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POLYMER-DRUG GRAFTS FOR IRON CHELATION 

Rene S. Ramirez and Joseph D. Andrade 

Department o f  Materi  a1 s Science and Engineering 
Un ivers i ty  o f  Utah 

Sa l t  Lake City, Utah 84112 

INTRODUCTION 

Accidental poisonings account f o r  a l a rge  pronor t ion  o f  
ch i l d ren ' s  accidents. There i s  a need t o  improve the  emerqency 
treatment o f  poisonings, p a r t i c u l a r l y  t o  decrease the  per iod  of 
coma and t o  minimize mor ta l i t y .  

I r o n  poisoning i s  a comnon cause o f  poisoning among young 
chi ldren. Use o f  che la t ing  agents, espec ia l l y  Deferoxamine B, 
t o  remove excess i r o n  from the body i s  one o f  the most e f f e c t i v e  
treatments. However, i n  very severe cases o f  acute i r o n  over- 
loads, the amount o f  deferoxamine requ i red  t o  remove t h e  i r o n  i s  
so high t h a t  the drug and i t s  i r o n  chelate would be t o x i c .  

be used i n  extracorporeal d e t o x i f i c a t i o n  o f  severe acute i r o n  
poisoning cases. 

Our ob jec t ive  i s  t o  develop a che la t ing  501y~1er which could 

POLYMER CHELATES 

Ion-Speci f i  c Resins 

a g rea t  deal o f  e f f o r t  toward the  synthesis o f  spec i f i c  che la t inq  
I n  the search f o r  s p e c i f i c  ion-exchange res ins  there  has been 
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310 RAMIREZ AM) ANDRA.DE 

or  complexing resins. 
has not y e t  been successful 

Polymer chelates cons is t  o f  a polymer backbone and a g ra f ted  
chelat ing group (Fig. l a )  a1 though resins containing the che la t inq  
group as pa r t  of the repeat u n i t  have been r&+ported3-11 (Fiq. 16). 
Resins o f  the f i r s t  type may be considered as ’random g r a f t  copoly- 
mers and those o f  the  second type as homopolymers. 

Chelat ing res ins  d i f f e r  from i o n  exchange res ins  i n  th ree  
propert ies : 
energy, and slower k ine t ics .  

Appl icat ions o f  che la t ing  resins have been mainly i n  water 
p u r i f i c a t i o n  ( i  .e., removal o f  heavy metals from water), ana ly t i ca l  
determination o f  metal ions, chromatographic separation o f  ions, 

The commercial manufacture o f  these res ins  
1 2 w i t h  the exception o f  Dowex A-1 . 

9 greater s e l e c t i v i t y ,  h igher metal-polymer i n t e r a c t i o n  

- M - M - M - M - M - M - M - M -  

I I I  I 
Ch Ch Ch Ch 

Fig. 1. General s t ruc tu re  of polymer chelates. M = repeat u n i t ;  
Ch = che la t ing  group. (a )  The che la t ing  group i s  
g ra f ted  on the  polymer chain. (b )  The che la t i ng  group 
i s  p a r t  o f  t he  monomer u n i t .  
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POLYMER-DRUG GRAFTS FOR I R O N  CHELATION 311 

and recovery of metals from solutions.  A number of chelatinq 
groups have been grafted onto polymers (Table 1 ) .  

Synthesis of Polymer Chelates 

ating polymers. One is  the incorporation of the act ive (chelat inq)  
group i n  the polymer matrix by making use of reactive functional 
groups i n  the polymer. 
the act ive group in to  a monomer w i t h  subsequent polymerization. 
I n  the f i r s t  method the hydrophilicity of the chelating groups i s  
sometimes incompatible w i t h  the polymer matrix (usually hydro- 
phobic), and therefore the l a t t e r  requires some modification. In 
the second method the presence o f  a l a rge r  group i n  a monomer may 
reduce and even prevent homopolymeri zation, milking i t  necessary 
to  copolymerize the transformed monomer. 
bulky chel ating monomers may not polymeri ze or  copolymerize a t  a1 1. 

group should f u l f i l l :  

attached t o  the polymer matrix, or  be able t o  polymerize f o r  resin 
formation. 

There e x i s t  two general approaches f o r  the svnthesis of chel- 

The second method is the transformation of 

I t  is possible t h a t  some 

Gregor e t  a1 .38 suggested four conditions t h a t  the chelatinq 

1. I t  should be able t o  react w i t h  a group and become 

TABLE I 
Some Chelatinq Groups Grafted on Polymers 

CHELATING GROUP 
Alpha-Amino acids 
Iminodiacetic and/or 
Iminodi propi onic acids 
Ni t r i l o t r i ace t i c  acid 
EDTA 
Hydroxamic acid 
Deferoxamine B 
8- Hydroxyq u i no1 i ne 
Others 

REFERENCES 
13-19 
5, 7, 14, 15, 20-34, 36 

35-37 
37- 39 
40-42 
43 
44-47 
3, 8, 37, 48-00 
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312 RAMIREZ AND ANDRADE 

2. I f  the  l a t t e r  i s  the  case, i t  should be s u f f i c i e n t l y  
stable t o  withstand the polymerizat ion process w i thout  a1 t e r a t i o n  
o f  i t s  che la t ing  funct ion.  

s t e r i c a l l y  hindered by the polymer matrix. 

the same monomer u n i t  i n  proper spa t ia l  conf igurat ion,  f o r  preser- 
va t ion  o f  s p e c i f i c  arrangement o f  the  l igand. 

chelat ing polymer should be constructed, and t h a t  f o r  an e f fec t i ve  
chelat ing polymer the behavior o f  the  ac t i ve  group i n  the  polymer 
should be s i m i l a r  t o  t h a t  o f  the  group i n  the monomeric segment. 
They proposed the fo l low ing  approach ' fo r  t he  synthesis o f  a chelat-  
i ng  polymer: 

1. Synthesis and determination o f  che la t ing  cha rac te r i s t i cs  
o f  a model monomeric compound. 

Synthesis and charac ter iza t ion  o f  an ol igomer o f  low 
molecular weight (dimer, trimer, etc.) model compound, and deter- 
mination o f  i t s  che la t ing  propert ies.  

3. When the resu l t s  o f  the  second step conf i rm chelat ion,  a 
high molecular weight polymer should be synthesized and character- 
ized, and i t s  che la t ion  capacity should be determined. 

the study o f  che la t ing  polymers containing hydroxyarylaminoacetate 
groups as the che la t ing  group. 

polymers i s  shown i n  Fig. 2. I n  t h i s  case, polystyrene ( l ) ,  
usual ly cross-l inked w i t h  divinylbenzene, i s  f i r s t  chloromethylated, 
then transformed i n t o  a sulfonium s a l t  ( 3 ) ,  and f i n a l l y  reacted 
w i t h  sodium iminodiacetate t o  give the  che la t i ng  polymer (4). The 
sulfonium s a l t  i s  hydrophyl ic whereas the  chloromethylated r e s i n  
(2) i s  no t  and w i l l  no t  reac t  appreciably w i t h  iminodiacetate sa l t .  

3. The che la t ing  group should be compact so as no t  t o  be 

4. The arms o f  the  chelate s t ruc tu re  should be present on 

D 'A le l i a  e t  suggest t h a t  monomeric models fo r  the 

2. 

D 'A le l i o  e t  a l .  28y2gs31-33 have fol lowed t h i s  approach f o r  

A general sequence f o r  the synthesis o f  g ra f ted  che la t ing  
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POLYMER-DRUG GRAFTS FOR IRON CKELATION 313 

- CH- 

@ 
$ 

CH2 - 
HCHO 

ZnCl ,HCl 

- CH -CH2 - 

CH2C1 
( 2  1 

- CH -CH2 - 

CH -COONa 

CH2- COONa 
HN( -CH-CH2 

,CH2 - COONa 

CH2 - COONa 

Fig. 2. Reaction sequence f o r  the  synthesis o f  an 

CH2 - N, * a  
(‘$1 

1 che la t ing  polymer . 
iminodiacetate 

Another approach t o  solve the problem o f  hydroc. .ohic i ty o f  
the chloromethylated polystyrene i s  t o  p a r t i a l l y  t rans form i t  i n t o  
a quaternary s a l t  w i t h  a t e r t i a r y  amine (e.g., t r i e thy lam ine ) ,  
which makes the polymer m r e  hydrophyl ic, and then t o  r e a c t  i t  
w i t h  the che la t ing  group81.’ The reac t ion  sequence f o r  t h i s  
process i s  shown i n  Fig. 3. 

species i s  shown i n  Fig. 4 . I n  t h i s  case methacrylchlor ide (8).  
reac ts  w i t h  the d i e t h y l  es te r  o f  im inod iace t ic  ac id  t o  g i ve  
amide (9), which may be homopolymerized t o  g ive  (10). Monomer (9 )  
may a lso  be copolymerized w i t h  o ther  v i n y l  monomers o r  g r a f t  
copolymerized w i t h  rad ia t i on  on preformed polymers o r  f i b e r s  t o  
produce che la t ing  g r a f t  copolymers. 

The transformat ion o f  the  che la t ing  group i n t o  a monomeric 
26 

9 

D i s t r i b u t i o n  Coe f f i c i en t  and S e l e c t i v i t y  C o e f f i c i e n t - o f  a Che la t i np  
Res i n 

the s e l e c t i v i t y  coe f f i c ien t ,  KA,B, o r  concentrat ion quo t ien t  83 , 

- 
The d i s t r i b u t i o n  coe f f i c i en t ,  KO, o r  d i s t r i b u t i o n  r a t i o ,  and 
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316 RAMIRE2 AND ANDRADE 

are important parameters i n  the  charac ter iza t ion  o f  i on-exchange 
and chelat ing resins. 

For very d i l u t e  so lu t ions  o f  an i on  A ,  t he  d i s t r i b u t i o n  
c o e f f i c i e n t  f o r  any i o n  exchange r e s i n  i s  given by 

D = [ A l / C A l  

where [A] i s  the  concentrat ion o f  i o n  A i n  the  r e s i n  phase and 
[A] i s  the concentrat ion o f  i o n  A i n  the aweous phase. 

The s e l e c t i v i t y  c o e f f i c i e n t  f o r  the  exchange o f  two ions, A 
and B, o f  charge la1 and l b l ,  respect ively,  i s  g iven by 

where the bars i nd i ca te  the r e s i n  phase. 

i o n i c  equ i l ib r ium react ion.  Thus i f  one considers the  exchange 
reac t ion  o f  two Cons A and B w i t h  charges a and b as being 

Equation (2) i s  comparable t o  the  equil ib.r ium constant of an 

the equ i l i b r i um constant f o r  t h i s  reac t i on  i s  i d e n t i c a l  t o  Ke/A. 
These two expressions, (1) and (2), have been def ined f o r  

ion-exchange (nonchelat ing) resins; however, they can be equa l ly  
33.83 appl ied f o r  che la t ing  res ins  . 

the degree o f  c ross- l ink ing  i n  the 
capacity o f  the  resin,  i.e., the  number o f  m i l i equ iva len ts  o f  f i x e d  
exchange groupings per gram o f  resina, and on the  nature o f  t he  
exchange (or chelat ing) group . 
s e l e c t i v i t y  i n  aqueous so lu t ions  are given by Reichenbergs4 and 
by Diamond and Whitney . 

Both the  d i s t r i b u t i o n  and s e l e c t i v i t y  c o e f f i c i e n t s  depend on 
on the  s p e c i f i c  

84 

Deta i led  treatments o f  ion-exchange s e l e c t i v i  t.y and o f  r e s i n  

82 
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POLYMER-DRUG GRAFTS FOR IRON CHELATION 31 7 

CHELATIMG AGENTS I N  MEDICINE 

Chelat ing agents are a c lass o f  drugs f o r  which a c l e a r  con- 

Several na tura l  chelates are w e l l  known: 
nect ion between ac t ion  i n  the  b0d.y and physical  and chemical 
p roper t ies  are known85. 
hemoglobin ( i r on ) ,  ch lo rophy l l  (magnesium), v i tamin  8-12 (coba l t ) ,  
and enzymes such as cytochrome oxidase ( i r o n  and comer ) .  
sect ion w i l l  be mainly concerned w i th  syn the t ic  che la t i ng  agents 
o r  those o f  na tura l  o r i g i n  t h a t  are not found i n  the  human organ- 
ism. 

d i f f e r e n t  functions: 

r i d  o f  them by excretion. 

t issues. 

essent ia l  metabolic metals unavailable, o r  by d e l i v e r i n g  metals 
t h a t  are harmful t o  them. 

An e f f e c t i v e  che la t ing  agent must form more s tab le  complexes 
w i th  the metals o f  i n t e r e s t  than the b i o l o g i c a l  substance holding 
the metals. This means t h a t  t he  s t a b i l i t v  constant o f  t h e  metal 
chelate should be higher than the s t a b i l i t y  constant o f  t he  com- 
plex between the b io log i ca l  substance (usua l ly  p ro te ins)  and the  
metal. 
o f  t h e i r  che la t ing  a b i l i t y .  However, the s t a b i l i t y  constant de- 
termined i n  aqueous systems i s  usua l ly  d i f f e r e n t  from the  actual  
s t a b i l i t y  constants found i n  a l i v i n g  system, where in te r fe rences  
from proteins,  enzymes, pH, and other ions may change t h e  che la t -  
i ng  propert ies o f  the drug86. S h ~ b e r t ~ ~  examined the  b i o l o g i c a l  
imp l ica t ions  o f  i r o n  binding and described che la t i ng  agents i n  
terms o f  an " e f f e c t i v e  constant", which i s  no t  a c t u a l l y  constant 
but var ies w i th  the media i n  which the che la t ing  agent and the  
metal i on  are i n  contact. 

This 

According t o  S ~ h u b e r ~ ~ ,  che la t ing  agents may accomnlish th ree  

1. To chelate t o x i c  metals i n  blood and helD the  body ge t  

2. To d e l i v e r  ce r ta in  t race  metals t h a t  are essent ia l  t o  

3. To i nac t i va te  ce r ta in  bac ter ia  and viruses bv makinq 

The s t a b i l i t y  constants o f  chelates are taken as a measure 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



318 RAMIREZ AND ANDRADE 

An important property t h a t  the che la t ing  aqent should have i s  
s e l e c t i v i t y .  
wi thout in f luenc ing  the  other essent ia l  ions present, o f t e n  i n  
la rger  amounts, such as Ca and Mg, as we l l  as the  t race  metals, 
such as Zn, Mn, and Cu, whose removal could be dangerous. 

various media are important. 
permeate w i t h i n  the i n t r a -  and extravascular spaces bu t  t h i s  may 
exclude them from penetrat ing i n t o  the i n t r a c e l l u l a r  space. Water 
s o l u b i l i t y  a lso al lows a more rap id  excre t ion  o f  the  drug and i t s  
chelate. 

Chelat ing agents used as drugs should wi thstand metabolic 
processes, and i f  they undergo enzymatic o r  other degradation, the  
metaboli tes should no t  have t o x i c  s ide e f f e c t s  . 

The admin is t ra t ion  m d e  o f  a che la t i ng  agent i s  a l sn  very 
important. 
and chemical names) must be administered by prolonged intravenous 
infusions, and temporar i ly  immobil ize the  p a t i e n t  thus r e s t r i c t i n g  
t h e i r  use t o  hospitals86. An idea l  che la t ing  agent as a drug 
would be one t h a t  i s  taken o r a l l y ,  acts i n  the  gas t ro in tes t i na l  
t rac t ,  and i s  absorbed through the  in tes t ines ,  extending i t s  

88 ac t ion  t o  the  r e s t  o f  the body . 
Some o f  these agents are s t i l l  i n  the  exoerimental stage, whereas 
others are p resent ly  being used f o r  c l i n i c a l  treatment. Some o f  
these che la t ing  agents are used t o  remove metals from the  organism 
(EDTA, DTPA, deferoxamine, BAL, etc.).  Others are used t o  d e l i v e r  
metals i n t o  i n fec ted  areas (Oxine) o r  t o  the  b r a i n  t o  reduce fever  
and headaches (aspir in)85. 

One o f  the  main uses o f  che la t ing  agents i n  medicine has been 
i n  the treatment o f  acute metal poisoning, such as lead, mercury, 
and i ron .  The most success has been i n  the  case o f  i r o n  poisoning 
where DTPA and espec ia l l y  deferoxamine have proven very e f fec t i ve .  

It should be able t o  chelate the  metal o f  i n t e r e s t  

S o l u b i l i t y  o f  both the che la t ing  agent and the  complex i n  
They should be water soluble, t o  

86 

For example, EDTA and DTPA (see Table 2 f o r  formulas 

Table 2 summarizes various che la t ing  agents used i n  medicine. 
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POLYMER-DRUG GRAFTS FOR IRON CHELATION 319 

ACUTE IRON POISONING 

Occurrence of Iron Poisoning 
Young children may inges t  l a rge  amounts of iron t a b l e t s  

(commonly ferrous s u l f a t e )  t h a t  a r e  prescribed f o r  their  mothers. 
Adults l e s s  often take fe r rous  s u l f a t e  i n  su ic ide  attempts.  The 
estimated le tha l  dose of ferrous s u l f a t e  i n  childreh is  990 mq/kq 

of body weight . Some children have survived a f t e r  inges t ing  
15 g ,  and sometimes as l i t t l e  as 1 g has been fa ta lg1 .  
s t a t e d  t h a t  the  average human fa t a l  dose is 200 t o  250 mq of iron 
per kilogram of body weight. 
t ha t  dose means the ingestion of 3 g of iron. 

Crottyg3 has summarized repor t s  from the National Clearing- 
house f o r  Poison Control Centers over a period of 32 months. Of 
292,060 poisoning reports,  1194 cases were of ingestion of medi- 
cinal preparations containing more than 65 mq of i ron .  Of these 
cases, 1024 were children under 5 years of age, and fe r rous  su l -  
f a t e  ranked 6th among the  medicines t h a t  caused hosoi ta l iza t ion  
of children under 5. 
mation tha t  179 o f  654 cases (27%) were hospitalized places iron 
s a l t s  i n  the category of the most tox ic  substances." T h i s  i s  
probably because of the consideration of i ron  as a "vitamin" and 
not a s  a potential  poison; t h u s  parents do not take the necessarv 
precautions. 

iron intoxication a s  45%. 
mortali ty r a t e s  may be reduced w i t h  the appropriate theraoy using 
deferoxamine as a chelating agent f o r  iron. 

90 
92 Arena 

For the  average 2 year-old ch i ld ,  

According to Crottyg3, "the reported infor -  

Until 1958, Aldrichg4 estimated the mor ta l i ty  r a t e  o f  acute 
Whi t t en  e t  a l .  ,95 i n  1965 proposed t h a t  

Mechanism f o r  Iron Toxicity from Iron S a l t  Ingestion 

e f f ec t s .  
lead t o  rapid necrosis of the niucosa of the gas t ro in t e s t ina l  
t rac tg6 .  

Iron overdoses a re  accompanied by both local and systematic 
S igni f icant  amounts of e i t h e r  f e r r i c  o r  fe r rous  s a l t s  

Absorbed iron soon exceeds the bonding capacity of iron 
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POLYMER-DRUG GRAFTS FOR IRON CHELATION 323 

pro te ins  i n  blood; thus serum i r o n  concentrat ion increases rap id l y .  
The l i v e r  and the  spleen remove sizeable amounts o f  i r on ,  and t h i s  
o f ten  r e s u l t s  i n  hepat ic necrosisg7. Witzleben and Buck89 pro- 
posed a hypothesis i nvo l v ing  i n d i r e c t  l i o i d  perox ida t ion .  
l i v e r  and elsewhere a t  the c e l l u l a r  l eve l ,  i r o n  i s  a po ten t  pro- 
toplasmic poison due t o  i t s  enzymatic impact . However, the  
biochemical mechanism o f  i r o n  t o x i c i t y  has no t  y e t  been w e l l  
establ  i shed. 

I n  the  

98 

Symptoms o f  I r o n  Poisoning 

accompanied by abdominal pain and diarrhea, and fo l lowed by 
le thargy  and a s t a t e  o f  shockg6. Shock i s  a t t r i b u t e d  t o  hemor- 
rhage and f l u i d  l oss  from the nec ro t i z ing  ac t i on  o f  i r o n  on the  
gas t ro in tes t i na l  t r a c t  . 

Vasomotor col lapse i s  explained by Smith”” as Droduced by 
an excessive amount o f  f e r r i t i n  formed from a p o f e r r i t i n  i n  the  
mucosal ce l l s .  F e r r i t i n ,  considered t o  be a vasodepresant , 
i s  then released i n t o  the c i r c u l a t i o n ,  i n i t i a t i n g  and main ta in ing  
the s t a t e  o f  cardiovascular col lapse. 

human cases 97~100~102-105 and i n  some experimental s tud ies  
cannot be a t t r i b u t e d  as a causat ive f a c t o r  i n  death f rom acute 
i r o n  poisoning since no evidence o f  hepat ic  f a i l u r e  has been 
iden t  i f iedlo4. 

cases 105y107. 
t i n g  fac to rs  has been repor ted  i n  h~mans”~ .  
poisoning has shown prolongat ion o f  c l o t t i n g  t i m e  o r  complete 
absence o f  coagulat ion i n  rabb i ts lo8 .  Whi tten”‘ found a l t e r a t i o n  
i n  the d i f f e r e n t  stages o f  blood coagulat ion b u t  the  c l o t t i n g  t ime 
was no t  al tered. 

Metabolic acidosis i n  experimental i r o n  ooisoning i s  w e l l  
known, and t h i s  i s  probably a common occurrence i n  l e t h a l  i r o n  

Symptoms o f  i r o n  poisoning begin w i t h  vomiting, u s u a l l y  

99 

101 

Hepatic damage, although i t  has been found i n  some f a t a l  
97,106 

Y 

Other symptons inc lude coagulat ion defects repor ted  i n  some 
However, no systematic study o f  the var ious c l o t -  

Exoerimental i r o n  
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324 RAMIREZ AND ANDRADE 

poisoning i n  chi ldrenlo4. Metabolic acidosis may be explained by 
two factors:  
o f  i r o n ( I 1 )  and i r o n ( I I 1 )  i n t o  the  c i r c u l a t o r y  system"" and (2) 
the accumulation o f  l a c t i c  and c i t r i c  ac id  from anerobic metabolism 
charac te r i s t i c  o f  shock 

acute i r o n  i n t o x i c a t i o n  reported u n t i l  1965 . 
they are usua l ly  a measure o f  the  degree o f  i n tox i ca t i on .  Normal 
serum i r o n  l eve l s  i n  humans f l uc tua te  between 60 t o  160 ug/lnO m l  
of blood. I n  acute i r o n  poisoning, serum i r o n  l eve l s  cover a wide 
range from 200 t o  5000 ug/lOO m l  , a1 though one case w i t h  serum 
i r o n  o f  30,494 ug has been reported112. I r o n  l e v e l s  o f  500 t o  
1000 vg/100 m l  are considered dangerous, and above t h i s  range t h e  
i r o n  l eve l  i s  p o t e n t i a l l y  l e tha l .  

(1) The release o f  hydrogen ions from the conversion 

110,111 

Shock and coma are cha rac te r i s t i c  o f  a l l  the f a t a l  cases o f  

Serum i r o n  l eve l s  g rea t l y  increase i n  i r o n  poisoning, and 

95 

Treatment o f  Acute I r o n  Poisoning 
Emergency treatment o f  acute i r o n  poisoning i s  described by 

many authors 92'96'113,114¶116,117. I n  general, t he  treatment 
consists of induc t ion  o f  vomi t t ing  w i t h  an emetic, stomach lavage 
w i t h  sodium bicarbonate, intravenous f l u i d  therapy (blood o r  
plasma) t o  cor rec t  acidosis and dehydration, use o f  a che la t i nq  
agent (Deferoxamine B) t o  remove " f ree  i r o n "  and per i tonea l  o r  
hemo d i a l y s i s  t o  help the  removal o f  chelated i ronn. 

Waxman and Brown86 have an exce l l en t  review o f  the  var ious 
che la t ing  agents t h a t  have been employed i n  i r o n  overloads, 
emphasis has been on deferoxamine though DTPA has a lso  been evalua- 
ted118-122. Since i t s  i n t roduc t i on  i n  1960123, a t  l e a s t  700 papers 
have described d i f f e r e n t  aspects o f  t he  app l i ca t i on  o f  deferoxa- 
mine. 

DEFEROXAMINE B IN IRON POISONING 

The 

The major ob jec t ive  i n  the treatment o f  poisoning w i t h  most 
substances i s  the removal o f  the  t o x i c  substance from the  organism. 
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POLYMER-DRUG GRAFTS FOR LRON CHELATION 325 

The human body i s  no t  provided w i t h  an e f f e c t i v e  mechanism f o r  
e l im ina t i ng  excess i ron .  
only two ways o f  increasing i r o n  excre t ion  ex i s t :  

the use o f  a che la t ing  agent 
One o f  the most spec i f i c  and i r r e v e r s i b l e  o f  the  i r o n  chel- 

a t i n g  agents i s  deferoxamine B, commercially ava i l ab le  as the 
methane sul fonate sa l t .  This de r i va t i ve  o f  deferoxamine i s  pro- 
duced by C I B A  under the brand name o f  Desferal.  

Pharmaceutical Co.  Summit ,  New Jersey). 

i t s  low molecular weight a l low i t  t o  pass e a s i l y  through the  
kidneys, making deferoxamine o f  great value i n  the  treatment o f  
acute i r o n  poisoning. 

Deferoxamine was i n i t i a l l y  proposed by Moeschlin and 
S ~ h n i d e r ’ ~ ~  as a two-fold approach f o r  the treatment of acute i r o n  
i n tox i ca t i on :  en te rna l l y  and parentera l l y .  Moeschlin e t  a l .  
showed i n  animal experiments t h a t  the  su rv i va l  r a t e  can be g r e a t l y  

Therefore, i n  acute i r o n  i n t o x i c a t i o n  
phlebotomy and 

124 . 

(Trademark, C I R A  

The high s o l u b i l i t y  of the  i r o n  complex o f  deferoxamine and 

26 

increased by the use o f  deferoxamine. 
86,95,112,113,115,124,1~7,128 More recent ly,  several authors 

have reviewed the c l i n i c a l  use o f  deferoxamine i n  acute i r o n  over- 
loads, and the question ar ises  whether deferoxamine should be 
used o r a l l y  a t  a l l  since i t  i s  only s l i g h t l y  absorbed from the  
gas t ro in tes t i na l  tract12’. 
any i r o n  t h a t  may s t i l l  be i n  the i n tes t i nes .  However, more 
e f f e c t i v e  methods, such as use o f  emetics and lavage, e x i s t  f o r  

112 the evacuation o f  the gas t ro in tes t i na l  tract128. West1 i n  
states t h a t  intramuscular defemxamine i s  Dreferable t o  avoid drug 
induced hypotension and recommends t h a t  t he  intravenous rou te  be 
used f o r  sever ly i n tox i ca ted  patents t h a t  are i n  coma o r  cardio- 
vascular co l  1 apse. 

hypotension and tachycardia i n  dogs, cats, r a b b i t ~ ’ ~ ’ ,  and c h i l -  
dren 95a112. 
iron-deferoxamine complex i n  ch i l d ren  and dogs. 

O r a l  deferoxamine would help t o  remove 

Rapid i n fus ion  o f  deferoxamine has been reDorted t o  induce 

Whitten e t  a l .  95’114 studied the  t o x i c i t y  o f  t he  
Rapid intravenous 
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326 RAMIREZ AND A N D W E  

administrat ion o f  30 mg/kg o f  the  complex produced a f a l l  i n  mean 
a r t e r i a l  blood pressure i n  chi ldren. 
225 mg/kg o f  iron-deferoxamine complex t o  dogs, which res l r l ted  i n  
a f a l l  o f  blood pressure, a decrease i n  hematocri t ,  a decrease o f  
blood pH, and the development o f  renal  shutdown. 

r e s t r i c t e d  the drug dose. An intramuscular dose131 can be given 
t o  pa t ien ts  no t  i n  shock ( l g  i n i t i a l  admin is t ra t ion  fo l lowed by 
0.5 g every 4 hours, w i t h  the t o t a l  amount not t o  exceed 6 g i n  
24 hours. The intravenous dose131 recomnended f o r  pa t i en ts  i n  a 
s ta te  o f  cardiovascular col lapse should no t  exceed 15 mg/kg/hour 

86 by slow infusion, and a t o t a l  dose o f  6 g i n  24 hours . 
I n  summary, deferoxamine i s  very useful  i n  the  treatment of 

acute i r o n  poisoning as shown by the reduct ion o f  m o r t a l i t y  repo r t -  
ed by several authors 95'124,128. Hwever, delayed therapy w i t h  
deferoxamine d i d  no t  reduce m o r t a l i t y  i n  several cases o f  i r o n  
over1 oads 1179132'133. 
a l l  cases o f  acute i r o n  inges t ion  v igorously w i t h  deferoxamine." 
However, there i s  evidence 95,114 t h a t  deferoxamine and i t s  i r o n  
complex are t o x i c  when the drug i s  used i n  l a rge  amounts. 
use o f  an extracorporeal system containing imnobi 1 i zed  deferoxamine 
may prove t o  be useful  i n  the  treatment o f  very severe acute i r o n  
in tox ica t ion .  

They gave a l e t h a l  dose of 

These side e f f e c t s  o f  deferoxamine and i t 5  i r o n  complex 

Therefore, McEneryll'l recommends t o  " t r e a t  

The 

EXTRACORPOREAL TREATMENT OF ACUTE IRON POISONING 

Deferoxamine my be cova len t ly  bonded t o  polymers conta in ing  
reac t ive  func t iona l  groups43. 
f o r  the  drug, which maintain i t s  che la t ion  a b i l i t y ,  A number o f  
inves t iga tors  1349135 have used an extracorporeal system based on 
ac t iva ted  carbon f o r  the removal o f  c e r t a i n  uremic tox ins  and o ther  
poi sons such as sal  i c y l  ates and barb i  turates. B1 ood i s perfused 
through a chamber containing the  s o l i d  sorbent which removes t h e  
t o x i n  from blood. 

These polymers ac t  as s o l i d  srrnoorts 

I n  the  case o f  i r o n  poisoning, the  excess i r o n  
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POLYMER-DRUG GRAFTS FOR IRON CHELATION 327 

in blood would be complexed by the immobilized deferoxamine. Then 
neither the drug nor i t s  iron complex would be released into the 
circulatory system, avoiding the problem of toxicity of large 
doses of deferoxamine. 

deferoxamine. 
iron from blood in those cases of very high serum iron levels.  

T h i s  procedure would not  replace the present use of soluble 
Instead, i t  would help the soluble d rug  i n  removing 

DEFEROXAMINE 6. ORIGIN AND CHEMISTRY 

Deferoxamine B i s  isolated from feroxamine B,  an iron-bearing 
metabolite belonging t o  sideramines obtained from Streptomyces 
Pilosus 1239136’137. The t r iva len t  iron in feroxamine B i s  removed 

by chemical means138, yielding deferoxamine. 

acetic acid, two residues of succinic acid, and three residues 
of l-amino-5-hydroxylaminepentane, as shown in Fig. 5. The 
residues altogether form a trihydroxamic acid w i t h  a f ree  amino 
group a t  one end of the molecule. This amino group gives i t s  
basic character t o  the molecule and allows i t  t o  react with acids 
(inorganic and organic) and acid derivatives (acyl chlorides and 

139 anhydrides) t o  form sa l t s  and amide derivatives, resnectively 

The molecule of deferoxamine is composed of one residue of 

. 

I I I I 

I I I I I 

I I I I I 

N H  (CH ) N ’ -  C(CH~)~CO~H(CH ) N: - C ( C H ~ ) ~ C O ~ W ( C H  ) N: - C C H ~  
I I 5 ~ 1  II 2 

5 ~ 1  II 
I I HO, 0 HO, 0 

2 2 51 :  II 
H0, 0 

I I I I I 

C I B I  C I  B I C I A  
I I I I I 

Fig. 5. Deferoxamine 6 ,  where A i s  acet ic  acid residue, 
B i s  succinic acid residue, and 
C i s  1-amino-5-hydroxylaminopentane 

residue. 
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32 8 RAMIREZ AND ANDRADE 

Deferoxamine B reac ts  stoichiometri cal l y  with Fe( I 11) t o  
form feroxamine B ,  an octahedral iron complex, shown i n  Fiq. 6. 
The f e r r i c  ion becomes attached to  the  three hydroxamic acid 
groups. The organic material surrounding the  iron confers grea t  
s t a b i l i t y  t o  the  complex . 
1031 i n  aqueous solutions ranging from pH 3 t o  pH 8. 
i s  a t  l e a s t  15 powers of 10 grea te r  than f o r  other complexes of 
deferoxamine and a l so  grea te r  than f o r  other common chelating 
agents. Values of the s t a b i l i t y  constants fo r  the complexes of 
various ions and chelating agents a re  given i n  Table 3. 

Keberle”’ reported the e f f e c t  of deferoxamine on the iron 
proteins f e r r i t i n ,  hemosiderin, t r a n s f e r r i n ,  and hemoglobin. 
found t h a t  deferoxami ne remves iron from f e r r i  t i  n and hemosi derin 
until  i t s  maximum b i n d i n g  capacity i s  a t ta ined .  He found, however, 
t ha t  deferoxamine removed only 10 t o  15% o f  iron from sa tura ted  
t ransfer r in  , and found no exchange from feroxamine t o  t r a n s f e r r i n ,  
showing tha t  deferoxamine does n o t  take up a l l  the iron from 
t r ans fe r r in  under equilibrium conditions. These r e s u l t s  a r e  i n  
disagreement w i t h  Ba i la r ’s  conclusions . He sa id  t h a t  deferoxa- 

129 

The s t a b i l i t y  constant of the complex i s  o f  the  order of 
T h i s  value 

He 

14 

mine “ i s  able t o  ex t r ac t  iron from nearly a l l  of t he  t i s sues  of 
the body, b u t  not from t r ans fe r r in  or  f e r r i t i n . ”  

The k ine t ics  of iron complexation of deferoxamine has been 
studied by Lentz e t  al.14*. They found t h a t  the overall  second- 

CH3 
~~ ______ - 

Fig. 6. Feroxamine B ( a l so  ca l led  ferrioxamine 6 ) .  
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330 RAMIREZ AND ANDRADE 

order ra te  constant for  the complex formation of deferoxamine 
and iron(II1) i s  the same in aqueous solutions of pH 3.92 as in 
blood plasma of pH values rang ing  from 4.1 to  7.1. 

deferoxamine almost quantitatively a t  pH’s of 6 or  higher. For 
i ron(II1)  the pH range in which complex formation i s  raeid and 
quantitative i s  between 4.5 to  7.0. A t  higher pH’s i t  becomes 
increasingly incomplete, and i s  direct ly  related t o  the p H  and 
buffer capacity of the solution 

ted that  deferoxamine was a lso capable of removing iron from the 
organism. They administered fe r r ic  chloride and f e r r i c  chloride 
plus deferoxamine t o  ra ts  and found that  in the f i r s t  case 0.03% 
of the iron was excreted i n  the urine and 81% o f  the feces with 
19% absorbed. On the other hand, 0.8% of the iron administered 
with deferoxamine was excreted in the urine and 99.3% in feces, 
with no iron being absorbed. 

Whitten et al.95 found that i ron(I1)  a lso forms a comnlex w i t h  

139 . 
In-vivo experiments of Tripod and Keberle’43 f i r s t  demonstra- 

IMMOBILIZATION OF DRUGS 

Biologically Active Polymers 

long the act ivi ty  of the drug.  T h i s  may be achieved by grafting 
the drug to  a reactive polymer or by converting t h e  drug t o  a 
monomer with subsequent polymeri zati  on. 

of methacrylyl chloride with tropolones tha t  show biological 
activity.  An example i s  

Imnobilization of a d rug  by binding i t  to  a polymer may pro- 

Cornell and D0nam~t-a’~~ prepared monomeric d r u g  by reaction 

p 3  
CH2 = EH3 -COC1 + R-OH + CH2 = C - CO 

I 

R =  oQ 

i 
R 
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POLYMER-DRUG GRAFTS FOR I R O N  CHELATION 331 

However, n o t  a l l  the monomers were able to  polymerize, probably 
because of the s t e r i c  effects  associated w i t h  the bulky grouns 145 . 

Donamura and co-workers have reported, i n  a senuence of 
papers , the synthesis of biological ly active formal dehyde-sul farnide 
copolymers 146y147 and sulfonamide- and sulfone-dimethylolurea 
copolymers 148y149. 
ted antimalarial act ivi ty ,  and that  the act ivi ty  depended on the 
comonomer present in the polymer other than the drug 

into vinyl monomers for homopo lymer i za t i~n~~~  or conolyneri- 
 ati ion'^^. 
were used i n  th is  work. 
homopolymers, and copolymers was studied by Weiner e t  a1.154. 
propose t h a t  the biological act ivi ty  depended on the hydrolysis 
rate of the drug,  and found that  the polymer suffered slower hv-  
drolysis t h a n  the monomer. 

Polymeric sa l icy l ic  acid derivatives have been studied by 
Weiner and Zilkha155 for  the i r  biological action. 
the monomer by the reaction of methacrylyl chloride and various 
derivatives of sal icyl ic  acid, w i t h  subsequent hnmonolymerization. 
They tested the polymeric drugs as analgesics and found the drugs 
had retarded analgesic action, in some cases better than asoirin.  
The retarded action was suggested to  be due to  slow release of the 
sal icy1 i c  acid derivatives. 

They found t h a t  some of the copolymers presen- 

152 . 
Phenethyl amines have been bound to  polymers by convertinq them 

Monomers derived from styrene and methacry1 i c  acid 
The biological ac t iv i ty  of the monomers, 

They 

They preoared 

Several other polymer drugs. have been described in the 
156-1 61 l i t e ra ture  

Examples where the drug i s  grafted onto polymers are found 
in the binding of noradrenaline, isonicotinic acids, and hydrazide 
onto  oxydextran and p o l y a ~ r o l e i n ’ ~ ~ .  
plasma proteins, such as albumin 
and basic drugs 

various polymers i n  order t o  insolubilize the drug and use i t  as 
a chelating polymer for biomedical apnlications. 

Drugs have also been bound t o  
163-170, including acidic 163,164 

166-1 70 

In our work we grafted a basic d rug ,  deferoxamine, on t o  
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332 RAMIRE2 AND ANDRADE 

POLYMERIC SUPPORTS FOR DEFEROXAMINE 

The chemical structure o f  deferoxamine, which contains a 
primary amino group, allows i t  t o  react w i th  other funct ional  
groups, such as chloroformyl (-COCl), benzyl chloride, and 
aldehyde (-CHO). Polymers and copolymers containing 
such functional groups were studied and the rat ionale f o r  the 
selection o f  the various polymers i s  discussed. 

Pol yacrol e i  n 
I n  a previous paper we reported the synthesis o f  a polyacro- 

lein-deferoxamine copolymer f o r  potent ia l  use i n  the extracorporeal 
treatment o f  i r o n  poisoning43. Polyacrolein was selected because 
the aldehyde groups o f  the polymer react w i th  amines i n  neutral 
or  s l i g h t l y  basic solvents t o  form Sch i f f ' s  bases17', whi le they 
do not react wi th  hydroxamic acid groups, also present i n  the 
deferoxamine molecule, under these conditions, 

Copolymers o f  Acryly l  Chloride and Methacrylyl Chloride w i th  
Styrene 

Our i n te res t  i n  the poly(acid chlorides) i s  because o f  the 
high r e a c t i v i t y  of these polymers which makes i t  possible t o  
transform them i n t o  many polymeric derivatives. Copolymers are 
s im i la r l y  useful because inc lus ion o f  only a small percent o f  
acid chlor ide i n  a polymer chain provides s i t es  which can be 
used f o r  the attachment o f  graf ts.  

The inc lus ion o f  styrene as comonomer o f  the ac id  ch lor ide 
i s  based on the hydrophobicity o f  styrene groups tha t  renders the 
polymeric-deferoxamide insoluble i n  aqueous media. I f  homopoly 
(acid chlorides) are used and reacted w i th  deferoxamine, a corn- 
p le te l y  water-soluble system i s  obtained 172 . 
Terpolymers o f  Methacrylyl Chloride, Vinyl  Pyrrolidone. and 
Styrene 

To allow a more open structure f o r  easier access o f  the 
f e r r i c  ions i n t o  the chelat ing s i tes,  a swellable network i s  
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POLYMEX-DRUG GRAFTS FOR IRON CHELATION 333 

necessary. We expected that  by introducing v nyl pyrrolidone 
units into the polymer chains we would obtain a more h;/dronhylic, 
swellable ( b u t  n o t  soluble) polymer. Styrene was included t o  
provide the hydrophobicity necessary t o  prevent complete solu- 
bi 1 i ty .  

Chl oromethyl a ted Polystyrene 
Chloromethylated polystyrene i s  very commonly used as  a 

support for  the immobilization of enzymes173 and for  the DreDara- 
tion of ion-exchange resins . The chlorobenzyl groups are  ver.y 
reactive w i t h  other groups containing active hyrlrnqens, such as 
amine and hydroxyl groups174. Thus the low molecular weiqht 
analog, benzyl chloride, reacts w i t h  primary amines to  form 
secondary amines, the polymer reacting in a similar way. 

The bond that  i s  formed in the reaction of chlorobenzyl and 
primary amine groups i s  very stable to  hydrolysis. Therefore, 
i f  deferoxamine were reacted w i t h  chlororwthylated polystyrene, 
the d rug  would n o t  be released from the polymer even i n  conditions 
more severe than those found in blood. 

1 

Chl oromethyl ated Amber1 i tes  
Amberlites XAD-2 and XAD-4, trademark of Rohm and Haas Com- 

175,176 
pany, Philadelphia , Pennsylvania 19105 , are di vinyl benzene 
cross-1 inked polystyrene resins available as porous beads 
The presence of styrene groups and the relat ively h igh  surface 
area of these beads allow them to be chloromethylated and aminated. 
Deferoxamine may be attached to  the beads since the s ize  of the 
pores i s  greater than the s ize  of the deferoxamine molecule. 
This would allow us t o  prepare chelating resins without disturb- 
ing the scope of the beads and without having to  fabricate the 
polymers into an appropriate physical form tha t  would permit a 
good perfusion of blood. 
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EXPERIMENTAL RESULTS 

RAMIREZ AND ANDRADE 

SYNTHESIS OF POLYMER-DEFEROXAMINE GRAFTS 

The reac t ion  between the  polymers o r  copolymers w i t h  
deferoxamine u t i l i z e d  N,N-dimethylfonnamide (DMF) as so lvent  and 
t r ie thy lamine (TEA) as basic c a t a l y s t  i n  order t o  prevent reac t i on  
o f  the hydroxamic ac id  groups w i th  func t iona l  groups o f  t he  poly-  
mers. With the  exception o f  the chloromethylated polystyrene- 
based polymers, they were soluble i n  DMF a t  the  temoerature o f  
the reaction, 100-llO°C. 

43 Polyacrolein-Deferoxanline ( V I  I 1  ) 

t i o n  o f  a ~ r o l e i n l ~ ~ ,  contains f ree  aldehyde groups, hydrated 
aldehyde groups, and c y c l i c  hemiacetal groups17', a l l  of which 
my reac t  w i t h  an amine 171y179. This i s  shown i n  Fiq. 7, where 
a f t e r  the react ion w i t h  a primary amine three types o f  groups may 
be found: azomethine, N-acetal, and tetrahydropyran. Thus, i n  
the reac t ion  o f  po lyacro le in  and deferoxamine a l l  the  poss ib le  
structures may be found. Table 4 shows the  y i e l d  and elemental 
analysis o f  the  various polymer-deferoxami ne g ra f t s .  The I R  
spectra o f  po lyacro le in  and polyacrolein-deferoxamine g r a f t  (VIII) 
are given i n  Fig. 8. 

Polyacrolein ( I ) ,  prepared by f ree  rad i ca l  redox polymeriza- 

Poly(acryly chloride-co-styrene)-Deferoxamine ( I X )  and Poly(metha- 
c r y l y l  ch l  o r i  de-co-styrene-Deferoxarni ne (X 1 

The po ly (ac id  chloride-co-styrene) copolymers were synthesized 
The copolymer o f  a c r y l y l  using a comonomer feed mole r a t i o  o f  1:l. 

ch lo r ide  and styrene (11) showed m r e  styrene u n i t s  then ac id  

ch lo r ide  un i ts ,  as shown i n  Table 4. The reac t ion  between the  
copolymers and deferoxamine proceeds w i t h  the formation o f  an 
amide l inkage between the ac id  ch lo r ide  group and the  amine 
group of the drug, as shown i n  Fig. 9. 
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338 RAMIREZ AND ANDRADE 

MICRONS 
2.5 30 35 40 50 60 70 8.0 10 II 12 16 

100 , I 1  I I , I  I ,  d 

- 

4000 3000 2000 1600 1200 800 
WAVENUMBER (CM-') 

POLYACROLEIN (1)  

(a) 

MICRONS 
25 50 3.5 40 5.0 6.0 70 RO 10 II I2 16 

100 - 1 1 ,  1 1 I , ,  - 
- 

- 

4000 3OOO xx)o 1600 1200 800 

POLYACROLEIN-DEFEROXAMINE (Vllll 
WAVENUMBER (CM-') 

MICRONS 
25 50 3.5 40 5.0 6.0 7.0 

100 t 1 1 ,  1 

a0 10 II - 
f 20 

4000 3OOO xx)o 1600 

POLYACROLEIN-DEFEROXAMINE (Vllll 
WAVENUMBER (CM-') 

- 
1200 
3 800 

(b) 

Fig.  8. IR spectra o f  ( a )  polyacrolein ( I )  and (b )  polyacrolein- 
deferoxamine graft  (VI I I ) .  

The reaction i s  not quantitative as shown by the percentage 
of deferoxamine grafted (Table 4).  The unreacted acid chloride 
groups may be converted to  carboxylic groups i n  the precipitation 
of the copolymer-drug graf t  w i t h  10% hydrochloric acid. The IR 
spectra o f  poly(methacryly1 chloride-co-styrene) and of the co- 
polymer-drug graf t  are shown i n  F ig .  10. 
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340 RAMIRE2 AND ANDRA.DE 

F i  g . 1 0. I R spectra o f  (a) pol y (met hacryl y l  -c h l  o r  i de-co-styrene ) 
(111) and (b) i t s  deferoxamine g r a f t  ( X ) .  

Poly(methacryly1 chlor ide-co-vinyl  p y r r o l  idone-co-styrene)-Defer- 
oxamine ( X I )  

zat ion o f  methacryl chlor ide,  N-vinyl pyrrol idone, and styrene i n  
a 2:2:1 feed mole ra t i o .  A r a t i o  o f  2 ac id  ch lo r i de  un i ts ,  2 
v iny l  pyrrol idone uni ts,  and 1 styrene u n i t  i s  obtained from 
elemental analysis (Table 4). The reac t i on  o f  t h e  terpolymer w i t h  
deferoxamine proceeds w i t h  the formation o f  an amide l inkage. The 

The terpolymer ( I V )  was obtained by free rad i ca l  co polymeri- 
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POLYMER-DRUG GRAFTS FOR IRON CHELATION 341 

chemical equation for  the reaction i s  similar t o  that  of F ig .  9. 
Results for  this reaction are summarized i n  Table 4,  and the IR 
spectra of both the terpolymer (IV) and termpolymer-drug graf t  (XI) 
are shown i n  Fig. 11. 

MICRONS 
2.5 30 3.5 4.0 5.0 6.0 7.0 8.0 1011 12 16 

4000 3000 2000 1600 I200 800 
WAVENUMBER (CM") 

POLY (METHACRYLYL CHLORIDE-CO- VINYL PYRRO- 
LIDONE- CO-STYRENE) ( IV )  

( a1 

MICRONS 
2.5 30 35 40 50 60 70 RO 1011 12 16 

I I 1  1 1 1 1  1 1 1  -- 

WAVENUMBER (CM-') 

POLY (METHACRYLYL CHLORIDE-CO-VINYL PYRRO- 
LIDONE-CO-STYRENE) - DEFEROXAMINE (XI) 

(b) 

Fig.11. IR spectra of ( a )  the terpolymer (IV) and ( b )  i t s  
deferoxamine graf t  (XI). 
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34 2 RAMIREZ AND ANDRA.DE 

Chloromethylated Polystyrene-Deferoxami ne (XI1 1 

o f  c o m r c i a l  polystyrene18' w i th  chloromethyl methyl e ther  and 
zinc chloride. To ob ta in  a h igh  ch lo r ine  content, the  reac t ion  
time was longer than the one normally used 18' ,182. 
o f  ch lo r ine  from Table 4 i nd ica tes  t h a t  about 80% o f  the  phenyl 
r ings  have been chloromethyl ated. 

The reac t ion  o f  chloromethylated polystyrene and deferoxamine 
i s  shown i n  Fig. 12. 
which provides the g r a f t  w i t h  very high h y d r o l y t i c  s t a b i l i t y .  The 
resu l t s  f o r  t h i s  reac t ion  are shown i n  Table 4. 
there was 3.91% o f  unreacted chlor ine,  i n d i c a t i n g  t h a t  a longer 
react ion t i m e  i s  probably necessary f o r  h igher conversion. The 
I R  spectra o f  chloromethylated polystyrene (V) and polyfstyrene- 
co-vinyl benzyl )-deferoxatnine ( X I I )  are shown i n  Fig. 13. 

Chloromethylated polystyrene ( V )  was prepared by the  reac t i on  

The percentage 

I n  t h i s  reac t ion  a secondary amine i s  formed, 

I n  t h i s  case, 

Chloromethylated Amberl i t e  XAD-2- and XAD-4-Deferoxamine ( X I I I )  
and ( X I V )  

Chloromethylated Amberli tes  were obtained by the  same proced- 
ure used f o r  the chloromethylat ion o f  polystyrene. 
between deferoxamine and the  chlormethylated Amberl i tes  fo l lows 
the same scheme as f o r  the synthesis o f  X I I .  Table 4 gives the  
resu l t s  f o r  the  reactions. 
the chloromethyl ated Amberl i tes o r  the  Amberl i te-deferoxamine 
g r a f t s  due t o  t h e i r  p a r t i c u l a t e  nature. 

The reac t i on  

I R  spectra could no t  be obtained f o r  

PROPERTIES OF THE POLYMERS 

Some physical p roper t ies  o f  the polymers are given i n  Table 5. 
Viscosi ty measurements could be done only on those polymers t h a t  
were soluble i n  appropriate concentrat ions. 

S t a b i l i t y  o f  the Gra f ts  i n  Sal ine Solut ions 

degree o f  deferoxamine l i b e r a t i o n  when the  polymers are placed i n  
S t a b i l i t y  o f  t he  g r a f t s  i n  the  present case r e f e r s  t o  the  
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2.5 3.0 35 41) 51) 6.0 70 80 10 I I  I2 16 
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4000 3Ooo 2000 Is00 1200 800 
01 

CHLOROMETHYLATED POLYSTYRENE - DEFEROXAMINE (xi11 
WAVENUMBER (CM") 

(b) 

Fig.13. I R  spectra o f  (a) chloromethylated polystyrene ( V )  and 
(b) i t s  deferoxamine g r a f t  (XII). 

contact wi th  sal ine solut ions f o r  several days. The presence o f  
deferoxamine i n  the solut ions was determined quan t i t a t i ve l y  by UV 
spectrophotometry. Deferoxamine has a strong absorption w i th  a 
maximum o f  210 nm (epsilon MX = 32,000)> a t  pH 5.6, allowing a 
rapid determination o f  deferoxamine concentration i n  solution. 

Fig. 14 shows the s t a b i l i t y  o f  the various polymer g ra f t s  
i n  normal sal ine (0.9% NaC1) solut ion (pH 5.6). The s t a b i l i t y  o f  
the g ra f t s  i n  phosphate-buffered sa l ine so lut ion (pH 7.4) i s  shown 
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TABLE V 

Polymer [q] Sol ubi 1 i ty  Transi t ion Density( c) 
No. (Sol vent) Temperature(b) (g/cm3) 

Some Physical Properties o f  the Various Polymers 

("C) 

I 0.38(a) 
(water) 

I 1  1.05 

I11 0.53 
(CHC13) 

(DMF) 

IV 0.11 
(dioxane) 

Xylene, DMSO M.T. 126(d) 1.196 

Acetone, i so- M.T. 224 0.700 
propanol ,CHC13 
CHC13,xylene,DMF, M.T. 302 - 
DMSO,1,2-dichloro- (some decom- 
ethana ,dioxane ,CC14, pos i t ion)  
acetone 
Swells i n  Tg 282; 0.751 
ethanol, xylene, Dec. 358(e) 
DMF. DMSO 

V - Sweils i n  DMF(hot), Dec. 252 0.915 
xylene,DMSO ,CHC13 

sol vents tested 

1,2-dichlorethane 

DMSO , D i  oxane, 
acetone,i sopropanol 

DMF, xylene, 
cc1 

DMF, xylene 

d i  chl  oroethane 

CCl4 (hot) Dec. 262 

V I  - Insoluble i n  a l l  Dec. 335 - 
U I I  - Swells i n  DMSO Dec. 227 0.943 

V I I I  - Xylene, DMSO, Dec. 203 1.158 

I X  - Ethanol, xylene, M.T. 352 - 

X - Xylene, DMF Dec. 357 1.041 

(wi th  dec.) 

X I  - Swells i n  DMSO, Tg 261 0.964 

X I 1  - Swetls i n  DMSO, Dec. 374 1.016 

XI11 - Swells i n  1,2- Dec. 327 0.967 

X I V  - Swells i n  DMSO, Tg 212; 0.883 

a I n t r i n s i c  v iscos i ty  o f  a po lyacro le in-b isu l f i te  adduct 

b Determined by d i f f e r e n t i a l  scanninq calor imetry (DSC) 
c Determined by pycnometry 
d M.T.: Melt temperature (center o f  peak i n  DSC thermogram) 
e Dec.: Temperature a t  which decomposition started 

so lut ion 

i n  Fig. 15. I n  both cases, the g r a f t  wi th  the lowest s t a b i l i t y  was 
V I I I .  This i s  due t o  the easier hydrolysis o f  the carbon-nitrogen 
double bonds. I n  the case o f  g r a f t  X I I ,  the r e l a t i v e l y  high 
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1 I 1 1 1 1 I I 
I 2 3 4 5 6 7 

DAYS 
Fig.14. S t a b i l i t y  of the  var ious polymer-deferoxamine g r a f t s  i n  

normal s a l i n e  so lu t ion .  

concentrat ion of l i b e r a t e d  deferoxamine i s  probably due t o  some 
unreacted drug entrapped i n  the polymer network. 

The amounts o f  deferoxamine l i b e r a t e d  from the  polymers were 
low enough t o  al low us t o  expect s i m i l a r  behavior i n  b i o l o g i c a l  
media. Blood plasma was used t o  determine the  s t a b i l i t y  o f  t he  
g r a f t s  i n  the  presence o f  o ther  molecules, such as pro te ins  and 
enzymes, which may promote o r  enhance degradation o f  t he  graf ts.  
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I I I I I I I 

I 2 3 4 5 6 7 
DAYS 

Fig.15. Stabi l i ty  of the various polymer-deferoxamine graf ts  i n  
phosphate buffered sal ine solution. 

Stabi l i ty  of the Grafts in Plasma 
The same principle, deferoxamine l iberation, was used to  

determine the s t ab i l i t y  of the polymers in plasma. 
the liberated drug was analyzed spectrophotometrical l y  by forming 
i t s  Fe3+ complex and measuring absorbances a t  430 nm. 
i s  only accurate for  concentrations not lower t h a n  9.10'~ mole/ 
l i t e r  as determined from a s tandard  calibration curve. None of 

In t h i s  case 

T h i s  method 
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348 RAMIREZ AND ANDRADE 

the polymers showed l i b e r a t i o n  o f  deferoxamine i n  concentrat ions 
higher than the accurate l i m i t ,  i.e., 9 * W 5  mo le / l i t e r ,  a f t e r  27 
hours i n  contact w i t h  plasma. 

I ron  Chelat ion A b i l i t y  o f  t he  Polymer Gra f ts  

f e r r i c  ch lo r ide  so lu t ions  f o r  3 days. A l l  the  polymers took on a 
brown-red color, The i r o n  content o f  the polyners was determined 
quan t i t a t i ve l y  by chemical analysis183 and q u a l i t a t i v e l y  by energy 
dispersive analysis o f  x-rays (EDAX) i n  the  scanning e lec t ron  
microscope. 

A comparison o f  che la t ing  capaci ty found f o r  t he  g r a f t s  and 
the one calculated from the n i t rogen content i s  given i n  Table 6. 
These resu l t s  show t h a t  the capaci ty o f  g r a f t s  XI11 and X I V  (der ived 

Samples o f  the various g r a f t s  were placed i n  concentrated 

TABLE 6 

Chel a t i ng  Capacity o f  the Various Polymer-Deferoxamine Gra f ts  

Capacity (mg Fe/g res in )  
Polymer E f f i c iencya 

No. Cal cu l  ated Found (% 1 

V I I I  49.3 18.8 38 

I X  20.8 - - 
X 40.4 17.7 44 

X I  30.2 10.3 34 

XI1 41.6 12.9 31 

XI11 14.8 6.0 41 

X I V  18.6 6.2 33 

a E f f i c i ency  = mg Fe found/mg Fe calculated. 
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POLYMER-DRUG GRAFTS FOR IRON CHELATION 349 

from Amberl i te XAD-2 and XAD-4, respec t i ve l y )  i s  about h a l f  o f  the 
capaci ty for  o ther  polymers. 
i n d i c a t i n g  t h a t  the accessab i l i t y  o f  the  i r o n  i n t o  the  che la t i nq  
s i t e s  i s  approximately the same f o r  a l l  the  g ra f t s .  

A q u a l i t a t i v e  analysis o f  the i r o n  i n  the polymers i s  given 
i n  Fig. 16. The traces on the l e f t  s ide are cont ro ls ,  i.e., g ra f ts  
w i thou t  exposure t o  i ron ,  and a t  the r i g h t  are the  r e s u l t s  fo r  
i ron-conta in ing  g ra f t s .  
o f  iron184, whereas the con t ro l s  do n o t  present any peak i n  t h a t  
pos i t ion .  

However, the  e f f i c i e n c y  i s  comparable, 

The peaks a t  6.4 keV reveal t he  presence 

S t a b i l i t y  Constants o f  the  Polymer I r o n  Chelates 

placed i n  water, t he  fo l l ow ing  reac t i on  takes place: 

P-DFA-Fe t 3H20 +- P-OFA-H3 t Fe(OHI3 

When a polymer-deferoxamine i r o n  complex (P-DFA-Fe) i s  

+ 

z 
u) 
t 
3 
f k 2 4 6 8  

Vlll 

X 

XI 

XI1 

& L 
A L  Xlll 

2 4 6 8  

Kev 
Fig.16. Energy d ispers ive  ana lys is  o f  X-rays (EDAX) of var ious 

polymer-deferoxamine-iron complexes. A t  the  r i g h t  a re  
the  t races fo r  i r o n  complexes, and a t  the  l e f t  f o r  the  

con t ro l  s. 
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350 RAMIREZ AND ANDRADE 

The equ i l i b r i um constant f o r  t h i s  reac t ion  i s  

[P-DFA-H3] CFe(OH)31 
Ke = LP-DFA-teJ , where (4 1 

[Fe(OH)3] = [Fe3']so1 = i r o n  .concentrat ion i n  

so lu t ion ,  and 

[P-DFA-Fe] = [Fe3']pol = i r o n  concentrat ion i n  

the polymer. 

Therefore 

and the s t a b i l i t y  constant would be 

The various polymer g r a f t s  were placed i n  concentrated f e r r i c  
ch lo r ide  so lu t ions  f o r  4 days t o  l e t  them e q u i l i b r a t e  w i t h  i ron .  
Then a known amount o f  each polymer-chelate was placed i n  d i s t i l l e d  
water f o r  7 days. I r o n  and deferoxamine i n  so lu t i on  were analyzed. 
The d i f fe rence between t o t a l  moles o f  i ron and moles of defer-  
oxamine gives the absolute amount o f  i r o n  coming from the  polymer- 
chelate according t o  the reac t ion  given above. 
o f  the polymers was determined183, and the  s t a b i l i t y  constants 
(Table 7) were ca lcu la ted  using Eq. (6). The values i n  Table 7 
demonstrates t h a t  a la rge  decrease i n  s t a b i l i t y  of the  
deferoxamine-iron complex occurs when the  drug i s  bound t o  a 
Polymer backbone. This i s  probably due t o  s t e r i c  hindrance from 
the polymer and a decrease i n  mobi1it.y o f  the drug molecule. 

The i r o n  content 
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TABLE 7 

Stabil i ty Constants of the Polymer-Deferoxanine-Iron Comnlexes 

Po 1 yme r KS ( l i t e r /no le)  

X 

XI 

XI1 

XI11 

XIV 

REMOVAL OF IRON FROM SOLUTION IN RECIRCULATING SYSTEVS 

Iron in Aqueous Solutions 

aqueous solutions. Ferric chloride solutions of relative1.v hiah 
concentration (1.2 
serum iron in acute poisoning cases (4.5 in-5 to 1.0 19-' M)  
were used. 
employed for these determinations. 

The iron solution was recirculated through the chamber cnn- 
taining the chelating polymer, and  samples were taken i n  the 
outflow. The results obtained for iron concentration in the 
solution a t  various times indicated t h a t ,  with the iron cnncentra- 
tions used, the resins became saturated a f te r  15 to 2n min. of 
ini t ia t ing the experiment, showing no further decrease i n  iron 
concentration. The results for  some of the Dolymers tested in 
these conditions are given in Table 8. 

XII) became agglomerated as a hard cylinder, and the solution could 
not  penetrate into the bulk o f  the resin, flowino onlv throuah 

Preliminary experiments for  iron removal were carried o u t  in 

11) compared to  the concentration of 

Fig. 17 gives a schematic diagram of the svstem 

The polymer grafts t h a t  were obtained i n  powder form (VIII- 
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SILASTIC ,-A 
RUBBER 

TUBE - 

STOCK 
PLASMA- 
FO S0LN.- 

RESIN CHAMBER (TYGON TUBE) 

-ROLLER PUMP 

Fig.17. Diagram of the system employed i n  the experiments for 
iron removal from water and plasma. 

the outer parts next t o  the wa7ls of the chamber. 
tion effect was n o t  present i n  those pnlymers i n  bead form (XI11 
and X I V ) .  

This aacrlortera- 

Iron in Plasma Solutions 
Iron was added t o  plasma in the form o f  ferric chlnrirle i n  

concentrations of 500 to  800 vg Fe/lOO m l  plasma ( i . e ,  8.9 lrl- i 

TABLE 8 

Iron Removed from AqUeOtcS Solutions b,y 
Various Pol ymer-Deferoxami ne Grafts 

Polymer 

X 

XI I 

XI11 

XIV 

vg Fe mmoved/g resin 

792 

21 96 

661 

900 
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POLYMER-DRUG GRAFTS FOR IRON CHELATION 353 

t o  1.4 
r a t e  of i r o n  removal. 

11). Polymer X and X I 1  gave sca t te red  r e s u l t s  f o r  the  
Polymers V I I I ,  I X ,  and X I  were nnt tested. 

Results f o r  g r a f t s  XI11 and X I V  ( i n  bead form) a re  shown on 
Figs. 18 and 19. The p l o t  on Fig. 18 i s  the r a t e  o f  i r o n  remo\ral, 
i.e., decrease o f  i r o n  concentrat ion i n  nlasma w i t h  t ime. The two 

polymers show approximately the  same rate.  A b e t t e r  comnarisnn i s  
given on Fig. 19 where the amount o f  i r o n  removed i s  observed dur inq  
the f i r s t  hours o f  the experiments. 
X I V  s t a r t s  l e v e l i n g  o f f ,  wh i l e  the i r o n  removed by g r a f t s  XI11 
continues t o  increase. 
t i n g  e f f i c i e n c y  determined f o r  XI11 (Table 6). 

Then the i r o n  removed bv g r a f t  

This r e s u l t  agrees w i t h  the h iaher  chela- 

A: GRAFT Xlll 
0:  GRAFT XIV 

'ooo! 
I 

2oo t 
I I I I I 

2 4 6 0 10 12 
01 

HOURS 
Fig.18. Rate o f  i r o n  removal from plasma. 
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2 4 6 0 10 12 

HOURS 

Fig.19. I ron removed from plasma. 

CONCLUSIONS AND FUTURE DIRECTIONS 

1 .  Deferoxamine B has been bound t o  var ious  r e a c t i v e  polv- 
mers, inc luding  polyacro le in ,  copolymers of  a c r y l i c  a c i d  c h l o r i d e s ,  
and chloromethylated polys tvrenes  (uncross- l inked and c r o s s -  
l i n k e d ) .  

i n  s a l i n e  s o l u t i o n s  (0.9% NaC1 and phosnhate-buffered NaCl sn lu-  
t i o n s )  and i n  plasma. 

2. The polymer-deferoxamipe g r a f t s  showed good s t a b i  1 i ty 
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POLYMER-DRUG GRAFTS FOR IRON CHELATION 355 

3. The polymer-deferoxamine g ra f t s  maintained the chelatinn 
a b i l i t y  of the drug, although the  s t a b i l i t y  of the no1.ymer-drrtri- 
iron complex was decreased compared to  the  s t a b i l i t v  of fernxamine 
(the sol ubl e deferoxamine-i ron comnl ex).  

The chelation capacity of the pnlyner var ies  from 6 t o  
19 rng of Fe/g of resin.  This value i s  i n  the ranqe necessary f n r  
their application i n  acute iron pnisoninq where the serum i r n n  
leve ls  vary from 0.2 to  5 mg/130 ml of blood. 

study the e f f e c t  of the d i f f e ren t  var iab les  t h a t  a f f e c t  the 
chelation process i n  recircirlatinq svstems. 

iron from plasma, a protein-rich medium where irnn becones less 
avai lab le ,  opens the poss ib i l i t y  of annlyinq the g r a f t  conolvver 
t o  in-vivo s i tua t ions .  Exneriments i n  animals will be the next 
logical s t ep  a f t e r  complete in-v i t ro  charac te r iza t ion  of the 
g r a f t s  has been made. 

4. 

5. Additional exneriments should be nerforned i n  order t n  

6. The a b i l i t y  of the polymer-deferoxamine g r a f t s  t n  remnve 
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