were attached to a solid or semisolid
material. Runge e al.”” have suggested gadolinium oxalate particles as potential m.r.i.
contrast agents. The in vitro relaxivity of gadolinium oxalate in water with respect to mm
gadolinium was 100-fold less than, for example, 12 in our study®. The gadolinium
oxalate particles are crystal-like, apparently with a low degree of solvation of the
paramagnetic centres, and with a relatively large part of the gadolinium atoms in-
accessible to the bulk water. Since the starch microspheres swell in water, the diffusion
into the matrix results in efficient relaxation of the bulk water. There is an increase in r,
with decreasing gadolinium content from > 12% for 8 to ~ [% for 12. There will be an
increase in the number of cross-links near to each paramagnetic centre; this may resultin
some decrease in the tumbling rate of the surrounding water, which in turn will affect the
relaxation rate.

The Gd-DTPA derivative 3 has a gadolinium content intermediate of those of 11
and 12, but only 20-25% of their relaxivity. Small particles have a larger surface area
and, apparently, this may affect the relaxivity.

The starch-particle derivatives of the DTPA chelates of the paramagnetic metals
1-7 have r, values of the same order of magnitude as those of the DTPA chelates (Table
I1I).

Enzymic degradation of the paramagnetic Gd-labelled starch microspheres 8-12
is summarised in Table IV. Lindberg et al.'* described the mechanism of the degradation
of starch particles by alpha-amylase in connection with studies of the arrest of blood
flow. The half life (7,,) was defined as the time needed for 50% of the mass of the
particles to dissolve; T, is proportional to the average diameter and the degree of
cross-linking of the particles. The results in Table IV also show that T, is proportional

TABLE III

T, relaxivity of DTPA chelates

Metal ion I, Frequency Temp. (°) Medium" Ref.
(s~!mmol~'.L) (MHz)
Fe(IIT) 1.3 10 37 A 22
Fe(III) 0.72 20 37 B 20
Cu(1I) 0.12 60 20 B 21
Er(111) <0.10 10 37 B 22
Cr(11I) 0.20 10 37 B 22
Mn(1I) 1.3 20 35 B 23
GddI1n 4.1 20 35 B 23
Gd(I1I) 6.0 10 37 A 22

“ A, Glycerol-water (1:2.13); B, distilled water.
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TABLE 1V

Degradation of gadolinium-DTPA-labelled starch microspheres 8-12 by alpha-amylasc

Substraie G {79) T,.hy
8 12.2 > 24

9 8. b

10 2 5.8
i 32 1.5
12 [ 0.67

to the degree of substitution. Thus, the substituents may block the action of the enzyme
or the reaction of the DTPA bisanhydride may increase the degree of cross-linking and
affect 7', ,. In addition, trace amounts of gadolinium ions might. like lanthanium ions.

interact with calcium ions in the alpha-amylase and modify its activity™®, Experiments
are in progress to answer these questions.
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