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ABSTRACT 

H u m a n  hemoglobin i s  encapsula ted  in uni lamellar  liposomes by 

French press  ex t rus ion  in  order  t o  form hemoglobin liposomes ( H B L ) .  

The mean diameter  of t h o  HBL i s  50 nm by TEM. Therefore  t h e  

preparat ion can  be passed through microbial r e t e n t i v e  f i l t e r s  

(200 nrn). The  encapsula t ion  eff ic iency i s  11.5% and t h e  hemoglobin 

conten t  0.52 g/100 rnl for a 5.75% (v /v )  dispers ion.  The  HBL a r e  

ab le  t o  bind 3.8% ( v / v )  0, (32% ( v / v )  dispers ion)  and  show t h e  

same oxygen dissociat ion charac te r i s t ics  as t h e  hemoglobin solut ion.  

The lipid mixture  cons is t s  of hydrogenated soy lec i th in ,  which is 

inexpensive a n d  s t a b l e  a g a i n s t  oxidat ion,  and  cholesterol  in a molar 

r a t i o  1: l .  T h e  French press  ex t rus ion  process  is s u i t a b l e  for a 

scal ing up.  

INTRODUCTION 

In medicine t h e r e  i s  a n  increas ing  need for a n  oxygen 

supplying blood replacement  f luid,  when enough blood of a s u i t a b l e  

655 

Copyright @ 1989 by Marcel Dekker, Inc.  

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



6 56 B R A N D L ,  B E C K E R ,  AND BAUER 

t y p e  i s  n o t  ava i lab le .  Here w e  repor t  t h e  encapsula t ion  of 

hemoglobin (Hb) in  uni lamellar  liposomes. HBL a r e  expected t o  avoid 

t h e  risks of ant igenic  reac t ions  and  infect ions with h e p a t i t i s  N A N B ,  

B or with H I V .  Both t h e  lipid membrane and  t h e  conten t  of t h e  

liposomes consis t  of metabolizable mater ia l .  T h e  oxygen af f in i ty  of 

t h e  Hb molecule c a n  be controlled by modulators l ike 2 , 3 - D P G  

(2,3-diphosphoglycerate) in t h e  same way as in t h e  n a t u r a l  red 

blood cel ls  (RBC) .  In  comparison t o  f ree  hemoglobin, c i rculat ion in 

t h e  blood a s  well as t h e  shelf  l i fes  of HBL a r e  prolonged. 

In  t h e  last decade,  var ious  methods of prepara t ion  for  

encapsulat ion of Hb h a v e  been proposed’,  e.g. reverse  p h a s e  

evaporation’ , hand s h a k e n  method3 ’ 4 1  detergent  dialysis’ ,  f i l t e r  

extrusion6 ’’I , cell  disrupt ion bomb (PawA bomb)’. With a view t o  an 

economic large sca le  production in  t h e  f u t u r e ,  we preferred as 
preparat ion method t h e  ex t rus ion  by a French pressure  c e l l B ,  and as 

t h e  lipid mixture  hydrogenated soy  leci thin and cholesterol .  

MATERIALS A N D  METHODS 

Hemoglobin 

Hb solut ions were prepared from o u t d a t e d  human blood. RBC 

were packed by cent r i fuga t ion  a t  1000 g for  10 min and washed 

t h r e e  t imes with 0.9% NaCl solut ion.  They were t h e n  hemolysed by a 

Parr  cell disrupt ion bombA’ ’ . We used CO, at  p r e s s u r e s  of 510  MPa. 

To remove t h e  s t roma,  t h e  so lu t ions  were acidified t o  a pH of 6.5 

by addi t ion of 1 N HCL . Althouglc t h e  isoelectr ic  point  of t h e  

membrane pro te ins  of RBC i s  lower (PI 4-51’ t h e y  a r e  suf f ic ien t ly  

precipi ta ted and  can  be removed by centr i fugat ion a t  50 ,000  6 for  

30 min at 6 O C .  The  s u p e r n a t a n t  was ad jus ted  t o  pH 7.4 with 1 N 

NaOH.  Sometimes t h i s  procedure led t o  a precipi ta t ion,which was 

centr i fuged aga in  as above .  The  s t roma-free Hb solut ion was 
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65 7 LIPOSOMES AS BLOOD REPLACEMENT FLUID 

f i l tered th rough  microbial r e t e n t i v e  f i l t e r s  (0 .2  y m )  in to  s t e r i l e  

v i a l s  using a c l ean  a i r  bench a n d  s to red  at  4-6OC. The  Hb solut ion 

was cha rac t e r i zed  by t h e  following s i x  c r i t e r i a :  t o t a l  Hb c o n t e n t ,  

MetHb c o n t e n t ,  VIS-Spectra, oxygen c o n t e n t ,  oxygen dissociat ion 

c u r v e  (ODC) a n d  isoelectr ic  focussing ( IEF) .  T h e  Hb c o n t e n t  was 

determined by t h e  s t a n d a r d  CNMetHb method. MetHb was determined 

as sugges t ed  by van Assendelft '  . T h e  photometr ic  measurement,s 

were carr ied o u t  by  a diode a r r a y  spectrophotometer ' .  T h e  oxygen 

c o n t e n t  was measured by a Lex-0, -ConD oxygen ana lyse r '  . The  

oxygen dissociat ion c u r v e  (ODC) was recorded by a Hem-O-ScanE. 

For isoelectr ic  focussing,  e lectrophoresis  u n i t  FBE 3000F , Serva ly tG  

p recoa t s  pH 3-10 a n d  p ro te in  test mixture  SG were used.  

Lipids 

The  lipid mixture  consis ted of hydrogenated soy  l ec i th in  

( E  200 H)" a n d  cholesterol '  a t  molar r a t i o  of 1 : l .  Impuri t ies  s u c h  

a s  lysoleci thin were de tec t ed  by TLC' " .  T h e  peaks  were scanned  

using a densi tomete$ . The  composition of f a t t y  a c i d s  was 

determined by FID-monitored GCM a n a l y s i s  of t h e  me thy l - e s t e r s  

prepared by p rev ious  treatment of t h e  phophat idylchol ine with boron 

t r i f luoride-methanol '  . T h e  sepa ra t ion  was performed by means of G C  

columnM with 15% DEGS on Chromosorb W A W  80/100 mesh. 

Heptadecanoic acid methyl  esterN was used as i n n e r  s t a n d a r d .  T h e  

determinat ion of t h e  phase  t r a n s i t i o n  t empera tu re  T, a n d  e n t h a l p y  

AH of t h e  hydrogenated soy  leci thin and  va r ious  mixtures  with 

cholesterol  was ca r r i ed  o u t  with x d i f f e ren t i a l  s cann ing  calorimeter '  

a t  h e a t i n g  rates of lK/min. 

Liposomes 

The  film method i s  used t o  p repa re  mult i lamellar  ves i c l e s  

( M L V )  of Hb solut ion ( 2 . 6 7  ymollml) and  l ipid (180  ymol/ml). Th i s  

liposome dispers ion i s  forced 4 t o  5 times th rough  t h e  or i f ice  of a 

French p res su re  cell' at  120 MPa (18,000 psi)  t o  form uni- or  
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Hb-content MetHb 0, P s 0  
mmol/l g/100 ml 46 96 h Pa - 

human blood 2 . 3  15.0 <1 20  36 

c i t ra ted  blood 1.86 12.0 1 15 

Hb solution 2 . 8 2  18.2 14 22 36 
i b 
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I 1 

oligolamellar vesicles.  They a re  separa ted  from free Hb by gel 

chromatography on sepharose 6B CLF with 154 mmol NaCl solut ion.  

After f i l t ra t ion through 0.2 ,urn f i l t e rs  in to  s te r i le  v ia l s  t h e  

preparat ion i s  s tored a t  4OC. The size dis t r ibut ion i s  determined 

from TEM micrographs' a f te r  negat ive s ta in ing  with 2% 

uranyl -ace ta te  solution as well as from s t a t i c  and dynamic laser  

l ight scat ter ing* . Details of t he  technique a r e  given by 

W .  Burchard" . The instrument  i s  described in  ' 3 .  The lipid conten t  

i s  determined by phosphate  ana lys i s ' .  The Hb content  was 

calculated from determination of t h e  Fe by A A S R .  The oxygen 

content  of t he  HBL is measured under  normal atmospheric conditions.  

The oxygen dissociation curves  ODC a r e  measured as mentioned 

above. 

RESULTS AND DISCUSSION 

Character izat ion of the Hb solut ion 

Results of t he  Hb- and  MetHb content  a r e  shown in Table 1 

together  with t h e  oxygen conten t  and ODC d a t a .  

Five pa t t e rns  of Hb der iva tes  a r e  typically obtained by IEF: 

HbA (a2 a, 1, HbA, (a, 6, ), two intermediate  MetHbs' (a,' 6; 1 and 
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LIPOSOMES AS BLOOD REPLACEMENT FLUID 659 
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F I G U R E  1 

molar hea t  capaci t ies  C, of aqueous dispers ions 

hydrogenated soy lecithin E 200H / cholesterol as a function 

temperature  

lipid T, ( O  C) AH (kcal/mol) 

a )  hydrogenated soy lecithin 51.9 11.10 

b )  - with 30% cholesterol 50.5 7 .8  

c )  - with 50% cholesterol 49.8 0.4 

of 
of 
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660 BRANDL, BECKER, AND BAUER 

(az p, ' ) and MetHb (a, ' p, ' ).  Plasma pro te ins  were not  found. 

Hemolysis by a cell disrupt ion bomb avoids  t h e  use of organic  

so lvents ,  which might be incorporated in  hydrophobic pockets  of t h e  

Hb molecule and  lead t o  d e n a t u r a t i o n .  A s  a r e s u l t  t h e  Hb content  

i s  high enough for HBI, p repara t ion  without  f u r t h e r  concentrat ion 

s t e p s .  Oxidat ive degradat ion t o  MetHb, t h e  Fe3 ' d e r i v a t i v e ,  which no 

longer is ab le  t o  bind oxygen revers ib ly ,  is s t i l l  a ser ious  problem. 

Character izat ion of t h e  hydrogenated s o y  leci thin 

The leci thin was character ized by TLC, CC and  DSC. E 200H 

contained 2% of lysoleci thin,  o t h e r  impuri t ies  were not  de tec tab le .  

The f a t t y  acids  were about  75% s t e a r i c  acid and 25% palmitic acid 

with l i t t l e  var ia t ion  between d i f fe ren t  ba tches .  Other  f a t t y  acids ,  

par t icular ly  u n s a t u r a t e d  ones ,  were not  found.  Lipid peroxidat ion,  

which is known to  be ca ta lysed  by Hb, is impossible. The phase  

t rans i t ion  tempera ture  of 52OC was comparable with t h a t  of 

distearoylphosphatidylcholine DSPC (54.3' C)' . A s  expected,  t h e  

phase  t rans i t ion  peak disappeared in  mixtures  with cholesterol  of 

above  50% (mol/mol) (Figure 1).  

HBL Shape  and Size Distr ibut ion 

Figure 2 shows a TEM micrograph of nega t ive  s t a i n e d  HBL 

with a diameter  of a b o u t  250 n m .  Two bi layers  of neighboured 

vesicles  c a n  be recognized. Most of t h e  vesicles  are uni lamellar ,  but, 

smaller.  The  th ickness  of t h e  bilayer measured under  a 200,000 fold 

magnification i s  5 . 3  nm. The diameters  of a t  l e a s t  200 liposomes a r e  

used t o  ca lcu la te  t h e  s ize  d is t r ibu t ion ,  which i s  given in  Figure 3 

Most of t h e  HBL show diameters  in t h e  range  of 30 t o  100 nm. 

The par t ic le  weight c a n  be a s s e s s e d  by dynamic and s t a t i c  

l a s e r  l ight  sca t te r ing .  Conclusions c a n  be drawn on t h e  geometric 

and hydrodynamic rad ius  R,, Rh and on p as an indicator  of t h e  
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LIPOSOMES AS BLOOD REPLACEMENT FLUID 661 

F I G U R E  2 

TEM micrograph of a negat ive s ta ined  HBL, 

magnification 85,00Ox, 1 cm = 50 nm 

shape  of t h e  par t ic les  (solid sphere  = 0.778, hollow sphere = 1.00, 

random coil = 1.50) 

The HBL mean diameter obtained by th i s  method is too large 

when compared with t h a t  from TEM. This a r i ses  from t h e  fac t  t h a t  

in TEM the  number average diameter i s  determined, while in dynamic 
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I 
< 30 6 0  -70 98-118 130-160 170-198 

38-60 78-98 118-138 160-170 

FIGURE 3 

Size distribution of HBL from TEM. 
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LIPOSOMES AS BLOOD REPLACEMENT FLUID 663 

TABLE 2 

Results o r  Photon Correlation S p e c t r o s c o p y  

1. day 16. day 

M, 164 x lo6 149 x lo6 
R, 61.9 nm 62.1 nm 
RB 58.2 nm 58.2 nm 
P 1.06 1.07 

l ight sca t te r ing  t h e  Z-average i s  measured (i .e.  t he  par t ic les  are 
weighted by MZ 1. Our preparat ion covers too wide a range. 

HBL Composition 

The determination of t h e  phosphatidylcholine conten t  of HBL 

was carried o u t  by phosphate  analysis ,  as t h e  phosphate  conten t  of 

t h e  Hb solution w a s  less  t han  0.08% of the  to t a l  phosphate  conten t  

of t h e  preparat ion.  

In Figure 4. spec t ra  of t h e  Hb solution and  HBL are shown. 

The difference,  an exponent ia l  increase of t h e  absorbance with small 

wavelengths,  resu l t s  from light sca t te r ing  with t h e  liposomes. 

Because of t he  poor solubili ty of E ZOOH, t h e  turb id i ty  could not  be 

removed by tensides  l ike Tri ton X 100, sulfobetains  or  
n-octylglucopyranoside. Corrections by adding empty liposomes t o  

the  blank decreased t h e  accuracy of t he  photometric measurements.  

Hb content  was determined v ia  AAS of t h e  Fe of t h e  Hb. 

Encapsulation efficiency was calculated from t h e  recovery of t h e  Hb, 

t he  encapsulated volume from t h e  inner  volume of t h e  vesicle and 

t h e  lipid content .  
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- HBL 

Hb rolution 

void Lipor 

WAUELENQTH (nm) 

FIGURE & 

VIS-Spectra of Hb solution, HRL and void liposomes 
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LIPOSOMES AS BLOOD REPLACEMENT FLUID 66 5 

TABLE 3 

HBC. o r 3  t ‘ 3  

mean Hb content  0.52 g / l O O  m l  (n=4;  ‘ 7 % )  

lipid recovery 35  % 

encapsulat ion efficiency 11.5 % 

encapsulated volume 0.7 pl/pmol lipid 

0, transport behaviour 

By measuring t h e  oxygen conten t  of a i r - sa tura ted  HBL, t he  

to ta l  oxygen carrying capaci ty  of t h e  preparat ion was determined t o  

be up to  3 .8% (v /v )  0, for a 32% (v /v )  dispersion. From th is  

parameter and from t h e  Hb content  i t  can  be concluded t h a t  t h e  

funct ional i ty  of t h e  oxygen carr ier  i s  unaffected by the  preparat ion 

procedure. Oxygen dissociation curves  of t h e  HBL a re  sigmoid, bu t  

shif ted to  smaller 0, presssures ,  which i s  caused by t h e  loss of t h e  

physiological modulator 2,3-DPG during isolation and s torage  of t h e  

Hb. In fu tu re  preparat ions 2,3-DPG or o ther  modulators should 

therefore  be coencapsulated with t h e  Hb. 

CONCLUSIONS 

Hemoglobin can  be encapsulated in unilamellar liposomes using 

French press  extrusion.  The oxygen carrying function of t h e  Hb is 

not affected by th i s  procedure. In our  HBL t h e  Hb/lipid ra t io  i s  

higher t h a n  in MLVs’  and  t h e  size ranges below t h e  limit of 200 nm, 
which i s  important  for microbial re ten t ive  f i l t ra t ion as well as for 

long shelf  life of t he  liposomes. I t  contains  ne i ther  negat ive nor 

posi tve l ipids,  which a r e  known to  improve the  encapsultion 

efficiency but  a lso recognition of liposomes by t h e  RES thus  causing 
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666 BRANDL, BECKER, AND BAUER 

rapid elimination from circulation. The resu l t s  of t h e  reported 

experiments show t h a t  there  i s  a good basis  for developping blood 

replacement fluids with sufficient oxygen t ranspor t  properties.  The 

avai labi l i ty  of such fluids would be  very  useful in t imes of 

catastrophes when lack of blood conserves  occurs.  The RBCs of 

outdated blood (s tored for more t h a n  35 days)  a r e  easi ly  avai lable ,  

as in most cases  only plasma i s  used for t he  isolation of var ious 

blood components. The isolated Hb can  be stored for a long time in 

order to  be t ransfered in HBL when necessary.  The quest ion,  

whether HBL could also be s tored ,  i s  s t i l l  t o  be answered. In 

comparison to  t h e  isolated components, t h e  Hb-lipid-system shows 

accelerated oxidat ive degradation3 . When using hydrogenated 

lecithin,  f a t  autoxidat ion,  however, i s  no longer a problem. Before 

tes t ing the  system in animals,  MetHb formation should be 

diminished. With hydrogenated leci thin,  some of t h e  preparat ion 

methods like detergent  dialysis or reverse  phase evaporat ion do  not  

work because of t he  poor solubili ty of t he  leci thin.  In addi t ion,  our  

method is su i tab le  for scaling up and the  used hydrogenated 

lecithin i s  less  expensive t h a n  synthe t ic  ones 
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