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significant differences between the HbV and the saline
groups. Het and RBC counts decreased significantly for the
HbV group, probably due to the dilutien of bloed by hyper-
volemia, or suppression of erythropoiesis {release of erythro-
poietin) because the renal cortex would be exposed to the
inereased oxygen content in the blood during DRI of HbV as
oxygen carriers. The slight hypertension 1 da,y aﬁ:er DRI
would be related to the blood hyperviscosity or hypervolema
due to the presence of HbV. Howéver, the Het and RBC
counts returned to levels similar to those of the saline group
14 days after DRI. The time course of the HbV concentratm_
in plasma indicates that the rate of HbV clearance. g‘raduauy
increased and the concentration reached a plateau, probably
due to the nonspecific phagocytic activation of the RES that
was clarified previously by a carbon clearance measurement
(Sakai et al., 2001). The accelerated liposome clearance of the
second infusion was well characterized (Claassen et a1,1988;
Laverman et al., 2001); however, its mechanism, arntibody
formation or complement activation is controversial (Dams et
al., 2000; Ishida et al., 2003).

In our previous report, the bolus HbV infusion (20 ml/kg)
resulted in significant splenomegaly (about 100% increase)
and hepatomegaly (13%) (Sakai et al., 2004b). In the present

DRI study, splenomegaly was enhanced (190%), whereas
hepatomegaly was similar (14%), indicating that the spleen
had a larger capacity for HbV clearance. A large amount of
HbV accumulated in the red pulp zone of the spleen and in
Kupffer cells of the liver; however, 14 days later it disap-
peared and the splenohepatomegaly completely subsided.
The spleen and the liver showed significant hemosiderin
deposition; however, the enzyme concentrations that reflect
the liver function did not show any abnormal values.

One day after DRI, the mesangial cells in the renal glo-
tulus secmed to entrap HbV in their intracellular spaces,

" and the“same portion was stained with Berlin blue 1 and 14

days after DRI In our previous report on the bolus HbV
infusion, there was no abnormality in the kidneys (Sakai et
al,, 2004b). According to Rudolph et al. (1995), liposome-
encapsulated Hb without PEG-medification aggregated in
the plasma and showed a slight accumulation in the kidneys.
Even though our PEG-modified HbV does not induce interve-
sicular aggregation, HbV would tend to be aggregated during
the longer circulation time due to the DRI. No abnormal
value was noted for UA, BUN, and CRE, although urinalysis
showed a slight increase in protein levels.

Lipase activity, but not that of amylase, significantly in-
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Fig. 8. Histology of spleen (a),

liver (b), kidneys (c), heart (d), pancreas (e), and lungs (f) 1 day after DRI of HbV. A significant amount of HhV was

accumulated in the red pulp zone of the spleen. The invasion of 2 significant number of Kupffer celis with HbV was seen in the liver. In the kidneys,

the mesangial cells in the renal glomeruli seemed to entrap

changes are noted in the pancreas and lungs, Scale bar, 100 pm. Hematoxylin and eosin stains (a, b, ¢,

HbV. The myocardium showed slight staining with Berlin blue. No significant pathological
e, and f) and Berlin blue stain {(d).
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Fig. 9. Histology of spleen (a), liver (b), bone marrow (c), kidneys (d), and adrenal gland {e) 14 days after DRI. Berlin blue staining was performed to

examine the presence of hemosiderin. Scale bar, 100 pm.
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Fig. 10. Double immunohistochemical staining for HO-1 and human Hb
in HbV in the rat spleen (a and c} and liver (b and d), 1 (a and b} and 14
days (c and d) afier DRI of HbV. The tissues were stained with anti-rat
HO-1 monoclonal antibody (GTS-3). The brown-colored portions (a, ¢, and
d) indicate the presence of HO-1, and the pink or gray-beige areas {a and
b) indicate the presence of a large amount of HbV. Scale bar, 100 wm.

creased in the HbV group, whereas there was no histopatho-
logical abnormality in the pancreas. A similar tendency was
observed after the bolus HbV infusion (20 ml/kg) (Sakai et al.,
2004b). This level of increment was significantly smaller
than the value for the Wistar rats with acute necrotizing
pancreatitis that increased the lipase activity from 10 to 475
to 5430 TU/1 (Hofbauer et al., 1996). One possible reason for
the moderate and specific increase in lipase activity would be
related to the enzyme induction in the pancreas by the pres-
ence of a large amount of lipids from the liposomes (Stueck-
lin-Utsch et al., 2002), because pancreatic lipase hydrolyzes
not only triglyceride but also phosphatidylcholine (Rowland
and Woodley, 1980). However, the mechanism is not clear,

and the pancreatic function should be carefully monitored in
the ongoing safety studies.

The plasma lipid components significantly increased after
the DRI of HbV. They should be derived from HbV because it
contains a large amount of cholesterol and DPPC, and they
would be liberated after the HbV particles are captured and
degraded in the RES. It is reported that once liposome is
ecaptured in the Kupffer cells, the diacylphosphatidylcholine
is metabolized and is reused as a cell membrane component
or excreted in the bile (Dijkstra et al., 1985; Verkade et al.,
1991). Cholesterol is finally catabolized as bile acids in the
parenchymal hepatocytes. There should be no direct contact
of HbV and the hepatocytes becaiise HbV {diameter, 250 nm)
cannot diffuse across the fenestrated endothelium into the
space of Disse (Goda et al., 1998). Cholesterol of the vesicles
should reappear in the blood mainly as lipoprotein choles-
terol after entrapment in the Kupffer cells and ghould then
be excreted in the bile after entrapment of the lipoprotein
cholestero! by the hepatocytes (Kuipers et al., 1986). Judging
from the results showing that the increases in the plasma
lipid components were transient, the lipid components of
HbV would gradually be redistributed, metabolized, and ex-
creted in the same manner within 14 days after DRI. How-
aver, the details have to be confirmed by the biodistribution
of the radiolabeled components.

In spite of the massive HbV infusions, the plasma bhilirzbin
and iron levels did not increase. Urinalysis also showed no
increase in the urobilinogen and bilirubin. The anti-human Hb
antibody staining detected temporal distributions of HbV in the
spleen and liver. The excess amount of heme from Hb in HbV
should be metabolized by the inducible form of HO-1 in the
spleen macrophages and the liver Kupffer cells, as shown in
Fig. 10 (Braggins et al., 1986; Goda et al, 1998). Bilirubin
should be excreted in the bile as a normal physioclogical path-
way even during the massive doses of HbV. No increase in the
plasma bilirubin level indicated that there was no obstruction
or stasis of bile in the biliary tree and that the heme-degrading
capacity of the RES did not surpass the ability to eliminate



bilirubin. Berlin blue staining revealed the presence of hemo-
giderin in the liver, spleen, kidneys, adrenal gland, and bone
marrow 14 days after DRI and also in the myocardium 1 day
after DRI Both ferritin and hemosiderein store and release iron
molecules, and they are anticipated to induce hydroxyl radical
production and succeeding lipid peroxidation, However, iron
release from hemosiderin is substantially less than that from
ferritin, thus iron molecules in hemosiderin are relatively inert
(O’Connell et al., 1989). Multiple blood transfusions often in-
duce hemosiderosis in many organs. Accordingly, Hb encapsu-
lation in the phospholipid vesicles would guarantee the smooth
metabolic route of HbV that is similar to the well characterized
metabolic route of senescent RBCs in the liver Kupffer cells and
spleen macrophages (Bennett and Kay, 1981; Hirano et al.,
2001). Thig would be a great advantage over molecular Hb that
incurs not only filtration across the fenestrated endothelium of
the glomerular capillary in the kidneys resulting in shorter
circulation time and renal failure but also extravasation from
the sinusoidal caliber in the liver, causing cancellation of the
CO-mediated fail-safe mechanism for conserving sinusoidal pa-
tency and bile formation (Kyokane et al., 2001).

In conclusion, all the rats tolerated the DRI of HbV with no
deteriorative signs of the organ functions. The phospholipid
vesicles for Hb encapsulation would be beneficial for heme
detoxification through their preferential delivery to the RES,
a physiological compartment for degradation of not only for-
eign materials but also the senescent RBCs. However, it has
to be congidered that in humans the circulation time of HbV
and its degradation rate in the RES would be different com-
pared with those in rats, because the circulation time of
gtealth liposomes and the life span of RBCs are different
between rodents and humans (Landaw, 1988; Gabizon et al,,
2003). A shock condition may also influence on the RES
function.

Qur results would provide important information not only
for the ongoing safety studies of HbV but also for the overall
research on liposomal drugs, because this study is the first
attempt to infuse repetitively such a large amount of phos-
pholipid vesicles.
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Ferric methemoglobin is reduced to its ferrous form by photoirradiation either by direct photoexcitation
of the heme portion to induce electron transfer from the surrounding media (Sakai at al. (2000)
Biochemistry 39, 14595—14602) or by an indirect electron transfer from a photochemically reduced
electron mediator such as flavin. In this research, we studied the mechanism and optimal condition

that facilitates photoreduction of flavin mononucleotide (EMN) to FMNH; by irradiation of visible
light, and the succeeding reduction of conicentrated metHb in phospholipid vesicles to restore its 0,
binding ability. Visible light irradiation (435 nm) of a metHb solution containing FMN and an electron
donor such as EDTA showed a significantly fast reduction to ferrous Hb with a quantum yield (P} of
0.17. that is higher than the method of direct photoexcitation of heme (P = 0.006}. Electron transfer
from a donor molecule to metHb via FMN was completed within 30 ns. Native-PAGE and IEF
electrophoresis indicated no chemical modification of the surface of the reduced Hb. Coencapsulation
of concentrated Hb solution (35 g/dL) and the FMN/EDTA system in vesicles covered with a
phospholipid bilayer membrane (Hb-vesicles, HbV, diameter: 250 nm} facilitated the metHb
photoreduction even under aerobic conditions, and the reduced HbV restored the reversible O; binding
property. A concentrated HbV suspension ((Hb] = 8 g/dL) was sandwiched with two glass plates to
form a liquid layer with the thickness of about 10 zm {close to capillary diameter in tissue, 5 um), and
visible light irradiation (221 mW/cm?) completed 100% metHb photoreduction within 20 s. The
photoreduced FMNH: reacted with O; to produce H:O;, which was detected by the fluorescence
measurement of the reaction of H;0; and p-nitrophenylacetic acid, However, the amount of H,O,
generated. during the photoreduction of HbV was significantly reduced in comparison with the
homogeneous Hb solution, indicating that the photoreduced FMNH; was effectively consumed during
the metHb reduction in a highly concentrated condition inside the HbV nanoparticles.

INTRODUCTION

Photoinduced electron transfer is an essential reaction
in biological systems especially during photosynthesis by
the chlorophyll—protein complex (7). Hemoproteins such
as hemoglobin (Hb) and myoglobin (Mb) are originally
not related to the photoreaction in a biological system;
however, photoexcitation and the resulting electron
transfer reactions have been extensively studied (2—6).
In our previous report, we clarified the mechanism of
reduction of ferric methemoglobin (metHb) to its ferrous
form by the direct excitation of the porphyrin N band in
the UVA region (7). The reduction proceeds by charge
transfer from the porphyrin ring to the central ferric iron
to form the porphyrin 7 cation radical and ferrous iron
by the N band excitation, and the contribution of the
amino acid residues in the globin chain as an electron
donor or an electron pathway. Another photochemical
process to reduce metHb is an electron transfer from
photochemically reduced flavin derivatives. The precise
photoreduction mechanism of a flavin derivative to its
reduced form has been extensively studied (§—10), and
this has contributed to the understanding of the mech-
anism of the electron transfer of flavoproteins (17—17)
and their function in the biological systems such as
bactertal photosynthesis (18 and visual organs {(I9).

* To whom correspondence should be addressed. Phone, +81-
3-5286-3120; Fax, +81-3-3205-4740; e-mail, eishun@waseda,jp.

Irrespective of the flavoproteins, the photoreduction of
metMb and metHb by the externally added photoreduced
form of the flavin mononucleotide (FMN) was first
reported by Brwon and Synder (20) and Yubisui et al.
(21, 22, respectively.

We have paid special attention to the reduction of
hemoproteins that will be applicable to Hb-based artifi-
cial red cells (23}. We focus on the liposome-encapsulated
Hb: a concentrated Hb solution is encapsulated in phos-
pholipid vesicles to form Hb-vesicles (HbV)! with a
particle size of about 250 nm {24, 25). Ferrous state Hb
binds oxygen to form HbOz; however, it gradually con-
verts to ferric metHb and superoxide anion and loses its
oxygen binding property both in vivo and in vitro (z6). A
series of thiols was studied as a reductant for metHb,

1 Abbreviations; HbV, Hb-vesicles; FMN, flavin mononucleo-
tide; SOD, superoxide dismutase; EDTA, ethylenediamine tet-
raacetic acid; DTPA, diethylenetriamine pentaacetic acid; IEF,
isoelectric focusing: Native-PAGE, Native-polyacrylamide gel
electrophoresis: PEG, poly(ethylene glycol); DPPC, 1.2-dipalmi-
toyl-sn-glycero-3-phosphatidylcholine; DHSG, 1,5-O-dihexadec-
yl-N-succinyl-L-glutamate; PEG-DSPE, 1,2-distearoyl-sr-glyc-
ero-3-phosphatidylethanolamine- N-PEGso0: HBCO. carbonylhemo-
globin; [FMN];,, concentration of FMN in HbV; [EDTA], con-
centration of EDTA in HbV: [heme]i,, concentration of heme in
HbV; PHA, p-hydroxyphenylacetic acid; DBDA, 6,6"-dihydroxy-
(1.1-biphenyl)-3.3™-diacetic acid. FMN*, triplet FMN; FMNH;,
reduced form of FMN:

10.1021/bc049913z CCC: $27.50  © 2004 American Chemical Society
Published on Web 08/26/2004
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which is coencapsulated in the vesicles (27, 28). As a
result, the functional half-life of the Hb-vesicles is
doubled by coencapsulation of the DL-homocysteine and
active oxygen scavengers (27, 29. To retard metHb
formation, bioconjugation of enzymes such as catalase or
superoxide dismutase (SOD) (30} and coencapsulation of
RBC enzymes including the metHb reductase system,
carbonic anhydrase, SOD, or catalase (29, 31) have also
been reported.

To restore the O binding property of HbV, we tested
utilization of the phetoreduction system: the indirect
excitation of an externally added electron mediator (32,
or the direct excitation of metHb absorption in the UV
region (7). In this study, we have made significant efforts
to find out a condition that facilitates mettHb reduction
by a photoreduced flavin mononucleotide (FMN), because
this system was well characterized by Everse (32), and
the advantages of this system are visible light irradiation
and high quantum yield (9, 10). We analyzed the influ-
ence of electron danors to FMN, dissclved gases, etc., to
find the facilitating condition and elucidate the mecha-
nism for the facilitation of the metHb photoreduction in
the HbV nanoparticles, a structure similar to that in red
blood cells (RBCs), and this may alse help understand
the underlying mechanism of the reaction of NADPH-
flavin reductase and metHb in RBCs.

EXPERIMENTAL PROCEDURES

Preparation of metHb. Carbonylhemoglobin (HbCO)
was purified from cutdated donated blood offered by the
Hokkaido Red Cross Blood Center as previously reported
(33, 349). MetHb was prepared by reacting HbCO with
an excess amount of potassium ferricyanide. The unre-
acted ions and ferrocyanide ions were removed twice by
stirring with a mixed bed lon-exchange resin (Bio Rad
AG 501-X8), and the solution was then permeated
through 0.22 um-filters (Advantec Co.). The metHb
conversion was 99.8% measured by the cyanomethemo-
globin method.

Chemicals. Amino acids (Met, Gln, Arg, Glu, Phe, Lys.
Tyr, and Trp) were purchased from the Kanto Chem. Co
(Tokyo). Peptides (Met-Met and Met-Gly) were from
Sigma, and saccharides (mannitol, maltotriose, dextran,
glucoseamine, glucron amide), methanol, citric acid so-
dium salt, ethylenediamine tetraacetic acid (EDTA), and
diethylenetriamine pentaacetic acid (DTPA) were from
the Kanto Chem. Co. All the chemicals were used without
purification.

Photoreduction of FMN in the Presence of an
Electron Donor. Three milliliters of phosphate-buffered
saline (10 mM PBS, pH 7.4) with an electron donor {e.g.,
amino acids, peptides, sugars, as listed above, 20 mM)
was sealed in a cuvette (2 mm width) with a butyl rubber
cap. The solution was bubbled with N; for 30 min. A stock
solution of FMN prepared in the dark was added at a
concentration of 10 uM. The light source was a super
high-pressure mercury lamp (USH-250D. 250W, Ushio
Co., Tokyo) with a cutoff filter (L-42 and HA-50, Hoya
Co., Tokyo) to obtain a single beam with the maximum
wavelength of about 435 nm, which is close t0 Amax of
FMN (450 nm). The cuvette was located 2.5 cm away
from the light source, and the light intensity was 221
mW/em? that was measured with a power meter (PSV-
3102, Gentec Co.). The conversion of the reduction, FMN
to FMNHS,, was calculated from the reduction of absor-
bance at 450 nm, measured with an UV/vis spectropho-
tometer (V-560, Jasco, Tokyo).

Photoreduction of metHb in the Presence of FMN
and an Electron Donor. Three milliliters of phosphate-
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buffered saline (10 mM PBS, pH 7.4) with an electron
donor and FMN was sealed in a cuvette (2 mm width)
with a butyl rubber cap. The solution was bubbled with
N gas for 30 min. A concentrated metHb stock solution
deaerated by a gentle N; flowing in another bottle (about
3 mM, 10 ul) was injected into the cuvette. This
procedure avoided bubbling of a metHb solution that
might induce foaming and metHb denaturation. The final
concentration of heme was 0.1 mM. The cuvette was
exposed to the same visible light (435 nm) as described
above. The conversion of the metHb reduction was
calculated from the ratio of the Soret band absorption at
405 nm (Auax of metHb) versus 430 nm (deoxyHb) er 415
nm {HbQ;).

A laser flash photolysis system (Tokyo Instr. Co.) was
used for the transient spectrum measurement of the
reduction of FMN and the succeeding metHb (7). The
sample solutions were excited at 450 nm with a Pulsed
Nd:YAG laser (SLB03G-10, Spectron Laser Systems, Ltd.)
equipped with an optical parametric oscillator. One
irradiation time was 5—8 ns (fwhm} and the interval was
100 ms. A total of 100 accumulations were collected to
get an acceptable signal-to-noise ratio. The transient
spectra were recorded between 350 and 550 nm using a
spectrophotometer (MS257, Oliel Instr. Co.) equipped
with an ICCD detector (DH520—18F-WR, ANDOR
Technol. Co.). A sample solution was placed in a 10 mm
quartz cuvette and purged with N2, The fastest time point
of the measurements was 30 ns. A solution of FMN
(100 gM)Met (20 mM) in a 10 mM phosphate-buffered
saline (pH 7.4), and a solution of FMN (5 uM)/Met
(20 mM)/metHb ([heme] = 10 uM) in the phosphate-
buffered saline were tested.

Quantum Yield Measurement. The ferroioxalate
actinometer of K;[Fe(C:04)3]:3H:0 was used to measure
the quantum yield (@) of metHb photoreduction (7, 35,
36). In the actinometer, @ of the photoreduction of Fe**
to Fe?* was assumed to be 1.11 (35), and this value was
used to calculate the total photons absorbed by the
sample solution and @ of the metHb photoreductions.

Isoelectric Focusing (IEF} and Native Polyacryl-
aminde Gel Electrophoresis {Native-PAGE). IEF
and native-PAGE were performed on PhastGel IEF 39
{pH 3-9) and PhastGel Gradlent 8-25 (PAGE content,
8—25%) (Amersham Pharmacia Biotech}, respectively,
with the PhastSystem (Pharmacia). The photoreduced
Hbs in N, and air in the presence of FMN/EDTA was
compared with metHb and the purified HbO,.

IEF. Forty microliters of sample (1 mg/mL) per one
lane was applied on the gel. This was focused and then
stained with PhastGel Blue R {Coomassie brilliant blue)
in the development unit of the PhastSystem. The marker
was the p/ calibration kit 3—10 (Pharmacia).

Native-PAGE. The samples were applied on the gel and
the electrophoresis was automatically performed. The gel
was stained with PhastGel Blue R. The marker was
HMW Kit E (Parmacia).

Restoration of Oxygen Binding Property. The
photoreduced deoxyHb solution {lheme] = 20 mM,
[FMN] = 5 M, [EDTA] = 10 mM) in an Ar atmosphere
was bubbled with oxygen, and the UV/vis spectroscopy
was measured. The photoreduced Hb selution was per-
meated through a column of Sephadex G-25 (Pharmacia)
to remove FMN, the oxygen equilibrium curve of the
obtained Hb solution was obtained at 37 °C with a Hemox
Analyzer (TCS Products Inc.), and the oxygen affinity
{Psq) and Hill number were measured. The Hb samples
wer;: diluted in a Hemox phosphate buffer {TCS Products
Inc.).
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Preparation of Hb-Vesicles Coencapsulating FMN
and EDTA, and the Photoreduction of metHb. HbVs
were prepared as previously reported (24, 34, 37). The
purified HbO, solution (35 g/dL, [heme] = 21.7 mM})
contained FMN (5, 10, or 50 mM) and EDTA (10, 20, 30,
50, or 200 mM), this was mixed with the lipid mixtures,
and the resulting multilamellar vesicles were extruded
through filters to regulate the vesicular size. The lipid
bilayer was composed of a mixture of 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC), cholesterol, and
1,5-Ctdihexadecyl- N-succinyl-1-glutamate (DHSG) at the
molar ratio of 5/5/1 (Nippon Fine Chem. Co., Osaka), and
1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-/V-
PEGsu0 (PEG-DSPE, NOF Co., Tokyo) (38). Thus the
vesicular surface was covered with PEG chains. The
molar composition of the DPPC/cholesterol/DHSG/PEG-
DSPE was 5/5/1/0.033. HbVs were suspended in a physi-
ologic sait solution at [Hb] = 10 g/dL. The suspension
was incubated in the dark at 40 °C for 48 h to facilitate
the metHb formation and to prepare metHbV. The
concentrations of FMN, EDTA, and heme of Hb in HbV,
expressed as [FMN];,, [EDTA],, and [heme].., respec-
tively, are assumed to be identical to the fed concentra-
tions for the HbV preparatien.

Photoreduction of metHbV was performed in the same
manner with a metHb solution in a relatively diluted
condition ([heme] = 10 yM) in a 2 mm quartz cuvette.
At a higher concentration ((heme] = 5 mM} under aerobic
condition, the suspension of metHbV was sandwiched
between two glass plates. The eptical path length was
10 pm.

Measurement of H,0; in the metHb Photoreduc-
tion. The reaction of p-hydroxyphenyl acetic acid (PHA)
and H;0; to generate a fluorescent dimer, 6,6"-dihydroxy
(1,1"-biphenyl)-3,3"-diacetic acid (DBDA), was used to
detect H;02 generated during the metHb photoreduction
in the metHbV and metHb solutions. During the pho-
toreduction of metHb or metHbV {[heme] = 20 uM in a
cuvette) in the presence of FMN (5 uM)/EDTA (50 M),
1 mL of sample was pipetted out and immediately mixed
with horseradish peroxidase (Sigma, 3.7 uM), and PHA
{5.8 mM). The mixture was ultracentrifuged in a tube
with a filter (Cut off Mw. 30 kDa, Ultrafree, Amicon) at
12 000 rpra for 20 min to remove Hb or HbV and to obtain
the filtrate solution. The flucrescence of the filtrate was
measured with a fluorometer (JASCO, Ex: 317 nm, Em:
404 nm). The calibration curve was obtained by analysis
of a diluted standard H,0; solutien (Kanto Chem., Co).

RESULTS

Photoreduction of FMN with an Electron Donor.
Figure 1 shows the time course of the conversion of FMN
to FMNHj, by irradiation of visible light (435 nm). FMN
primarily converts to the photoexcited triplet FMN* and
this reacts with two electron donors (D) to generate
FMNH;. The reduction can be confirmed by the decrease
in the abserption of the characteristics peaks at 370 and
450 nm. Without an addition of an electron donor,
photoreduction gradually proceeds (baseline, initial re-
duction rate = 12 uM/min) (Table 1). A ribityl group ina
FMN molecute of itself can be an electron donor. How-
ever, further irradiation should induce decomposition
that was evident from the phenomena that the spectro-
scopic curves did not coincide at the isosbestic point. A
significantly fast reduction was observed by the addition
of EDTA and DTPA that were 83 and 84 times faster
than the condition without the addition of an electron
donor. Among the amino acids, Met showed the fastest

Bioconjugate Chem., Vol. 15, No. 5, 2004 1039

irradiation
— Time (sec)
=
s i]
5
% 10
£ 30
§ 60
<

(A)

300 400 500 600 700
Wavelength (hm)

o o
(=] (=]

3
L]

Mar-Glu
(B)

0 2 4 6 8 10
Time (min)

Figure 1. (A) Time course of the spectral changes during the
conversion of FMN to FMNH:; in the presence of EDTA (20 mM)
by visible light ircadiation {435 nm}. The characteristic two
peaks disappeared with the photoreduction conversion. (B) Time
course of the conversion of FMN to FMNH, with various electron
donors. EDTA and Met showed fast photoreduction rate. On
the other hand, Met-Met and Met-Glu retarded the reaction.
{FMN] = 100 xM. [electron donor] = 20 mM, pH = 7.4. in N;
atmosphere.
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Table 1. Initial Rates of the Photoreduction of FMN to
FMNH: with Various Electron Donors (10 mM)

initial
reduction comparison
rate with
electron donor mw {eM/min) baseline

EDTA 292 1056 88
DTPA 393 1008 84
Met 1419 140 11.7
Met-Met {10 mM) 280 5 0.2
Met-Met (20 mM) 280 10 0.8
Met-Glu 278 7 0.6
Arg 174 124 10.3
Phe 165 118 9.8
Lys 146 104 8.7
GIn 146 58 48
Glu 147 46 38
mannitol 182 45 38
maltotriose (10 unit mM) 504 47 3.9
dextran (10 unit mM) 5% 108 43 3.6
glucoseamine 216 100 8.3
glucron amide 193 72 6.0
methanol 32 42 35
citric acid sodium salt 294 40 33
hydrogen 2 82 6.8
none (baseline) .- 12 1.0

reduction rate (140 gM/min, 12 times faster than the
baseline), while Arg, Phe, Lys, Glu, and Gln showed
moderate facilitation. On the other hand, Tyr and Trp
showed slower rates of photoreduction. Unexpectedly,
Met-Met and Met-Glu lowered the reduction rate. As for
the saccharides, mannitol, maltotriose, dextran, glu-
cosamine, and glucron amide showed similar facilitation
at the same glucose units. However, they are much
slower than Met and EDTA. The presence of H; gas
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Influence of the concentrations of FMN and EDTA on the rate of metHb reduction. The time course of the level of

photoreduction and the initial reaction rates are summarized. {A, B): Influence of the FMN concentration at a constant [EDTA]
(20 mM). [FMN] was at 0.1, 1.0, 2.0, or 10 mM. (C, D}: Influence of [EDTA] at the constant [FMN] (1.0 mM). [EDTA] was at 0.78,
1.6, 5.0, 10, or 40 mM. The data for the Met addition were inserted as a reference. [heme] = 3.1 mM.

slightly facilitated the reduction. Citric acid and metha-
nol showed a slight facilitation. From these results,
EDTA and Met were mainly studied as electron donors.

Reduction of metHb by the Photoreduced FM-
NH,. The reduction of metHb by the photoreduced
FMNH, was evident from the spectroscopic change of Amax
in the Soret and Q-bands. The influence of the concentra-
tion of FMN was examined at constant concentrations
of metHb (5 g/dL, [heme] = 3.1 mM) and EDTA (20 mM)
(Figure 2A). The presence of 100 uM FMN showed 50%
reduction of metHb at 20 min; however, 1 mM FMN
completed the reduction at 15 min. The influence of the
EDTA concentration was examined at constant concen-
trations of metHb ((heme] = 3.1 mM) and FMN (1.0 mM)
(Figure 2B). Without EDTA, the metHb photoreduction
proceeded since a ribityl group of FMN and probably
globin of Hb can be an electron donor. When the EDTA
concentration was less than that of the heme concentra-
tion, the reduction rate was very slow, and the reduction
could not be completed. However, 5 mM EDTA and
higher showed a faster rate and the reduction was
completed within 15 min. Similar results were obtained
with Met; however, the initial rates were much slower
than with EDTA.

The transient spectrum of the photoreduction of FMN
in the presence of Met after laser flash irradiation showed
the reduction of the absorbances at 445 and 373 nm at
30 ns, and the spectral profile was the same at 5 ms {data
nat shown here). Therefore, the phetoreduction of FMN
to FMINH; was completed within 30 ns. In the presence
of metHb, a total of 30 ns was enough to observe the
reduced deoxyHb {dya = 430 nm) and the spectrum was
the same for 5 ms.

The influence of the presence of O, was examined
(Figure 3). The metHb photoreduction in the presence of
EDTA and FMN in the N; atmosphere completed the
reduction within 15 min. The metHb photoreduction
under the aerobic conditions became slightly slower, and
the level of reduction reached 95% and then showed a
plateau. In the case of the addition of Met, the reduction
was completed within 40 min in the N, atmosphere that
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Figure 3. The influence of the presence of O on the rate of
photoreduction of metHb ([heme] = 3.1 mM) with FMN (1.0 mM)
and an electron donor (20 mM) at pH 7.4. The data for Met
addition {1.0 mM) were also inserted as a reference. The
presence of O, retarded the metHb photoreduction.

o
—
(=]
N
(=]

was much slower in comparison with the EDTA addition.
Under the aerobic condition, the reduction in the pres-
ence of Met was significantly slow and did not reach 80%
at 60 min,

Native-PAGE of the photoreduced Hb both in the N;
and aerobic atmospheres showed identical bands with the
normal oxyHb and meHb (Figure 4A). Even though the
Mw of Hb is 64.5 kDa, it showed a higher relative Mw
than albumin (67 kDa} as one of the markers in the
Native-PAGE in the absence of sodium dodecyl sulfate,
SDS, because the surface charge of the protein directly
affect on the traveling distance during the electrophore-
sis. IEF of the photoreduced Hbs showed the presence of
HbO, at pI = 7.0 as a dense band and a weak band at
pl= 1.2 of a partially reduced Hb (Figure 4B). There was
no band at 7.4 that corresponds to metHb.

The oxygen dissociation curve of the photoreduced Hb
was identical with that of the normal HbO; (Data not
shown here). The Ps and Hill number of the photore-
duced Hb were 10.5 Torr and 1.8, respectively, and they
were almost identical with the normal HbO, {11 Torr and
1.7, respectively).
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Figure 4. Native-PAGE (A) and [EF (B} of the photereduced
Hb in the presence of EDTA and FMN both in Nz and aerobic
atmospheres: (a) photoreduced Hb in Nz, {b) photoreduced Hb
in air, (c) oxyHb, (d) metHb. In A, there was no change in the
molecular weight of the Hb subunits. Since Native-PAGE does
not include sodium dodecyl sulfate, the surface property of the
protein directly affect on the traveling distance during electro-
phoresis. Therefore, Mw of Hb (Mw = 64.5 kDa) seemed much
larger than albumin marker (Mw = 67 kDa). In B, the band at
7.4, which corresponded to metHb, almost disappeared in lanes
a and b. No other bands were observed.
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Figure 5. Influence of the concentrations of FMN and EDTA
inside HbV on the initial rate of metHb reduction. (A} Influence
of [FMN],» at the constant [EDTA];, = 20 mM. (B) Influence of
[EDTAJ at the constant [FMN}i, = 5 mM. [heme] = 10 uM in
the cuvette, [heme]in = 21.7 mM. When [EDTA];, was higher
than [heme]in, the initial rate of metHb reduction was plateau.

Reduction of metHb in Hb-Vesicles. At first a
diluted metHbV suspension ([heme} = 10 uM in a cuvette;
[heme],, = 21.7 mM) was tested for photoreduction to
analyze the kinetics. The initial rate of metHb reduction
increased with increasing [FMN],, at a constant {EDTA]x
(20 mM); however, the initial rate at [FMN];, = 10 mM
was lower than twice that at [FMN],, = 5 mM (Figure
5A). At a constant [FMN], {5 mM), increasing the
[EDTA],, significantly facilitated the metHb photoreduc-
tion, however, the photoreduction rate did not increase
above 20 mM (Figure 5B). This critical concentration is
almost identical to [heme];, (21.7 mM). From these
results, the rate-determining step of this system should
be the electron transfer from an electron donor to the
photoexcited FMN.
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Figure 6. UV-visible spectra of HbV before irradiation
{(metHb), after photoreduction {deoxyHb), and its oxygenated
form (HbO3). [EDTAL, = 50 mM, [FMN],, = 5 mM, [hemelin =
21.7 mM. These spectra indicate the successful restoration of
O:z-binding property of HbV.

The absorption spectra of the metHbV and the pho-
toreduced HhV (Amax = 430 nm) are shown in Figure 6.
Due to the light scattering effect of the HbV particles,
the turbidity was higher at a lower wavelength (39).
Bubbling with an O, gas in a photoreduced HbV solution
reversibly converted deoxyHb to HbQ, with a character-
istic shift of Lmax from 430 to 415 nm, indicating that the
oxygen binding ability was successfully restored.

The concentration of [heme] in an HbV suspension for
the intravenous infusion should be estimated to about
3—-6 mM, which is significantly higher in comparison
with 10 M in a cuvette for the absorption spectral
analysis. To test the photoreduction at a practical Hb
concentration, a metHbV suspension {[heme] = 5.0 mM)
was sandwiched between two glass plates and irradiated
with visible light. The photoreduction proceeded quite
promptly (Figure 7). Due to the thin liquid layer (ca. 10
um in thickness), the effect of light scattering seen in
Figure 6 is minimized. At the constant [FMN}i, (5 mM)
condition, the [EDTAL, of 10 and 20 mM were not enough
to complete the reduction. At [EDTA],, = 50 mM, the
photoreduction was significantly fast and the reaction
was completed within 20 s with the characteristic Amax
of deoxyHb {430 nm). At [FMN],, = 100 mM and
[EDTAl, = 20 mM, the initial reduction rate was the
fastest; however, the reduction was not completed which
was evident from the fact that the absorption at 430 nm
in the Soret band was not high enough. The value of
[EDTA];, should at least be higher than [hemel,
(21.7 mM).

Quantum Yieid of the Photoreduction Reactions.
Table 2 summarizes the quanturn yleld, ®, of various
photoreduction conditions. The combination of metHb/
FMN/EDTA showed the highest value (0.17) in an Ar
atmosphere at fheme] = 0.1 mM, This was about 28 times
higher than that for the photoreduction by the direct
excitation of the N-band irradiating by near UV light (365
nm, & = 0.003—0.006} (7, and 4 times higher than the
condition without an electron donor (0.04). In the case of
HbV that coencapsulates FMN and EDTA, the concen-
trations of the components in the cuvette were much
smaller, however, the concentrations in the nanoparticles
(HbV) are much higher and the ¢ for HbV was also very
high (0,09-0.11). Probably due to the light scattering
effect of HbV, @ for HbV is slightly lower than that for
the homogeneous Hb solution, but significantly higher
than that for the N-band excitation (0.003—0.0086).

Measurement of H,0: in the metHb Photoreduc-
tion. Visible light irradiation to metHb({heme] = 20 uM}/
FMN(5 #M)/EDTA(50 uM) under aerobic conditions
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Figure 7. UV—visible spectral changes of HbV Ina liquid layer sandwiched between two glass plates during photoreduction under
aerobic conditions. The thickness of the layer was approximately 10 gm. Condition (C) (IFMN]in = 5 mM, [EDTA];, = 50 mM)} showed
the fastest rate of photoreduction, and the reaction was completed within 20 s. The arrows indicate the decrease in absorbance at

405 nm of MetHb with irradiation time.

Table 2. Quantum Yield (®) of Photoreduction of metHb and metHbhV

heme (mM} - FMN {mM) electron donor (mM) condition Aex (N} &P
metHb 0.1 0.01 EDTA (20) in Ar 435 0.17
0.1 0.01 Met (20) in Ar 435 0.11
0.1 0.01 no addition in Ar 435 0.04
metHbV 0.01 21.7)# 2.3 x 10-3(5)2 EDTA (9.2 x 1073 (20)2 in Ar 435 0.09
0.01 (21.7)2 46 x 1073 (100)2 EDTA (9.2 x 1073 (20)2 in Ar 435 0.11
metHb. 0.0 - Trp (1.0) in Ar 365 0.006%
0.01 - mannitol (100) in CO 365 0.006%
0.01 - no addition in CO 365 0.003°

2 Concentrations of the components inside HbV; [hemelin, [FMN]in, IEDTA] . © Data from ref 7.

produced H;0;, and the flucrescent intensity of DBDA
{1 = 404 nm) significantly increased (Figure 8a). The
amount of H,O; reached 40 uM at 120 s (Figure 8b).
Irradiation to FMN alone produced 100 M H;O- for 120
s without any formation of FMNH,. We confirmed that
the irradiation to metHb alone did not produce HyO;
{data not shown here). The level of metHb photoreduction
was less than 20% at 120 s (Figure 8¢). A significant
suppression of H,O: generation was confirmed for the
irradiation to metHbV and the H,0, generation de-
creased to less than 20 #M, and the level of metHb
photareduction reached 50% at 120 s. A further increase
in the level of photoreduction to 80% was confirmed when
the partial oxygen pressure in the cuvette was regulated
to 40 Torr: however, the amount of H.0; could not be
significantly reduced.

DISCUSSION

We found for the first time that the coencapsulation
of concentrated Hb solution and the FMN/EDTA system
in phospholipid vesicles (HbV} significantly facilitated the
reduction of metHb by visible light irradiation (435 nm).
This was evident from the ® of the reaction, i.e., 0.17 for
the Hb solution and 0.10 for the HbV suspension. The
lowered @ for HbV in comparison with that for a Hb
solution is probably due to the light scattering of the
illuminated visible light due to the particle of HbV
{diameter, 250 nm} (39). However, they are much higher
than that for the metHb photoreduction via direct pho-
toexcitation of the N-band of the porphyrin ring in the

UVA region {& = 0.006) (7. Even though the concentra-
tions of the components in the ¢cuvette were much lower
for HbV than for the homogeneous Hb solution as shown’
in Table 2, the concentrations inside HbV were signifi-
cantly higher and this condition facilitated the desired
reactions {photoreduction of FMN and metHb) and sup-
pressed the unwanted side reactions (generation of active
oxygen species).

The reaction mechanism is that the photoexcited triplet
FMN* rapidly receives an electron from the donor
molecule, EDTA, to transform to the semiquinone fol-
lowed by disproportionation to the two electron reduced
form, FMNH,. They are effective reducing agent to offer
an electron to metHb. According to Yubisui et al., FMNH;
reduces metHb with the rate constant of 5.5 x 105 M~
s~1 (22, which is significantly faster than do glutathione
(rate constant = 2.5 x 1073 M~! s71) (27) and ascorbic
acid (3.0 x 1073 M-1s71) {22). The transient spectrum of
the reduction of metHb by the photoreduced form of FMN
demonstrated the completion of the reaction at 30 ns. Our
result may be plausible because it is reported that a
flavocytochrome showed complete photoreduction within
100 ns (14), measured by a laser flash-induced transjent
absorption difference spectra. The externally added FMN
should more freely access to the protoporphyrin IX (heme)
in the Hb molecule and would show a faster electron
transfer. It is reported that the direct chemical conjuga-
tion of flavin to the propionic acid residue of heme
significantly facilitates the electron transfer from flavin
to heme in a reconstituted myoglobin (40, 41). Therefore,
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Figure 8. Detection of H.0; using the fluorescence of DBDA
during the photoreduction of Hb and HbV in the presence of
FMN and EDTA. (A) An example of the fluarescence spectros-
copy of the DBDA. The fluorescence intensity (lem = 404 nm)
tncreased with time during the photoreduction of metHb solu-
tion under aerobic conditions (pOz= 150 Torr). (B) Time course
of the generation of H,Q2 during the photoreduction of Hb and
HbV under aerobic conditions (pOz2= 150 Torr), and HbV at
pO:z = 40 Torr. Irradiation to FMN alone was also tested as a
reference (top curve) that produced 100 uM HpO for 120 s.
Liberation of H.O; from HbV was significantly suppressed in
comparison with Hb solution. (C) The levels of metHb photore-
duction during the measurement of H;O; generation. The
concentrations of heme (20 M), FMN {5 gM), and EDTA
(50 M) in the cuvette were identical between the metHb
solution and HbV suspension. For HbV, [heme].n = 21.6 mM,
[FMNJin = 5 mM, and [EDTAJ;, = 50 mM.

two propionic acid groups of a heme that directly face
the outer aqueous phase of an Hb molecule should
contribute to the electron transfer from the externally
added FMN to the heme.

The side reaction of FMINH; is the reaction with O; to
generate singlet O, ('0;) or H;0; (11, 42), due to the low
redox potential of reduced flavin (En, = -209 mV).
However, according to the quantitative measurement of
H0,. photoreduction of metHbV significantly reduced
the side reaction in comparison with the metHb solution.
This effect is due to the highly concentrated condition
inside metHbV: the photoexcited FMN* readily reacts
with EDTA to generate FMNH,, and it also readily reacts
with concentrated metHb inside the HbV nanoparticle.
However, for the complete removal of H,Op, further
coencapsulation of catalase would be effective (29 in the
presence of (. Of course, in the absence of Oy, only the
metHb reduction proceeds. ]

We tried to find other optimal electron donors instead
of EDTA, because it has been reported that the oxidized
and decomposed EDTA elements contain acetaldehyde
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that might react with the lysine residues on a protein
molecule ({0}, and EDTA is a strong chelator of Ca?t as
an anticoagulant and may require caution when using a
large dosage. We confirmed that Met was effective
secondary to EDTA, as reported by other researchers
(9, 32. Arg was also effective, but it was not stable
against oxidation during incubation under aerobic condi-
tions at 37 °C for 3 days. Met was stable apainst
oxidation. However, the small amino acid, Met (Mw =
149), gradually leaks out from the HbV across the
phospholipid bilayer membrane (data not shown). To
minimize the leakage of an electron donor, larger mol-
ecules, Met-Met and Met-Glu, were tested. Unexpectedly,
they did not show any contribution as an electron donor
and retarded the reduction of FMN. The ribityl phosphate
group in the FMN molecule can be an electron donor,
because the photoreduction of FMN proceeds without the
addition of an electron donor. The retardation by the
peptides should be probably due to some interaction of
these peptides with the ribityl phosphate group that may
hinder the electron transfer to the isoalloxazine ring.
Other amino acids such as Phe and Lys, and saccharides
such as mannitol er maltotoriose, are effective as an
electron donor; however, their reduction rates of FMN
were much lower in comparison with EDTA. Interest-
ingly, methanol and gaseous H; also showed facilitation.
DTPA, a structure similar to EDTA, showed an effective-
ness comparable with EDTA. EDTA is a well-known
electron donor, and its larger size (Mw = 292) and four
negative charges prevent leakage from the vesicles. We
could not find a more effective electron donor in our
study, but confirmed that IEF and native-PAGE did not
demonstrate any change in the chemical modification of
the photoreduced Hb in the presence of EDTA/FMN, and
the O; binding property was successfully restored. There-
fore, we tested coencapsulation of FMN/EDTA in HbV
for the other studies.

When HbV is intravenously infused for the substitution
of blood, the concentrations of Hb and the heme of HbV
in plasma should reach 5 g/dL and 3.1 mM, respectively,
or higher (43). These are much higher than the experi-
mental conditions in Figures 1—4, and it is impossible
to test such a highly concentrated solution in a cuvette
because of the strong light scattering by the particles and
absorption by Hbs. We thus tested sandwiching the
solution with two glass plates, thus making a thin liquid
layer between the glass plates. The thickness of the liquid
membrane is approximately 10 um, about twice the
capillary diameter in in vivo peripheral tissues. Irradia-
tion of visible light onto the liquid membrane of HbV
coencapsulating FMN and EDTA showed significantly
fast rates for the metHb photoreduction. Especially, the
coencapsulation of FMN (5 mM) and EDTA (50 mM)
completed the metHb photoreduction within only 20 s.
This significantly fast photoreduction system would be
applicable to the transcutaneous irradiation of visible
light to the body for the rejuvenation of HbV when the
metHb content increased after the infusion of HbV.

In our study we established an efficient photoreduction
system in a nanoparticle as shown in Figure 9. The
illuminated visible light excites FMN to convert it to
FMN*, and this reacts with an electron donor and
transforms to FMNH_, that subsequently reduces ferric
metHb to its ferrous form. The reduced Hb can then
reversibly bind O;. Irrespective of the blood substitutes,
one advantage of coencapsulation in a nanoparticle is
that the concentrations of the components in the vesicles
{nanoenvironment) are very high. Accordingly, the de-
sired reactions are significantly accelerated and the
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Figure 9. MetHb photoreduction system in a nanaparticle
(HBV) using FMN and an electron denor (D), and recovery of
the Oz-binding property.

unwanted side reaction is minimized in comparison with
the homogeneous solution. To completely eliminate the
side reaction of FMNH; and O,, photoreduction under
anaerobic conditions or coencapsulation of a radical
scavenger, such as catalase, would be effective (29, 30).
RBC contains NADPH-flavin reductase to reduce metHb
(21), and the reduced form of flavin is susceptible to react
with O; as a side reaction. However, our results imply
that the highly concentrated condition in RBCs and well-
organized radical scavenging system should contribute
to the effective metHb reduction in RBCs.
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ABSTRACT

Phospholipid vesicles encapsulating concentrated human he-
moglobin (Hb-vesicles, HbV)}, also known as liposomes, have a
membrane structure similar to that of red bloed cells (RBCs).
These vesicles circulate in the bloodstream as an oxygen car-
rier, and their circulatory half-fife times (t,,») and biodistribution
are fundamental characteristics required for representation of
their efficacy and safety as a RBC substitute. Herein, we report
the pharmacockinetics of HbV and empty vesicles (EV) that do
not contain Hb, in rats and rabbits to evaluate the potential of
HbV as a RBC substitute. The samples were labeled with
technetium-99m and then intravenously infused into animals at
14 mi/kg to measure the kinetics of HbV elimination from blood
and distribution to the organs. The t,,, values were 34.8 and

62.6 h for HbV and 29.3 and 57.3 h for EV in rats and rabbits,
respectively. At 48 h after infusion, the liver, bone mamow, and
spleen of both rats and rabbits had significant concentrations
of HbV and EV, and the percentages of the infused dose in
these three organs were closely cormrefated to the circulatory
half-life times in elimination phase (t,,»4). Furthermore, the mil-
ligrams of HbV per gram of tissue correlated well between rats
and rabbits, suggesting that the balance between organ weight
and body weight is a fundamental factor determining the phar-
macokinetics of HbV. This factor could be used to estimate the
biodistribution and the circulation time of HbV in humans,
which is estimated to be equal to that in rabbit.

Hemoglobin (Hb) isolated and purified from red blood cells
(RBCs) has been tested as a principal component of RBC
substitutes for carrying oxygen. However, the plasma reten-
tion time of isolated Hb is particularly short (half-life of
~0.5-1.5 h) because of the dissociation of the Hb tetramer
into the dimeric form, which is subsequently filtered by the
kidney, and it is known that this dimeric form is nephrotoxic
(Savitsky et al., 1978). The potential of phospholipid vesicles
as effective carriers of proteins and other bigactive materials
has previously been proposed, since the cellular structure of
such vesicles can protect the entrapped material from degra-
dation and improve the biodistribution of proteins and other
bicactive materials {Gregoriadis and Neerunjun, 1974; Papa-
hadjopoulos et al., 1991). Phospholipid vesicles encapsulating
concentrated Hb (HbV) have been proposed as a promising
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candidate RBC substitute, because encapsulation of Hb
within a lipid membrane decreases potential side effects and
toxicity of Hb, thereby making vesicles more RBC-like
(Djordjevich and Miller, 1980; Gaber and Farmer, 1984;
Tsuchida, 1998). The study of the safety and efficacy of HbV
formulations by our research group has led to the develop-
ment of an HbV formulation as a promising candidate for
introduction into clinical trials (Tsuchida, 1998; Sakai et al,,
2000b, 2001, 2004b; Takecka et al., 2002).

Determination of the circulation time (half-life} of vesicles
has been an important research focus, especially in RBC
substitute development, because prolonged oxygen delivery
is a required property for an artificial oxygen carrier. There
are many reports describing the pharmacokinetics of vesi-
cles, especially in mice and rats; however, it is difficult to
apply these published data to the quantitative simulation of
a clinical application. This is because of the lack of under-
standing of the species dependence of relevant mechanisms
and correlative factors related to the clearance kinetics of
vesicles. Some reports suggest that the circulatory half-life of
vesicles injected in small doses into small animals such as

ABBREVIATIONS: RBC, red blood cell; HbV, hemoglobin vesicle(s); EV, empty vesicle(s); 9mTe | technetium-99m; PEG, polyethylena glycol;
DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholing; DPEA, 1,5-dihexadecyl-L-glutamate-N-succinic acid; PEG-DSPE, 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[monemethoxy pely(ethylene glycol) (5000)]; PLP, pyridoxal-5' phosphate; HMPAQ, hexamethylpropyleneamine
oxime; %ID, percentage of infused dose; MPS, mononuclear phagocyte system.
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mice or rats empirically corresponds to half-lives that are 2 or
3 times longer in humans (Gabizon et al., 2003). In addition,
the infusion dose of HbV as a RBC substitute, in terms of
lipid content, is nearly a hundred times larger compared with
other therapeutic uses of vesicles, even though HbV encap-
sulate a highly concentrated form of Hb (35-40 g/dl). Fur-
thermore, there are many other factors such as the lipid
formulation (Allen et al., 1989), vesicle size (Awasthi et al.,
2003), and surface modification (Klibanov et al., 1990) that
influence the circulation time and distribution of the infused
vesicles. There are no clinical data available for using large
infusion doses of vesicles such as those required for a RBC
substitute. Therefore, we focused this research on determin-
ing the correlation factors between data from different spe-
cies to simulate the pharmacokinetics of HbV. In addition,
empty vesicles (EV) that do not contain Hb were studied as a
reference to clarify the specific influence of encapsulated Hb
on the circulation properties of the vesicles.

Scintigraphic imaging is a particularly powerful tool that
can be used to develop and evaluate the formulation of ves-
icles (Goins and Phillips 2001). Using imaging, Phillips et al.
have reported on the pharmacokinetics of liposome-encapsu-
lated Hb radiolabeled with technetium-99m (***T¢c) (Rudolph
et al., 1991; Phillips et al., 1992, 1999) and achieved a for-
mulation with Iong circulation times. These liposomes had a
small size (<200 nm), neutral surface, and PEG modification
(10 mol%), and were regarded as long-circulating vesicles
(so-called stealth liposomes) (¢,,, was 65 h after 25% intra-
venous top-load in rabbits) (Phillips et al., 1999). However,
this particular liposome formulation had a low efficiency of
Hb encapsulation, because the requisites for stealth lipo-
somes, such as small size, neutral surface, and dense PEG
modification were a disadvantage for efficient Hb encapsula-
tion (Perkins et al., 1993; Nicholas et al., 2000). As mentioned
above, the infused dose of RBC substitutes will be extremely
high, so high encapsulation efficiency of Hb is essential for a
successful oxygen-carrying RBC substitute. We have devel-
oped HbV with a lipid formulation and encapsulation condi-
tions that have improved the encapsulation efficiency
(Takeoka et al., 1996; Sou et al., 2003), and the present HbV
formulation has an oxygen-carrying capacity equal to RBCs
because of this higher encapsulation efficiency (1.7-2.0 g of
Hb per gram of lipids). This article is the first report on the
detailed pharmacokinetics of this HbV formulation using
scintigraphic imaging of ®*™Tc-HbV for monitoring the cireu-
lation properties and biodistribution. Factors that would per-
mit estimation of human pharmacokinetics of large quanti-
ties of vesicles are discussed.

Materials and Methods

Materials. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
chalesterol, and 1,5-dihexadecyl-L-glutamate-N-succinic acid (DPEA)
were purchased from Nippon Fine Chemieal Co., Ltd. (Osaka, Ja-
pan); 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[monome—
thoxy poly(ethylene glycol) (5000)] (PEG-DSPE) was purchased from
NOF Co. (Tokyo, Japan). DPPC, cholesterol, DPEA, and PEG-DSPE
were dissolved in alcohel at a molar ratio of 5, 5, 1, and 0.033,
respectively, atomized, and evaporated using a spray dryer (Cracks)
to prepare a lipid powder, at Nippon Fine Chemical Co., Ltd. The
mixed lipid powder was hydrated with NaOH solution, submitted to
three eycles of freeze-thawing, and the resultant dispersion was then
lyophilized at Kanto Chemical Co. {Tokyo, Japan). The Hb solution
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was obtained from outdated donated blood (Japanese Red Cross)
according to the purification method described previously (Sakai et
al., 2002). The Hb sclution {oxyhemoglobin) was converted to car-
bonylHb by purging the solution with 100% carbon monoxide until
testing proved conversion (99% < HbCO). The final eoncentration of
Hb was adjusted to 40 g/dl. Homocysteine, pyridoxal-5' phosphate
(PLP), and glutathione were purchased from Sigma-Aldrich (5t.
Louis, MO).

Preparation of HbV. HbV were prepared according to a method
described previously (Takeoka et al., 1996; Tsuchida, 1998; Sakai et
al,, 2001; Sou et al., 2003). All HbV preparation work was performed
under sterile conditions. The purified earbonylHb solution (40 g/dl)
containing 5 mM homocysteine and pyridoxal-5' phosphate [PLEP/Hb
ratio of 2.5 (mol/mo!)] was mixed with the lyophilized powder con-
taining the mixed lipids (DPPC, cholesterol, DPEA, and PEG-DSPE).
After controlling the size of the HbV with an extrusion method (final
pore size of the filter, 0.22 pm, Fuji microfilter; Fuji Photo Film Co.,
Tokyo, Japan), the unencapsulated Hb was removed by three ultra-
centrifugation steps {10%, 30 min each), CarbonylHb was converted
te OxyHb by exposure to visible light in an atmosphere of Oy HbV
were suspended in a physiological salt solution and filtered through
sterilized filters (pore size, 0.45-um Dismic; Teyo Roshi, Tokyo, Ja-
pan) and deoxygenated by bubbling with N, before storage (Sakai et
al., 2000a). The control EV encapsulating glutathione (30 mM) was
prepared using the same extrusion method.

Characterization of HbV and EV. The characteristics of HbV
and EV are summarized in Table 1. The concentrations of Hb and
phospholipid were determined by a cyanomethemoglobin method
(Hemoglobin Test Wako; Wako Pure Chemicals, Tokyo, Japan) and
the cholineoxidase method (Phospholipid C Test Wako; Wako Pure
Chemicals), respectively. The encapsulation efficiency of Hb was
represented as a w/w ratio of [Hb]/[lipid]. Methemoglobin and car-
bonylHb content were determined by spectrophotometry (Van Assen-
delft, 1970). The diameters of the resulting HbV (247 * 44 nm} and
EV (259 + 32 nm) were determined using a submicron particle
analyzer (N4SD); Beckman Coulter, Fullerton, CA). Endotoxin con-
tamination was determined to be below 0.2 EU/ml by the Limulus
assay test (Sakai et al., 2004a).

99mT. [ abeling of HbV and EV. Radiolabeling of HbV was
performed according to a method described previously (Phillips et al.,
1992). A saline solution of sodium [P*™Te]pertechnetate (5 ml, 75
mCi) (Nycomed Amersham, San Antonio, TX) was inj ected into a vial
eontaining lyophilized hexamethylpropyleneamine oxime (HMPAO,
0.5 mg, SnCl,, 7.6 pg) (Ceretec; Amersham Biosciences Inc., Piscat-
away, NJ). The mixed solution was incubated for 5 min at room
temperature. The %®Tc-HMPAO solution (1 ml) was then added to
the HbV suspension ({Hb}; 10 g/dl, 1 ml), and the resulting mixed
solution was incubated for 1 h, After removing free **=Tc-HMPAO by
gel filtration (Sephadex-G25 column), total radioactivity was mea-
sured in a dose calibrator (Mark 5 model; Radex, Houston, TX) and
the labeling efficiency (£) was calculated as the percentage of post-
radioactivity in **™Tc-HbV to preradioactivity. The **™Tc-HbV sus-
pension was mixed with unlabeled HbV suspension and the result-
ant HbV suspension ([Hb], 9.5 g/d]; [lipid), 4.75 g/dl) was used for the
experiment. The ®=T¢.EV were also prepared with same method
and the lipid concentration was adjusted to the same lipid concen-
tration as that of HbV suspension tested {[lipidl, 4.75 g/dl). The
99m¢. 1abeled HbV and EV dispersion (0.5 ml) was mixed with rat

TABLE 1
Characteristics of *™Tc-HbV and *°™Tc-EV suspensions
Parameter Sompe. HbV S EV
[HbF (g/dl) 9.5 0
[Lipids] (g/dl) 4.75 4.75
Particle diameter (nm) 247 + 44 259 + 32
Endotoxin level (EU/ml) <02 < 0.2

¢ Methemoglobin, <1%; carbonylHb, <2%.
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plasma (1.5 ml) from a donor rat and incubated at 37°C to check the
labeling stability. A 100-pl aliquot of incubated sample at 48 h after
mixing was passed through a Bio Gel A-15m (200-400 mesh) spin
column, The sample was eluted by sequential addition of 100 ul of
Dulbecco’s phosphate-buffered saline (pH 7.3) under the centrifugal
force of 1000 rpm for 1 min, Each fraction was collected separately
and counted in a scintillation well counter (Canberra multichannel
analyzer; Canberra Industries, Meriden, CT). Another 100-ul aliquot
of incubation sample was used as a standard. The sum total of
activity eluted with HbV or EV fractions was compared with total
radioactivity in the standard.

Animal Experiments, Animal experiments were performed un-
der the National Institutes of Health Animal Use and Care guide-
lines and approved by the University of Texas Health Science Center
at San Antonio Institutional Animal Care Committee. Male
Sprague-Dawley rats (200274 g) were anesthetized with 3% isoflu-
rane (VedCo, St. Joseph, MO) in 100% oxygen gas. Rats were then
placed in the supine position under a Picker (Cleveland, OH) large-
field-of-view gamma camera using a low-energy, all-purpose collima-
tor and interfaced with a Pinnacle imaging computer (Medasys, Ann
Arbor, M), Image acquisition was begun as HbV or EV were infused
into the tail vein at 1 ml/min. Each rat received a total dose of 0.17
to 0.37 mCi of *®™Tc activity, Hb: 1.33 g/kg b.wt.; lipids: 0.67 g/kg
b.wt. as an equivalent of 14 mUkg for the HbV group (r = 5) and 0.48
to 0.55 mCi of *™T¢ activity, lipids: 0.67 g/kg as 14 mVkg for the EV
group (n = 5). The infused dose (in volume) was estimated to be 25%
of bleod volume where the total blood volume was assumed to be
5.6% of body weight (Frank, 1976). The rabbit experiment was per-
formed in the same manner. Male New Zealand White rabbits (2.2-
2.9 kg) were anesthetized with an intramuscular injection of ket-
amine/xylazine (both from Phoenix Scientific, St. Joseph, MOQ)
mixture (50 and 10 mg/kg body weight, respectively). One ear of a
rabbit was catheterized with a venous line, and the other ear was
catheterized with an arterial line. HbV or EV was infused in the
venous line at 1 mV/min under the same gamma camera, and the
blood samples were drawn from the arterial line. Each rabbit re-
ceived a total dose of 3.7 to 4.5 mCi of ¥®™Tc activity, Hb: 1.36 g'kg
b.wt.; lipids: 0.68 g/kg b.wt. as 14.25 ml/kg for the HbV group (n = 5)
and 3.5 to 4.9 mCi, lipids: 0.68 g/kg as 14.25 mlkg for the EV group
(n = 4). The infused dose (in volume) was estimated to be 26% of
blood volume where the total blood volume was assumed to be 5.7%
of body weight (Kozma et al., 1974),

Image Analysis. One-minute dynamic 64 X 64 pixel scinti-
graphic images were acquired over a continuous peried of 0.5 and 2h
for rats and rabbits after the infusion of HbV or EV, respectively.
Static images were also acquired at 3, 6, 12, 24, 36, and 48 h
postinfusion. The image analysis was performed using a nuclear
medicine analysis workstation (Pinnacle computer; Medasys). The
regions of interest were drawn over the whole body, liver, and spleen
in images. The counts of radicactivity were decay-corrected at each
time and converted to a percentage of the whole body counts. Cor-
rections were made for the blood pool contribution of the liver and
spleen of the rat {17 and 6%, respectively, of the total blood volume).
For rabbit, the liver was corrected by 25.4% of the total blood volume,
and the spleen was individually corrected by 1.047 = 0.076% for HbV
and 1.592 = 0.049% of the total blood volume for EV as percentage of
infused dose {(%ID) just after infusion, respectively.

Blood Persistence and Biodistribution. Blood was collected
from the tail vein of the rat or arterial line of the rabbit (50 or 100 ul)
at various times postinfusion. The radioactivity of blood samples was
quantified in a scintillation well counter (Canberra multichannel
analyzer; Canberra Industries) at the same time. The counts at each
time were converted to the percentage of the counts of sample col-
lected immediately after infusion. The eliminatien rate constants (k)
were calculated by the least-squares method and half-life time (¢),)
was calculated from eq. 1.

0.693
tyz = 3 (1)

The animals were rapidly sacrificed at 48 h, and the tissue samples
were collected, weighed, and counted for radicactivity in a scintilla-
tion well counter (Canberra multichannel analyzer; Canberra Indus-
tries) to calculate the biodistribution. To calculate the %ID per
organ, total blood volume, muscle, and skin mass were estimated as
5.6, 40, and 13% of total body weight for rat (Frank, 1976; Petty,
1982), and 5.7, 45, and 10% of total body weight for rabbit (Kozma et
al., 1974; Kaplan and Timmons, 1979), respectively. The bone was
estimated as 10% of total body weight for rat (Frank, 1976; Petty,
1982) and 12 times the femur weight for rabbit (Dietz, 1944).

Estimation of the Biodistribution in Humans. The total Hb or
lipids per organ (Ws) was calculated from the %ID and ID of Hb or
lipids in terms of weight.

%ID X ID
Ws(mg) = —1—" (2)

00
The organ weight (Wo) of experimental animals was measured by an
electronic balance and the Hb per organ weight (R) was calculated.

Ws
R(mglg) = Wo (3)

Ws was calculated from eq. 3 for humans, where the weights of liver,
spleen, and bone (Wo) were estimated as 1.8, 0.18, and 5.0 kg,
respectively, for average humans (70 kg) (International Commission
on Radiological Protection, 1984), and the R value was applied as an
average value between rats and rabbits shown in Table 4 for each
organ. The ID of HbV ([Hb] = 9.5 g/dl, [lipids] = 4.75 g/dl) was
calculated to be 25% of the blood volume (4.9 liters, 70 ml/kg b.wt.),
and the %ID was calculated from eq. 2. The half-life times (£;5) were
estimated from eq. 4, where, constant value (C) was determined as a
slope of the fitting line in this study and %ID,,,,, was sum values of
%ID for liver, spleen, and bone.

Cc

tyep = 1D {4

Statistical Methods. Values are reported as mean * S.EM.
Statistical analysis was performed using Microsoft Excel for Win-
dows. The image analysis and biodistribution data were compared
using the Student’s unpaired ¢ test. A P value <0.01 or 0.05 was
considered statistically significant.

Results

Labeling Efficiencies. The labeling efficiencies of **™Tc-
HbV and 2*™Te-EV were 69.1 = 2.0% (n = 2) and 75.6 £ 5.1%
(n = 3) for the rat studies, and 62.0 * 4.8% (n = 5)and 70.9 *
2.1% {n. = 2) for the rabbit studies. Labeling efficiencies were
similar for both ®*™Tc-HbV and #°"Tec-EV, even though
99mT HbV used homocysteine and #*™Tc-EV used glutathi-
one. The 2°2T¢ would be located in the inner aqueous phase
of vesicles, and both homocysteine and Hb of HbV, and glu-
tathione of EV would possibly bind the *™T¢c (Rudolph et al.,
1991; Phillips et al., 1992). The incubation of labeled HbV
and EV in serum for 48 h revealed that 5 and 4% of the 9™ Tc
dissociated from HbV and EV, indicating that the labeling
was very stable and the contents were stably encapsulated
inside the vesicles.

Circulation Kinetics. To determine the circulation kinet-
ics as shown in Fig. 1, a and b, the radioactive counts of blood
samples were plotted as a percentage of the counts for blood
sample collected immediately at the end of the infusion with
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Fig, 1. Circulation kinetics of HbV and EV after top-loading intravenous
infusion {14 mYkg) in rats and rabbits. The radioactivity was determined
by scintillation counting of blood samples with time. The percentage of
radioactivity is calculated as a percentage of baseline radioactivity in a
blood sample withdrawn just after HbV or EV infusion,

time. The elimination profiles of infused HbV showed two com-
ponents with an initial fast clearance followed by a slower
clearance phase, which is regarded as a distribution () phase in
the mononuclear phagocyte system (MPS) and an elimination
(B) phase, respectively. The clearance rate constant in the dis-
tribution phase of HbV was equal to that of EV, and k; was 13
times smaller than that of EV in rats as shown in Table 2. The
circulation half-life times (¢,,, values) associated with both the
distribution and elimination phases of HbV and EV in rats were
34.8 and 29.3 h, respectively. The clearance rates of HbV and
EV were slower in rabbits compared with those in rats, espe-
cially for the distribution phase. The k_ of HbV was 0.0226 h?t
in rabbit, which was one-quarter of that in rats and 1.4 times
larger than that of EV in rabbit. k; for HbV was 1.3 times
smaller than that of EV. The t,5, values of HbV and EV were
62.6 and 57.3 h in rabbits, respectively.
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Imaging Study. The gamma camera images of rats or rab-
bits receiving HbV were acquired at various times to determine
the organ distribution profiles with time. As shown in Figs. 2
and 3, radioactivity was observed over the whole bedy of ani-
mals and in the heart, demonstrating that HbV were circulat-
ing. Immediately after infusion, the heart, liver, and spleen
were identified because these organs had a large blood pool
volume, and the relative intensities of the liver and spleen
increased in comparison with the heart with time. The %ID in
liver and spleen calculated from gamma camera images with
decay correction and correction for blood pool contribution are
shown in Fig. 4. The %ID in liver was increased during the
infusion and decreased after the infusion ended, especially in
HbV as shown in Fig. 4, a and c. This initial decrease was most
likely due to the adjustment of blood volume after top-loading.
The values of %ID in liver and spleen were quickly increased
during the first 6 to 12 h after infusion and reached a plateau at
48h, At 48 h, the liver had 10.9 = 0.8 and 7.6 = 1.0% of HbV in
rats and rabbits, respectively, whereas the spleen had6.6 =03
and 0.98 + 0.14% of HbV in rats and rabbits, respectively.

Biodistribution. The detailed biodistribution data of HbV
at 48 h are shown in Table 3. HbV could be precipitated easily
by ultracentrifugation of blood sample, and no Hb was detected
in the supernatant serum in the blood sample for 48 h. In
addition, no Hb was detected in urine for 48 h supporting that
the Hbwas not eluted from vesicles during circulation. HbV and
EV were mainly distributed in liver, bone marrow, and spleen,
and the %ID values for HbV were smaller than those of EV in
these organs. Relatively high values for the bowel, feces, and
urine were likely due to metabolism during excretion of HbV.
The sum values of %ID for liver, spleen, and bone (%IDa),
which are the main organs for MPS uptake, were 26.60 and
13.64% for HbV and 36.36 and 17.84% for EV in rats and rabbit,
respectively. The corresponding ¢y, values given in Table 2
were 39.1, 79.2, 30.1, and 60.2 h, respectively. These 154 values
are in proportion to the reciprocal of %1D . 88 shown in Fig. 5,
and the constant value (C) in eq. 4 was determined to be 1074.1
as a slope of the fitting line.

The ecalculated total lipids and Hb doses (in milligrams)
delivered to the liver, bone, and spleen are summarized in
Table 4. These values are independent of the species depen-
dence of relative weight balances of organs in whole body and
represent the amount of uptake of the HbV in a gram of each
organ. The spleen had 14.43 + 0.54 and 14.92 = 1.25 mg of
Hb per gram in rat and rabbit, and the liver and bone also
had similar values in rat and rabbit.

Discussion

The improvement in oxygen-carrying capacity of HbV as a
RBC substitute requires longer circulation and a higher en-

TABLE 2
Kinetic parameters of HbV and EV clearance from bleod in rats and rabbits (25% top-leading}
Distribution {a) Phase Elimination (8) Phase
Animal Sample Lo
k., [ kg tiop
k! h At h
Rat HbV 0.0894 78 0.0177 39.1 34.8
EV 0.1004 6.9 0.0230 30.1 29.3
Rabbit HbV 0.0226 30.7 0.0088 79.2 62.6
EV 0.0159 43.6 0.0115 60.2 57.3
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Fig. 2. Static gamma camera images of whole body of rats infused with
HbV or EV acquired at 3 and 24 h after infusion. The images were
acquired for 1 min at 3 h and 2 min at 24 h. The arrows show heart (H),
liver (L}, and spleen (8).
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Fig. 3. Static gamma camera images of rabbits acquired at 2, 24, and 48 h
after HbV or EV infusion. The images were acquired for 1 min at 2 h, 2
min at 24 h, and 5 min at 48 h. The arrows indicate heart (H), anterior
liver (AL), posterior liver (PL), spleen (S), and kidney (K}.

capsulation efficiency of Hb. The HbV formulation described
in this study has high encapsulation efficiency ([Hbl/[lipid] =
2.0), and a circulatory half-life time of 34.8 and 62.6 h in rats
and rabbits, respectively. This value is equal to the 65-h
circulation half-life time for a PEG-liposome-encapsulated
Hb formulation with a long circulation time in rabbits (Phil-
lips et al., 1999). Other long-circulation vesicle formulations
are successful for therapeutic uses such as cancer therapy or
antibacterial treatment (Papahadjopoulos et al., 1991; Gabi-
zon et al., 2003). However, the characteristics of small size
(below 200 nm), neutral surface, and incorporation of signif-

icant amounts of PEG-lipid {5-10 mol%) of these formulations
are ineflective in encapsulating Hb into vesicles (Perkins et al.,
1993; Nicholas et al., 2000). The HbV formulation described in
the present study is mainly composed of DPPC and cholesterol,
only 0.3 mol% of PEG-lipid to prevent aggregation of the vesi-
cles {Sakai et al., 2000a; Sou et al., 2000), and 9 mol% of anionic
DPEA to reduce the lamellarity of the bilayer membrane (Sou
et al., 2003). In general, anionic phospholipids such as phos-
phatidylglycerol or phosphatidylserine are used for the prepa-
ration of anionic vesicles; however, some side effects such as
complement and platelet activations have been reported (Rein-
ish et al, 1988). These immunological respenses accelerate
plasma protein adsorption on the surface of vesicles (opsonins)
and then those vesicles are rapidly trapped into MPS. Our
DPEA has a carboxylic group to negatively charge the surface of
vesicles instead of a phosphate group of anionic phospholipids,
and it does not have side effects like those reported for phos-
phatidylglycerol-containing vesicles (Walamoto et al., 2001).
The safety studies of HbV are underway, and the initial results
in rats suggest that the DPEA vesicles have fewer side effects
on immunologieal respenses such as complement activation and
thrombocytopenia compared with vesicles containing other an-
ionic phospholipids. This bicinactive surface imparted by DPEA
contributes to the stable circulation of HbV.

The diameter of vesicles is also an important factor for
circulation kinetics and encapsulation efficiency. Recently,
Awasthi et al. (2003) reported that the maximum size to
show long circulation characteristics of PEG vesicle was
around 240 nm in rabbits. The larger size of HbV is advan-
tageous for the encapsulation efficiency of Hb; however,
250-nm HbV is of maximum and reasonable size to satisfy
both long circulation and high Hb content requirements. We
satisfied both long-circulation and high encapsulation effi-
ciency of Hb by developing the lipid formulation and strictly
regulating the diameter by the extrusion method. The clear
effect of encapsulated Hb on the circulation time of vesicles
was prolongation of the 8 phase for both animals. This is
most likely due to greater saturation of the MPS by the
encapsulated Hb.

Biodistribution data showed that HbV and EV were mainly
distributed into liver, spleen, and bone. We have already
clarified that Hb and phospholipid from HbV readily disap-
peared from the Kupffer cells in liver and macrophages in
spleen in rats within a week after administration (Sakai et
al.,, 2001). The trapping of HbV in MPS is regarded as a
normal physiological pathway for removal of aged RBC;
therefore, this should be a reasonable pathway for the elim-
ination and metabolism of Hb-based RBC substitutes. The
importance of the biodistribution of Hb-based RBC substi-
tutes has been discussed and a vasoconstrictive effect of
modified Hbs has been indicated (Sakai et al., 2000b). These
side effects are triggered by the unusual biodistribution of
small-sized modified Hb (<100 nm) to smooth muscle across
the endothelium or the space of Disse in fenestrated endo-
thelium of hepatic sinusoids, where the vasorelaxation fac-
tors nitric oxide and carbon monoxide are bound to Hb (Goda
et al., 1998). The smaller vesicles might be effective for longer
circulation of encapsulated Hb, but this would have the risk
of causing similar or unusual side effects as those observed
for modified Hb.

As summarized in Table 3, the %ID of HbV and EV in
biodistribution data at 48 h is significantly different between
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Fig. 4. %ID for liver and spleen calculated from the gamma camera image acquired at particular times and after decay correction. The blood pool
contribution was corrected using values of 17 and 6% of the total bloed volume for liver and spleen in rats, respectively. For rabbit, the liver was
corrected by 25.4% of the total blood volume, and the spleen was individually corrected by 1.047 * 0.076% for HbV and 1.592 = 0.049% of the total

blood volume for EV as %ID of just after infusion, respectively.

rats and rabbits (P < 0.05 for many organs). The rat had
more HbV and EV in liver, bone, and especially spleen and
less HbV and EV in blood. These data suggest that the
biodistribution pattern of vesicles was not specifically
changed by the encapsulation of Hb or the animal species
tested; however, the quantitative values of %ID were signif-
icantly affected by these factors. Image analysis showed that
the %ID required for saturating the liver and spleen with
time was as shown in Fig. 4. The former liposome encapsu-
lated Hb, which had non-PEG, showed significantly greater
%ID (liver, 15.4 * 2.1% ID; spleen, 18.1 * 3.3% ID) in rabbit
(Rudolph et al., 1991). The “saturated” level observed at
those infusion doses would be determined by the balance
between rate of uptake from the circulation, which was
strongly affected by the HbV formulation and the rate of
metabolic processing. The full saturation of MPS by the in-
creased infusion dose of HbV might diminish the difference of
pharmacokinetics between HbV formulations because the
metabolic processing should become dominant factor. At
48 h, the blood clearance was in the slower B phase (Fig. 1) so
that the inverse proportion between %ID and ¢,y is reason-
able, and the determined constant C is available to estimate
the £, from the %ID. In addition, we have discovered that
the most important factor for explaining the difference of
%ID accumulating in the organs of the MPS between species
is due to the different ratio of organ weight to body weight
between species. For example, the average spleen weights of
the experimental animals for HbV were 0.65 + 0.07g in rats

(216 + 20 g b.wt., n = 5) and 0.87 + 0.21 g in rabbits (2670 =
97 g b.wt., n = 5). Therefore, the ratio of organ weight to body
weight of rats is 9 times larger than that of rabbits, which
means that rats have a 9 times larger mass capacity in spleen
at the same infusion dose based on body weight. When the
uptake of HbV is calculated in terms of mg of lipid and Hb per
gram of MPS organ, the values in rats and rabbits are very
close to each other as summarized in Table 4, indicating that
the concentration of HbV in these organs was species-inde-
pendent in this case. These values can be used to quantita-
tively estimate biodistribution of HbV based on organ weight.
By using these two factors of C values and milligrams of
lipids per organ weight, we were able to roughly estimate the
biodistribution and circulation time of HbV in humans (see
Materials and Methods). Laverman et al. (2000) reported
that the distribution pattern of PEG-liposomes in humans
was similar to that of rats and rabbits, with high uptake in
liver, spleen, and bone marrow, Other biodistribution studies
of vesicles also suggested a high uptake in liver, spleen, and
bone marrow in humans (Dams et al., 2000; Gabizon et al.,
2003), and these reports support our estimation. Based on
the MPS organ weights of average humans and the milli-
grams of uptake of lipid and hemoglobin per gram MPS
organs at 48 h (human liver weight, 1.8 kg; human spleen,
0.18 kg; and human bone, 5.0 kg) {International Commission
on Radiological Protection, 1984), we estimated that %1Ds of
HbV are 5.4% (liver), 4.5% (spleen), and 6.4% (bone), and a
t1/2p Of approximately 66 h in humans after a 25% top-loading




