
Intracellular Plutonium: Removal by 

Liposome-Encapsulated Chelating Agent 

Abstract. Chelating agents, such as ethylenediainicltetecraacetic acid (EDTA) 
cand diethylenetriaminepentaaceti c acid (DTPA) were sulccessfully encapsulated 
wtithin lipid spherules (that is, liposomes). Encapsulated ["'C]EDTA, given intra- 
vilenously to miice, was retained longer in tisslues than nonlencapsulated l'C]EDTA. 
Encapsulated DTPA, given to mice 3 days after pltlonium[t injection, removed an 
additional fraction of plutonium in the liver, presumltably intracellular, not avail- 
able to nolnencapsulated DTPA. It also further increased urinary excretion of 

plltoniullm. Introduction of chelatitlg agents inzto cells by liposomial etlcapsulation 
is a promlising new approach to the treatmlent of meetal poisoning. 

The chelating agent, ethylenediamine- 
tetraacetic acid (EDTA) has proved ef- 
fective in removal of metals such as 
Mo0y, 144Ce, '2Pu, and Pb from animal 
tissues (1). Later a related compound, 
diethylenetriaminepentaacetic acid 
(DTPA) was shown to have greater ef- 
fectiveness and a wider spectrum of 
action (2; 3, p. 139). 

In the last 20 years, the use of poly- 
aminopolycarboxylic acid chelating 
agents such as EDTA and DTPA in 

therapy of poisoning by various toxic 
metals has become widespread. The ef- 
fectiveness of these chelating agents is 
based on their ability to form soluble, 
stable, and readily excretable complexes 
with metal molecules in situ. However, 
a serious limitation of this therapy is 
that these chelating agents are essenti- 
ally unable to penetrate cellular mem- 
branes (3, p. 59; 4). 

Removal of intracellular deposits of 
toxic metals is of more than academic 
interest. The liver is recognized as one 
of the critical organs in the long-term 
radiation toxicity of radionuclides, in- 
cluding plutonium (Pu) (5). In dogs, Pu 

deposited in the liver, presumably within 
the cells, remains for most of the life- 
time of the animal (6) and, under cer- 
tain conditions, causes pathological 
changes and occasional tumors (7). In 
man, accidental exposure to Pu has also 
resulted in long-term retention of the 
radionuclide in the liver (8). Use of 
esterified polyaminopolycarboxylic acid 

chelating agents to increase penetration 
through cellular membranes has met 
with limited success (9, 10), owing to 
insolubility (9) and toxicity (10). 

We- present here a preliminary report 
of a new approach to the removal of 
toxic metals by encapsulating the chelat- 
ing agents within artificial lipid spherules 
called liposomes (11). Liposomes, when 
injected intravenously into rats, were 
found to be associated with lysosomes 
(12). Since colloidal Pu in the liver is 
also mainly, if not solely, localized in 
the lysosomes (13), we have tested the 
feasibility of removing intracellular Pu 
from mouse liver by intravenous ad- 
ministration of liposomes containing 
DTPA. 

The liposomes were prepared with a 

mixture of 4.5 mg of egg lecithin 
(Schwarz/Mann, Orangeburg, N.Y.) 
and 1.5 mg of cholesterol (Applied Sci- 
ence Laboratories, Inc., State College, 
Pa.) dissolved in chloroform. This mix- 
ture was dried in a round bottom flask 
in a rotary evaporator. The flask was 
then placed in a 37?C water bath, and 1 
ml of a 25 percent trisodium calcium 
DTPA solution (prepared by Geigy 
Chemical Company, Ardsley, N.Y.) was 
slowly added to the flask with immedi- 
ate and constant stirring with a mag- 
netic stirrer. The resultant suspension of 
liposomes containing DTPA was centri- 
fuged in a Sorvall centrifuge (model 
CiLC-1) at 2000 rev/min for 5 minutes. 
The supernatant was carefully pipetted 
off, and the liposome pellet was re- 
suspended in normal saline. The same 
centrifugation and resuspension pro- 
cedure was repeated five times to en- 
sure the complete removal of the 
nonencapsulated DTPA solution. The 
liposomes were finally resuspended 
in saline for injection. The amount of 
DTPA encapsulated within liposomes 
was determined from at least three sep- 
arate preparations, made with 4.Ca- 
labeled DTPA at the same time and in 
the same manner as the nonlabeled lipo- 
somal DTPA used for therapy. 

Two experiments have been per- 
formed. In experiment 1, 25 female 
CF # I (Carworth Farms) mice, 60 days 
of age with a mean weight of 25.7 g, 
were given a single intravenous injec- 
tion of a midrange polymeric (14) plu- 
tonium preparation which was 24 per- 
cent ultrafiltrable (15). Each mouse re- 
ceived 0.4 /Jcurie of 23"Pu per kilogram 
of body weight. Separate groups of five 
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Fig. 1 (left). Plutonium in liver of mice after various treatments: (i) saline solution, (ii) nonencapsulated DTPA, (iii) liposome- 
encapsulated DTPA, and (iv) both encapsulated and nonencapsulated DTPA. In experiment 1, each treatment was given at 3 days 
and again at 6 days after injection of Pu. In experiment 2 treatment was given at 3 days only. The error bar indicates 2 standard 
errors of the mean. Fig. 2 (right). Cumulative excretion of Pu in the urine and feces of mice given various treatments once. 
3 days after injection of Pu. Each mean value shown is derived from the two pairs of mice that were killed at the end of each 
collection period. 
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mice were treated at 3 and at 6 days 
after administration of Pu with one of 
the following: (i) saline solution, (ii) 
nonencapsulated DTPA, (iii) liposome- 
encapsulated DTPA, or (iv) both en- 
capsulated and nonencapsulated DTPA. 
The mice were killed at day 10 after in- 
jection of Pu, that is, day 4 after the 
second therapy. 

In experiment 2, 70 female B6CF1 
mice were used since CF # 1 mice were 
not available at that time. They were 82 
days of age with a mean weight of 
20.4 g, and were given a single intra- 
venous injection of a midrange poly- 
meric plutonium preparation which was 
35 percent ultrafiltrable. Each mouse re- 
ceived 0.9 ,Acurie of 2:9Pu per kilo- 
gram. Separate groups of mice were 
given the four different treatments used 
in experiment 1, but only once, at 3 
days after injection of Pu. Groups of 
four or five mice were killed at the 
following intervals after treatment: 6 
hours, 1 day, 3 days, and 7 days (that 
is, 314, 4, 6, and 10 days after admin- 
istration of Pu). An additional group 
of five mice received liposomal DTPA 
twice, at both 3 and 6 days after Pu, 
and were killed at day 10. 

Conventional nonencapsulated DTPA 
was given by intraperitoneal injection 
for convenience. It has been established 
that intraperitoneal and intravenous in- 
jections of DTPA give identical results 
in Pu therapy (16). A dose of 100 mg 
of DTPA per kilogram of body weight 
was given at each injection in both ex- 
periments 1 and 2. The liposomal 
DTPA was injected intravenously at a 
dose of 2 mg of DTPA per mouse 
(about 80 mg/kg in experiment 1 and 
100 mg/kg in experiment 2). It was 
injected within 3 hours of its prepara- 
tion in experiment 1 and within 1 to 2 
days in experiment 2 (17). Tissues from 
individual mice and (in experiment 2 
only) the separated urine and feces 
from pairs of mice were ashed and as- 
sayed for 239Pu content (18). 

The diameters of liposomes from 
separate preparations, roughly deter- 
mined by dark-field photomicrography, 
were found to vary between 1 and 10 
[tm. When mixed in vitro with mouse 
blood, the liposomes were unchanged 
morphologically and did not aggregate 
for at least 2 hours. Injected intrave- 
nously into mice, [14C]EDTA encap- 
sulated in liposomes had a higher con- 
centration and longer retention time in 
various tissues than nonencapsulated 
[14C]EDTA. At 6 hours after a single 
injection of [14C]EDTA liposomes, there 
was 41.6 percent of the injected radio- 
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activity in the liver, 9.5 percent in the 
lungs, 11.8 percent in the spleen, and 
0.26 percent in the brain; while after a 
single injection of nonencapsulated 
[11C]EDTA, only 0.30, 0.025, 0.034 
and 0.042 percent of the activity was in 
these respective tissues. At 24 hours 
after the injection of liposomal [14C]- 
EDTA, 24.1, 7.1, 11.3, and 0.24 per- 
cent of the injected activity still re- 
mained in these tissues; but 0.30, 0.031, 
0.045, and 0.033 percent of nonencap- 
sulated [14C]EDTA was found in the 
same tissues. All the above results are 
means from three mice. 

The liposome-encapsulated DTPA, 
given alone, consistently reduced the 
level of Pu in the liver below that 
achieved by conventional nonencap- 
sulated DTPA therapy (Fig. 1). It not 
only removed the essentially extracel- 
lular fraction of Pu, which can be re- 
moved by conventional DTPA, but it 
also removed an additional, presumably 
intracellular, fraction. In experiment 1, 
at 10 days after Pu, two injections of 
liposomal DTPA removed 37 percent of 
the "intracellular" Pu, while the com- 
bined therapy removed 45 percent. In 
experiment 2, the removal of intracel- 
lular Pu at 6 and 24 hours after a 
single injection of liposomal DTPA was 
not significant; but at 3 and 7 days 
after therapy, about 20 percent was re- 
moved. There was no additional re- 
moval of intracellular Pu in the group 
of five mice given two injections of 
liposomal DTPA. Therefore, the greater 
removal of intracellular Pu observed in 
experiment 1 was probably not due to 
the second injection of liposomal 
DTPA. 

Analysis of urine and feces in experi- 
ment 2 (Fig. 2) showed that mice 
treated with liposomal DTPA had a 
significantly higher urinary excretion of 
Pu than mice receiving conventional 
DTPA therapy. The magnitude of this 
increase indicates that liposomal DTPA 
removed additional Pu from tissues 
other than liver. This additional urinary 
Pu appears to be from the skeleton. The 
Pu burden in the skeleton [calculated as 
the content of both femurs multiplied 
by a factor of 13 (19)] of mice receiv- 
ing liposomal DTPA was lower by 
about 5 percent of the injected dose of 
Pu, compared to that of mice receiving 
conventional DTPA therapy. No un- 
equivocal effect of the liposomal DTPA 
was observed in spleen or lung. 

These results demonstrate that a 
chelating agent encapsulated within 
liposomes removes an additional frac- 
tion of Pu from the liver that is not 

removed by conventional DTPA ther- 
apy. Since Pu in the liver is found in- 
tracellularly in lysosomes (13) and in- 
jected liposomes are also associated 
with lysosomes of liver cells (12), we 
suggest that the liposomal DTPA has 
indeed chelated and successfully re- 
moved part of the intracellular Pu from 
the liver. The greater removal of Pu 
from the liver by liposomal DTPA in 
experiment 1 than in experiment 2 is 
probably due to a higher intracellular 
deposition of Pu. The mice in experi- 
ment 1 apparently received a more col- 
loidal preparation of Pu than those in 
experiment 2, as judged from the great- 
er amount in the liver. Colloidal Pu 
seems to be deposited intracellularly in 
the liver to a greater extent than non- 
colloidal Pu (20). 

The encapsulation of chelating agents 
by liposomes and the resulting introduc- 
tion of the drug into the cell should 
have potential use for therapy of poison- 
ing by other radioactive and nonradio- 
active toxic metals. By manipulating the 
liposomal characteristics (such as size, 
surface potential, and lipid components) 
it should be possible to direct selected 
chelating agents toward specific intracel- 
lular loci to remove specific toxic 
metals. 

YUEH-ERH RAHMAN 

MARCIA W. ROSENTHAL 

ELIZABETH A. CERNY 
Division of Biological and Medical 
Research, Argonne National 
Laboratory, Argonne, Illinois 60439 

References and Notes 

I. E. L. Belknap, Ind. Med. Surg. 21, 305 (1952), 
S. P. Bessman, H. Ried, M. Rubin, Med. Ann. 
D.C. 21, 312 (1952); A. Catsch, H. E. Pany, 
I. P. Tregubenko, Fond. Ural. Filial. Akad. 
Nauk USSR, Sveidlovsk (1951); H. Foreman, 
R. L. Huff, J. M. Oda, J. Carcia, Proc. Soc. 
Exp. Biol. Med. 79, 520 (1952). 

2. A. Catsch and D. Kh. Le, Strahlentherapie 
104, 494 (1957); H. Kroll, S. Korman, E. 
Spiegel, H. E. Hart, B. Rosoff, H. Spencer, 
D. Laszlo, Nature 180, 919 (1957); A. Catsch, 
Fed. Proc. 20 (Suppl. 10), 206 (1961). 

3. A. Catsch, Radioactive Metal Mobilization in 
Medicine (Thomas, Springfield, Ill., 1964). 

4. H. Foreman, in Metal-Binding in Medicine, 
M. J. Seven and L. A. Johnson, Eds. (Lippin- 
cott, Philadelphia, 1960), p. 82. 

5. C. W. Mays, G. N. Taylor, W. S. S. Jee, 
T. F. Dougherty, Health Phys. 19, 601 (1970); 
P. W. Durbin, in Radiobiology of Plutonium, 
B. J. Stover and W. S. S. Jee, Eds. (J. 
W. Press, Salt Lake City, 1972), p. 469; 
R. C. Thompson, J. F. Park, W. J. Bair, in 
ibid., p. 221; A. Lindenbaum and M. W. 
Rosenthal, Health Phys. 22, 597 (1972); V. N. 
Strel'tsova, Rept. JPRS-9663 (National Tech- 
nical Information Service, U.S. Dept. of Com- 
merce, Springfield, Va., 1961), p. 12 [transl. 
from Arkh. Patol. 23, 9 (1961)]; R. L. Swarm, 
Ed., Distribution, Retention, and Late Eflects 
of Thorium Dioxide [Ann. N.Y. Acad. Sci. 
145. Art. 3, pp. 523-858 (1967)]. 

6. B. J. Stover, D. R. Atherton, D. S. Buster, 
Health Phys. 20, 369 (1971). 

7. T. H. Cochran, W. S. S. Jee, B. J. Stover, 
G. N. Taylor, ibid. 8, 699 (1962); G. N. 
Taylor, T. F. Dougherty, L. Shabestari, J. 
H. Dougherty, in Delayed Effects of Bone. 

301 



Seeking Radiotnuclides, C. W. Mays, W. S. S. 
Jee, R. D. Lloyd, B. J. Stover, J. H. 
Dougherty, G. N. Taylor, Eds. (Univ. of Utah 
Press, Salt Lake City, 1969), p. 323. 

8. H. Foreman, W. Moss, W. Langham, Health 
Phys. 2, 326 (1960); C. R. Lagerquist, D. L. 
Bokowski, S. E. Hammond, D. B. Hylton, in 
Proceedings of the 13th Annual Bioassay and 
Analytical Chemistry Meeting, AEC Document 
Conference 671048 (1968), p. 103. 

9. A. Catsch, Int. J. Appl. Rad. Isotop. 11, 131 
(1961). 

10. J. F. Markley, Int. J. Rad. Biol. 7, 405 (1963). 
11. A. D. Bangham, M. M. Standish, J. C. 

Watkins, J. Mol. Biol. 13, 238 (1965). 
12. G. Gregoriadis and B. E. Ryman, Biochelm. 

J. 129, 123 (1972). 
13. Y. E. Rahman and A. Lindenbaum, Rad. Res. 

21, 575 (1964). 
14. A. Lindenbaum, C. Lund, M. Smoler, M. W. 

Rosenthal, in Diagnosis and Treatment oj 
Deposited Radionuclides, H. A. Kornberg and 
W. D. Norwood, Eds. (Excerpta Medica, Am- 
sterdam, 1968), p. 56. 

Seeking Radiotnuclides, C. W. Mays, W. S. S. 
Jee, R. D. Lloyd, B. J. Stover, J. H. 
Dougherty, G. N. Taylor, Eds. (Univ. of Utah 
Press, Salt Lake City, 1969), p. 323. 

8. H. Foreman, W. Moss, W. Langham, Health 
Phys. 2, 326 (1960); C. R. Lagerquist, D. L. 
Bokowski, S. E. Hammond, D. B. Hylton, in 
Proceedings of the 13th Annual Bioassay and 
Analytical Chemistry Meeting, AEC Document 
Conference 671048 (1968), p. 103. 

9. A. Catsch, Int. J. Appl. Rad. Isotop. 11, 131 
(1961). 

10. J. F. Markley, Int. J. Rad. Biol. 7, 405 (1963). 
11. A. D. Bangham, M. M. Standish, J. C. 

Watkins, J. Mol. Biol. 13, 238 (1965). 
12. G. Gregoriadis and B. E. Ryman, Biochelm. 

J. 129, 123 (1972). 
13. Y. E. Rahman and A. Lindenbaum, Rad. Res. 

21, 575 (1964). 
14. A. Lindenbaum, C. Lund, M. Smoler, M. W. 

Rosenthal, in Diagnosis and Treatment oj 
Deposited Radionuclides, H. A. Kornberg and 
W. D. Norwood, Eds. (Excerpta Medica, Am- 
sterdam, 1968), p. 56. 

whereas other horlmones tested did not. 

Hyaluronate turnover is a prominent 
feature of the early development of 
limb, vertebral skeleton (1), and cornea 
in the chick embryo (2) and of the re- 
generation blastema of the amputated 
newt (3). Hyaluronate synthesis is gen- 
erally associated with the morphogene- 
tic phase of cell migration and prolifera- 
tion in these systems, and its removal 
by the action of a hyaluronidase accom- 

panies subsequent differentiation, such 
as cartilage deposition. It was hypothe- 
sized that hyaluronate may inhibit pre- 

Table 1. Effect of hormone concentration on 
the prevention of hyaluronate (1 1tg/ml) in- 
hibition of chondrogenesis. Five to ten repli- 
cate dishes were used in each group. 

Aggregates/ 
dish 

Hyaluronate Hormone (m 
(mean 

? S.D.) 

None 18 ? 3 
1 ,g/ml 1 ? 

Thyroxine 
I Pg/ml 0.0001 zM 5 ? 4 

0.01 A/M 16 3 
0.1 ,M 16 3 
1.0 ,M 23 6 

Growth liormione 
1 pug/ml 0.001 ,ug/ml 8 ? 3 

0.01 /g/ml 15 + 6 
0.1 ug/ml 14 + 2 
1.0 ,g/ml 10 2 

Calcitonini 
I Pg/ml 0.001 jg/ml 0 0 

0.1 /xg/ml 14 - 8 
1.0 g/ml 13 6 
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cartilage cell aggregation consequently 
delaying differentiation, and thus, that 
its turnover may be involved in the tim- 
ing of events leading to tissue forma- 
tion. In a test of this idea hyaluronate, 
in concentrations from 1 ng/ml to 500 
,sg/ml, was shown to prevent cartilage 
nodule formation in vitro from chick 
embryonic precartilage cells (4). This 
phenomenon could not be mimicked by 
other polyanions-chondroitin sulfate, 
chondroitin sulfate-protein, DNA, 
RNA, heparin-or by the monosac- 
charide components of hyaluronate, 
namely N-acetylglucosamine and glucu- 
ronate. Thus the control of hyaluronate 
turnover and of its interaction with 

mesenchymal cells might be an import- 
ant feature of morphogenesis in the 
above-mentioned developmental sys- 
tems. The antagonism of some growth- 
promoting hormones toward the inhibi- 
tion of chondrogenesis in vitro by hy- 
aluronate is described below. 

Stationary cultures of trypsinized 5- 

day (stage 26) chick embryo somite cells 
were used as described (4). Each dish 

(60-mm diameter) contained 2.5 x 10' 
to 5.0 X 10(1 cells, an amount which 
resulted in a cell density greater than a 
confluent monolayer and thus facilitated 
immediate cell-cell contact and the 

production of three-dimensional carti- 

lage-like aggregates (5). The medium 
used was Ham's F12 containing fetal 
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calf serum (10 percent), bovine serum 
albumin (1 percent), ascorbate (50 ,ug/ 
ml), penicillin (100 units/ml) and strep- 
tomycin (100 /tg/ml). 

In the first series of experiments cul- 
tures were established in the presence 
of 0.1 /ig of hyaluronate (6) with and 
without varying concentrations of hor- 
mones. Both hyaluronate and hormones 
were added to the medium before the 
trypsinized cell suspension was added. 
Thyroxine (and triiodothyronine), 
growth hormone, and calcitonin were 
consistently active in preventing the 
hyaluronate inhibition of cartilage 
nodule formation. Hydrocortisone was 
also active sporadically but only at the 
highest concentration tested, that is, 50 
.iM. The following hormones were 
tested at two to four different concen- 
trations in the ranges indicated in pa- 
rentheses and found to be inactive: epi- 
nephrine, glucagon, and insulin (2.5 to 
25 /IM); testosterone, progesterone, 
dexamethasone, and prednisolone (2.5 
to 50 ,tM): prolactin and adrenocorti- 
cotropic hormone (ACTH) (0.1 to 
5 lg/ml). Thyroid stimulating hormone 
(0.4 unit/ml) was also inactive. Table 
I gives actual numbers of aggregates 
obtained in experiments with several 
concentrations of the active hormones. 
The ability of one of these hormones, 
thyroxine (1 i,.M), to prevent the hyalu- 
ronate inhibition was tested at varying 
concentrations of polysaccharide and 
were effective up to 50 ttg/ml under 
the conditions used (Table 2). 

In various noncartilaginous tissues 

thyroxine (7), growth hormone (8), and 
calcitonin (9) have been shown to 
stimulate the production of cyclic AMP. 
If cyclic AMP mediates the action of 
these hormones in vivo it might be ex- 

pected to duplicate their action in vitro 
as has been found to be the case for 

many other cell or tissue responses to 
hormones. Concentrations of cyclic 
AMP as low as I ItM were effective in 

preventing the hyaluronate inhibition. 

Dibutyryl cyclic AMP or theophylline 

Table 2. Effect of hyaluronate concentra- 
tion on chondrogenesis in the presence of 
thyroxine. Five replicate dishes were used in 
each group. 

H-yaluronate Mean No. of aggregates per dish 

(,g/ml) I /M thyroxine No thyroxine 

0 12 20 
0.001 27 1 
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tomycin (100 /tg/ml). 

In the first series of experiments cul- 
tures were established in the presence 
of 0.1 /ig of hyaluronate (6) with and 
without varying concentrations of hor- 
mones. Both hyaluronate and hormones 
were added to the medium before the 
trypsinized cell suspension was added. 
Thyroxine (and triiodothyronine), 
growth hormone, and calcitonin were 
consistently active in preventing the 
hyaluronate inhibition of cartilage 
nodule formation. Hydrocortisone was 
also active sporadically but only at the 
highest concentration tested, that is, 50 
.iM. The following hormones were 
tested at two to four different concen- 
trations in the ranges indicated in pa- 
rentheses and found to be inactive: epi- 
nephrine, glucagon, and insulin (2.5 to 
25 /IM); testosterone, progesterone, 
dexamethasone, and prednisolone (2.5 
to 50 ,tM): prolactin and adrenocorti- 
cotropic hormone (ACTH) (0.1 to 
5 lg/ml). Thyroid stimulating hormone 
(0.4 unit/ml) was also inactive. Table 
I gives actual numbers of aggregates 
obtained in experiments with several 
concentrations of the active hormones. 
The ability of one of these hormones, 
thyroxine (1 i,.M), to prevent the hyalu- 
ronate inhibition was tested at varying 
concentrations of polysaccharide and 
were effective up to 50 ttg/ml under 
the conditions used (Table 2). 

In various noncartilaginous tissues 

thyroxine (7), growth hormone (8), and 
calcitonin (9) have been shown to 
stimulate the production of cyclic AMP. 
If cyclic AMP mediates the action of 
these hormones in vivo it might be ex- 

pected to duplicate their action in vitro 
as has been found to be the case for 

many other cell or tissue responses to 
hormones. Concentrations of cyclic 
AMP as low as I ItM were effective in 

preventing the hyaluronate inhibition. 
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Hyaluronate Inhibition of Chondrogenesis: 

Antagonism of Thyroxine, Growth Hormone, and Calcitonin 

Abstract. The formnation of cartilage-like aggregates in high-density statiollary 
cultures of trypsinized chick embiyo precartilage cells is blocked by low concentra- 
tions of hyaluronate. Thyroxine (and triiodothyronine), growth hormone, calci- 
toiiiin, and adenosine 3',5'-monoophosphate prevented this inhibition by hyaluronCate, 
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