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Lipophitic home (l-Laafilimidazolc.ligaled L10,l.5,20.tetrakis(r,,~r,a,a.o-pivalamidophcayl)purphinatoirnn{ll) complex) is 
sulubilized in lipid (triglyccridc) at high concentrations and emulsified wilh it phospholipi6 in physiological sail solulioa, giving a 
deeply red-colored suspension of lipid mierosphcres (apprur.. ~ 0  nm in diameter), The home forms an oxygen adduct in a similar 
manner as oxyhemoglnbin and the lipid micmspheres take up and release oxygen reversibly at 37°C in tbe aqueous medium. The 
o~.~en.transpnrting ability is comparable with that of the red blood cell. Intravenous injection of the home/lipid microspherc 
solution to rabbits demonstrates that it transports oxygen even it-, viva and that it is cleared from the blc,~ stream with a half-life 
time of approx. I h. 

Porphinatoiron (home) had been extensively con- 
verted to chemically modified homes or hemoglobin 
(Hb) models to mimic Hb's oxygen-binding and trans- 
portation capability in physiological aqueous solution 
ill. However, these homes themselves could not bind 
oxygen reversibly under physiological conditions (pH 
7.4, 37~C), since they are oxidized immediately and 
irreversibly to the corresponding ferric homes by the 
reaction of lion-bound dioxygen with a proton of wa- 
ter. It is necessary that a home derivative is immobi- 
lized imp a specific hydrophobic microonvironment, 
such as the 'home pocket' of Hb, to bind oxygen 
reversibly in an aqueous medium [2]. Until now, the 
only successful examples of reversible oxygen-blndlng 
under physiological conditions are our liposome em- 
bedded homes [1]: We have synthesized phospholipid 
and/or sterole derivatives of heine, e.g., 5,10,15,20-te- 
trakis(a,t~,a,a-o-(2',2'-dimethyl-20'-(2"-triethylammo- 
nioct hyljphosphonatoxyicosanamido)phcnyl)porphina- 
toiron, and embedded them in the bilayer of phospho- 
lipid liposomes [3]. Good compatibility of the super- 
structured homes with a phospholipid molecute en- 
hances not only trapping efficiency of the homes in the 
liposom¢, but aiso reversible oxygen-binding ability of 
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the homes. They transport oxygen under physiological 
conditions. 

It is well known that oil-in-water CO/W) lecithin 
emulsions (lipid microsphcres) have been used for clin- 
ical nu~:rition and as carriers for a variety of lipophi[ic 
drugs [4-6]. Lipid mierospheres have certain similari- 
ties to li~somcs, however, there are several advan- 
tages over phospholipid vesicles, such as a high col- 
loidal stability, which makes it possibie to s~,ore the 
emulsions for a long period (several months) at room 
temperature without any change in their physico- 
chcmlcal properties. The oil phase acts as a solubilizcr 
of large amounts of lipophilic substances and can also 
serve to stabilize drugs that are unstable in an aqueous 
medium. Furthermore, lipid microspheres are well tol. 
orated by the body since they resemble chylomicrons 
and a lower incidence of side effects has been ob- 
served. 

In the present report) we have prepared a new type 
of finely dispersed and stable O/W lipid microsphere, 
of which the lipid phase contains the lipophilie [mida. 
zole-ligated home complex (5,]0,15,20-tctrakis(~,a, 
~,~-o-pivalamidophcnyl)porphinutoiron(ll)-l-lauryl- 
imidazole) at high concentrations, as an oxygen trans- 
porter under physiological conditions or as an Hh 
model system (Fig. i), One of the merits of the lipid 
mierosphcre system is that the solubilized amount of 
home or the oxygen solubility in thr: medium is much 
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Fig. 1, to) Hcm¢/lipld mlcrosphmc, e. Hcra¢-Ltm complex; shaded 
arc:a, Trigl~'eride (b) Heme.Llm.O: complex, 

enhanced in comparison to previously reported homo- 
geneous home solutions and our liposome embedded 
home dispersions [7]. Oxygen-binding ability of the 
home/lipid microsphere under physiological condi- 
tions and in the blood stream ef rabbits will be de- 
scribed. The present combination of a iipophilic hem• 
with a lipid provides a new opportunity for oxygen 
transportation in viva using a totally new micro- 
sphere/emulsion scheme. 

Home and l-lauryIimidazole (Llm) were synthesized 
as described in the literature [7,8]. Trioetanoylglyceride 
(TG) was a special grade material gifted from Nippon 
Oil&Fats. Its acid value and iodine number are less 
than 0.l and t.0, respectively. Egg yolk phosphoeholine 
(PC; egg hydrogenated)) was purchased from Nippon 
Fine Chemical, Pronon 204 and propyleneglycol (PG) 
were purchased from Kanto Chemicals (special grade). 

The home/lipid microsphere was prepared as fol- 
lows. Hem• (0.5 p.mol), LIm (i.0/zmol) and PC (2.4 or 
5.0 rag) ¢.,ere dissolved in TG (25.0 mg). Ligafion of 
Lira to home and homogeneous solubilization of l,eme- 
Llm were confirmed by its visible absorption spectrum. 
Then 0.03 M phosphate buffer (pH 7.4, 10 mI) was 

added to the mixture. The solution was homogenized 
by ultrasonic generator (Nihon Seiki US-600) under 
nitrogen In give a red-colorod O/W emulusion. The 
sample for the in viva test was dispersed in physio- 
logical ~aline solution. 

The mierosphere was also prepared by D phase 
emulsification. Heine (5.0 ~mol), Lira (10.0 #moll 
P~non 204 (7.6 rag), PG (75.1] rag) and TG ((L1 g) were 
dispersed by homogenizer (Nihon Seiki AM.3, 10000 
rpm, 15 rain) at 7&C. Oxygen-free phosphate buffer 
(pH 7.4, 100 ml) was added to the mixture and the 
solution was further homogenized (10000 rpm, t5 rain) 
at 30°C to give an O/W emulsion. 

The concentration of TG could be enhanced up to 
40 wt% and the emulsion was stable without phase 
separation. 

Particle size of the home/lipid microsphere with 
different compositions was estimated by the dynamic 
light scattering method using a submicron particle ana- 
lyzer (Coulter Electronics N4SD). The diameter for the 
home/lipid microsphere ([home] = 5 raM, [TO] = 20 
wt%, TO/PC = 10 (weight ratio)) was 260 5:80 nm, 
which decreased with the PC content (140 5:50 nm for 
TG/PC ~ 5 (weight ratio)). On the other hand, the 
most frequent diameters of the heine/lipid micro- 
spheres homogenized by D phase emulsification were 
590 + 200 nm. The particle size wa~ affected by the 
composition, surfactant species and emulsification pro- 
cedure. Transmission dectron microscopy of the 
home/lipid microsphere (TG/PC = 10 (weight ratio)) 
indicated also the diameter of appn~x. 250 nm. 

Incorporation of the hem• in the lipid microsphere 
was confirmed by eiution curves in gel perraeafion 
chromatography (Pharmacia Fine Chemical, Separose 
CL-4B, 2.2 cm (i.d.) × 70 cm), monitored by the ah- 
soroiio, at 420 and 255 rim, attributed to the hem• and 
the phospholipid, respectively (A smalt amount of 
phospholipid, which contains an unsaturated fatty acid 
residue, 1,2.bis[2,4.octadecadienoyl).sn.glyeero.3.phos. 
phocholine, was added for the UV probe.), The elation 
carves coincided with each other, indicating that the 
lipophilic home was completely included in the lipid 
microsphere and was not •luted to the aqueous phase. 

The home/lipid mierosphere dispersion was also 
checked by contrifugat[on (3000 rpm, 2 h at 25°C), The 
solution remained homogeneous after eentrifugaticn 
and no precipitate containing the home and/or the TG 
developed, Therefore, the home/lipid microsphere was 
prepared as a stable and suitable particle with a diame- 
ter of approx. 250 nm which is expected to be stable for 
the moment even in viva and to pass through small 
capillaries of animals. 

The iron (111) derivatives of hem• in the lipid micro- 
sphere ([home] = 50 ,aM, [TGI = 0.25 wt%, TG/PC = 
10 (weight ratio), 260 + 80 nm ,b) was reduced to the 
deoxy (irort(ll)) form as described in our previous pa- 
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TABLE I 

Infrared spectral delu ~/ the home ~lipid microsphere in aqtt¢ous meditmt 

Home/lipid mierosphere was dispersed in phosphate buffer tpH 7A, 0.03 M). [Hemel = 5 raM, [TGI= 21) wt%. TG/PC - 10 twt tulle). IR 
spectral data were measured at 25°C. 

Ligand Solvent vo.o(v/.d e't.oivl/~) 
(cm'h tcm-b 

Home/lipid microsphcre Lira H20 t If~13) 1%'/(15) 
Lipid heme/liposome a Lira HzO 1151(13~ 1966(15) 
Heme n Melm ~" Benzene 1 t59 1%8(14) 
Hb H20 1107(9± I) ~ 1951(12) ~ 
Mb H2O I t 1)3~9_+ l) ~ I q45(12) c 
O 2 or CO gas ~ 1556 2143 
Of d 1145 

From Rcf, II), h M¢lm, I.mcthylimidazole. From ReL tl. ¢ From Ref. 12, d From Ref. 13. 

per [9]. The visible absorption spectrum nf the dungy 
home/lipid microsphere (~'mx 535 and 561 nm) 
changed to that assigned to the oxygen-home adduct 
(Am= 541 nm) upon exposure to dio~,vgcn. The d¢oxy- 
oxy cycle was able to be repeated more than 100 times 
at 37¢C by bubbling nitsogen and oxygen gas through 
the dispersion. The spectrum of the ox~gert adduet 
changed to that of the CO-home adduct (a,~,  539 nm) 
when CO was bubbled through the dispersion; it re- 
turned to the dcoxy home upon continunusly bubbling 
nitrogen. 

Infrared spectra on the oxygen-heine and the CO- 
heine add.ct  were measured for the heine/lipid micro- 
sphere dbpcrsion ([heine] ~ 5 raM) using the differen- 
tial spectroscopic method in t~O z vs. t2C'60 and 
t2Ct*O vs. nitrogen atmospheres. The IR ceils used 
were precisely matched in terms of path-length (50 
~m) and CaF~ windew thickness [1O]. The CO stretch- 
ing frequency (You) of the bound CO was 1967 em -I ,  
similar to that of the CO adduet of heme-l-methyl- 
imidazole in benzene (Yen = 19@ era- '  [11]) (Table I). 

The differential spectrum of the z"O2 adduct vs. the 
CO adduct of the heme/tipid microsphere involved an 
intense band at 1160 cm L, with band-width of 13 urn- 
at half-height, which also agreed with the derivatives' 
reported band for the corresponding home in benzene, 
The, p(O:) value of the bound oxygen d'~ffers from that 
of gaseous molecular oxygen (re. o = 1556 cm-  t). but is 
similar to those of oxy-Hh, oxy-Mb and superoxide 
(O~': 1145 cm-z). Dioxygen bonding to the iron nf the 
home in the home/lipid microsphere is a bent e,,,d-on 
typ.: which had been described for o~-Hb and oxy-Mb 
[1213). 

Oxygen-binding affinity, the 0 2 pressure of  ~t hall'. 
maximum oxygen-bindhqg for the heme(ll) ( = Pl.:2(O2)) 
was determined by the spectral changes in response to 
oxygen partia[ pressures [7]. The Pt/2(Oz)value of the 
home/lipid m[crosphere was 50 torr, close to that of 

in the red b!~d cell, but ~nsiderably different to 
that of myoglobin (Mb) [14-17] (Table ll). This indi- 
cates that the homo/lipid microsphere has the poten- 
tial to act as an oxygen transporter under physiological 

TABLE II 
Oxygo*.blnd~ng a~nities of rile heine/ltlgd mieros~tere under the ldtysiologicol condition 

Heine/lipid micrmphere was dispersed in phosphate buffer (pH 7A, 0.03 M), ]Heme]= 50 aM. {a) Liposome composed of dirnydsloylphospho- 
choline. In phosphate buffer (pH 7,9, 0,03 M), LMIrn, [-taufil-2-mclhylirnidazo[¢, Fmrn get 7. (b) At 25"C. Me2 Ira, 112.dimethylitdazole, FP0rn 
ReL 8. to) At 20~C, pH 7,0-7.4 From Rots. 15-17. 

Hemc Lisand Diameter Pa/~(O2) (loft) 
(urn) 2.5"C 37"C 

Lepid mier~phere Home Um N0:l: 50 34 58 
LIm 2@~ gO 2~ 50 
Lira 590:f:200 3¢i 

Lipid liposome(a) Home LMelrn 80 22 40 
Lipid home Ltm 40 50 

Toluene(b) Home Me~ Im 38 
RBC suspension 
Hb(R-~,latc)a(c) 0.22 
Mb{e~ 0.37-1.0 

27 ~ 

' From Rel. 14. 
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Fig. 2. OryGcn equilibrium cur~ of the heine/lipid m[¢rosphere in 
0JI3 M phosphate buffer (pH 7.4) at 37'C, heine conch. 50 p M. 
TG c.ncn. - 11.25 "~IG'. molar ratio; heine/Lira - 1:2, PCITG = I[) 

(wl/wl). lib (--  - -  --I :tad Mh I . . . . .  I, pl'l 7.4 al 3TC. 

condit ions,  which brads  o ~ g e n  at  the lungs ( P ( 0 2 )  = 
l l t l  torr)  and  delivers the oxygen at  terminal  tissue 
( P I n  z) = 40 toG)  as Hb  does (Fig. 2). 

An  impor tant  feature of  the heme / ! ip id  micro- 
sphere  dispersion is that_ the  mierosphere  contains  the 
heme at high concentrat ions in the medium. The mi- 

erosphere  dispersion ([heme]: 10 mM, [TG]: 40 wt%)  
took up and held ox~,gen gas In the amount  of  approx. 
2g m l / 1 0 0  ,c,I medium, which is comparab le  In Ihat of  
human  blood.  

Oxygen t ranspor ta t ion  and  life-time in the blooti 
st[ealu of animals  were  tc.',,ied i',o~ ihc he ine / l ip id  
microsphere  dispersion (260+_80 nm &, [ h e m e ] =  5 
raM, [TG] = 20 wt%).  The  experiments  were  per- 

formed with five male rabbits  weighing approx.  3.0 kg. 
A volumc of  20 m l / k g  blood from rabbits was shed,  
and  then the same amount  o f  the he ine / l ip id  micro- 
sphere  solution was intravenously injected th rough  the 
r o a r a l  or  caudal  aur icular  veins, Af ter  the injection. 
blood was  drawn through the rostral  or caudal  auricu-  
lar  ar tery  and the wi thdrawn blood was centr i fuged 
(3000 rpm, 20 mint:  r h e  superna tan t  contains  only Ihe 
he ine / l i p id  microsphere.  The  visible absorpt ion  spec- 
t rum of  the supe m a ta n t  showed the deoxy and  oxy 
form of  the he ine / l ip id  microsphere  on bubbling nitro- 
gen  and  o~ygen gas.  respectively. This  indicates that  
the h e m e / h p i d  microsphere  delivers oxygen in bhx~d 

stream. 
Oxidat ion of the heine, that  is. met- format ion in the 

blood s t ream was approx,  20% at l h after  the injec- 
tion. 

The  appa ren t  halt-fife time (50% disappearance  lime 
of the he ine / l ip id  microsphere)  in the  blood s t ream 

was est imated by measur ing the heine concentrat ion in 
the d rawn blood. "lhe quanti tat ive analysis o f  h,~me 
concentra t ion was  car r ied  out  by the cyanomet -hemc 

I method using Hh lest-wako (Wako  Pure Chem,  Indus-  
tries) [18]~ The  appa ren t  half-life time in the blood 
s t ream was  de te rmined  to be l h, indicating that  the 
he ine / l ip id  microsphere  rer~ains and  t ransports  oxy- 
gen in the blood s t ream at least for I h af ter  the 

injection. 
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