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FiG. 5. Determination of the specific recognition site of IgM against HbY. A
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completely remove the ethanol. IgM against each lipid component was detected by
ELISA. Each point represents the mean * S.D. (n = 4).

Therefore, such contradictory findings between the present and Dams’
study could be the result of differences in the physicochemical prop-
erties of the liposomes used in the study, such as particle size or lipid
composition. In fact, the diameter of the HbV liposomes used was
approximately 250 nm, whereas the diameter of the PEGylated lipo-
some used by Dams et al. (2000) was approximately 80 nm. In
addition, our HbV was composed of DPPC, cholesterol, DPSH, and
DSPE-PEG at a molar ratio of 5:5:1:0.3, whereas the PEGylated
liposome used by Dams et al. (2000) was composed of partially
hydrogenated egg-phosphatidylcholine, cholesterol, N-hydroxysuc-
cinimidy! hydrazino nicotinate hydrochloride DSPE, and DSPE-PEG
at a molar ratio of 1.85:1:0.07:0.15.

In addition, Ishida et al. (2006b) reported that the ABC phenome-
non was induced by the selective binding of IgM to the second
injected PEGylated liposome, and subsequent complement activation
by IgM resulted in an accelerated clearance and enhanced hepatic
uptake of the second injected PEGylated liposome. Wang et al. (2007)
also reported that the hepatic clearance of liposomes was positively
correlated with the plasma levels of IgM againsi the PEGylated
liposome. In this study, we also found a substantial elevation in
plasma IgM levels at both low (0.1 mg Hb/kg) and high doses (1400
mg Hb/kg contains more than 100 pmol of phospholipids/kg). Be-
cause the degree of IgM elevation at a high dose of HbV was
significantly larger than that for a low dose, the IgM response against
HbV might be dose-dependent.

To identify the recognition site of anti-HbV IgM, we also examined
the production of IgM in the presence of each of the lipid components
of HbV. Among these components, only anti-HbV IgM was found to
react with DSPE-PEG (Fig. 5). In addition, the IgM level against HbV
was well correlated with that against DSPE-PEG (data not shown, » =
0.611, p < 0.01). These data clearly indicate that the recognition site
of anti-HbV IgM is mainly DSPE-PEG. It is also noteworthy that the
synthetic negatively charged lipid (DHSG) in HbV does not seem to
show a remarkable immunogenicity. It was previously reported that
the spleen, especially the marginal zone, plays an important role in the
induction of the ABC phenomenon, which elicits IgM against PEG,
and the IgM responded in a T cell-independent manner in rats and
mice (Ishida et al., 2006a, 2007). The fact that plasma IgM levels
against HbV and DSPE-PEG were significantly enhanced at both
doses (Figs. 4 and 5) suggests that HbV interacts directly with the
marginal zone. Future studies will be needed to elucidate the details of
the mechanism of the elicitation of IgM against HbV.
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In contrast to the low-dose treatment, the injection of a high dose
(1400 mg Hb/kg) of HbV did not appear to induce the ABC phenom-
enon in mice (Fig. 1B; Table 1). In fact, the hepatic uptake clearance
for the second injection was only 1.5 times higher than that for the
first injection (Table 2). Ishida et al. (2004) previously reported that
the lipid dose of a prior injection of liposomes strongly affected the
pharmacokinetic behavior of a subsequent injection at a dose of from
0.001 to 25 pmol of phospholipids/kg. They reported that liver
accumulation in mice increased sigmoidally with increasing lipid
dose, whereas the blood concentration sigmoidally decreased with
increasing lipid dose. In general, the increased hepatic or splenic
distributions of liposomes were accompanied by an increased scav-
enging of liposome by MPS, such as Kupffer cells and red pulp zone
splenocytes (Goins et al., 1995). MPS or any other systems that are
involved in the removal of liposomes are influenced by the injection
dose (Laverman et al., 2000), and the uptake by MPS was saturated
with increasing doses of liposomes. Our previous study showed that
the distribution of HbV in the liver was saturated at 1400 mg Hb/kg
(more than 100 umol of phospholipids/kg) but not at 200 mg Hb/kg
(approximately 25 pumol of phospholipids/kg) (Taguchi et al., 2009b).
Consequently, HbV at a dose of 1400 mg Hb/kg did not appear to
induce the ABC phenomenon, even though accompanied with remark-
able IgM elicitation, because the hepatic uptake of HbV via MPS was
saturated in the case of a high-dose injection. From these results, it
was expected that ABC phenomenon might not be apparently induced
at various intervals at proposed dose of HbV (1400 mg Hb/kg)
because ABC phenomenon in mice was observed the most strongly at
the 7- to 10-day interval (Ishida et al., 2003b). In fact, we previously
reported that ABC phenomenon was not induced in hemorrhagic
shock model rat, when HbV was injected at a dose of 1400 mg Hb/kg
at hourly intervals (Taguchi et al., 2009a), at which the patients with
massive hemorrhage are transfused.

However, our study has limitations with respect to explanation of
full-length study of the ABC phenomenon of HbV. We have not
examined the plasma IgM levels when multiple high doses of HbVs
were administered. Dams et al. (2000) previously reported that weekly
injections of N-hydroxysuccinimidy! hydrazino nicotinate hydrochlo-
ride PEG liposomes dramatically influenced the circulatory half-life at
second injection, but the effect was almost normalized at fourth
injection. Therefore, it seems that the higher levels of IgM elevations
are not observed after multiple high-dose administration of HbV. On
this point, further study could be needed for elucidating the effect of
multiple high-dose administration of HbV on their pharmacokinetics.

In conclusion, the present study clearly shows that repeated injec-
tions of HbV induce the ABC phenomenon, when the first injection of
HbV was a dose of 0.1 mg Hb/kg, but was not apparent at a dose of
1400 mg Hb/kg. These results suggest that, in a clinical situation, the
repeated use of HbV at a dose of 1400 mg Hb/kg would not be
expected to induce the ABC phenomenon. Thus, it is unlikely to be
necessary to consider the ABC phenomenon in an administration
schedule or regimen of HbV treatment as a red blood cell substitute.
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Hemoglobin-Vesicle, a Cellular Artificial Oxygen
Carrier that Fulfils the Physiological Roles
of the Red Blood Cell Structure

Hiromi Sakai, Keitaro Sou, Hirohisa Horinouchi, Koichi Kobayashi,
and Fishun Tsuchida

Abstract Hb-vesicles (HbV) are artificial O, carriers encapsulating concen-
trated Hb solution (35 g/dL) with a phospholipid bilayer membrane (liposome).
The concentration of the HbV suspension is extremely high ([Hb] = 10 g/dL)
and it has an O, carrying capacity that is comparable to that of blood. HbV is
much smaller than RBC (250 vs. 8000 nm), but it recreates the functions of
RBCs; (i) the slower rate of O, unloading than Hb solution; (ii) colloid osmotic
pressure is zero, (iii) the viscosity of a HbV suspension is adjustable to that of
blood; (iv) HbV is finally captured by and degraded in RES; (v) co-encapsula-
tion of an allosteric effector to regulate O, affinity; (vi) the lipid bilayer mem-
brane prevents direct contact of Hb and vasculature; (vii) NO-binding is
retarded to some extent by an intracellular diffusion barrier, and HbV does
not induce vasoconstriction. (viii) Both RBC and HbV can be a carrier of not
only O, but also exogenous CO. However, HbV has limitations such as a
shorter functional half-life when compared with RBCs. On the other hand,
the advantages of HbV are that it is pathogen-free and blood-type-antigen-free;
moreover, it can withstand long-term storage of a few years, none of which can
be achieved by the RBC transfusion systems.

1 Introduction

Biconcave RBCs deform to a parachute-like configuration to flow through a
narrower capillary. This profile is believed to be effective to increase the surface-
to-volume ratio and stir the intracellular viscous Hb solution to facilitate the
gas exchange. On the other hand, physicochemical analyses have revealed that
O, unloading of Hb is significantly retarded by compartmentalization in RBC.
Why has nature selected such an inefficient cellular structure for gas transport?
Interestingly, some of the answers to this question have been revised by the
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research of blood substitutes. They are, (i) retardation and targeting of O,
unloading at microcirculation to avoid autoregulatory vasoconstriction;
(ii) reduction of a high colloidal osmotic pressure, COP, of an Hb solution to
zero, to increase blood Hb concentration; (iii) rheology control of blood, a
RBCs dispersion, to a non-Newtonian viscous fluid; (iv) prevention of extra-
vasation or excretion through renal glomeruli; (v) preservation of the chemical
environment in cells, such as the concentrations of electrolytes and enzymes;
(vi) prevention of direct contact of toxic Hbs and endothelial cell lying, and
(vii) modulation of reactions with NO as an endothelium derived relaxation
factor, EDRF. These observations reassure the importance of the cellular
structure of RBCs to design Hb-based oxygen carriers.

Hb-vesicles (HbV) are artificial O, carriers encapsulating concentrated Hb
solution (35 g/dL) with a phospholipid bilayer membrane [1]. Concentration of
the HbV suspension is extremely high ((Hb] = 10 g/dL, [lipids] = 6 g/dL, volume
fraction, ca. 40 vol%) and it has an oxygen carrying capacity that is comparable
to that of blood. In this review paper, we summarize the characteristics of HbV
that can fulfill some of the physiological roles of the cellular RBC structure.

2 Structural Stability and Suspension Properties

Many peopl'e think liposomes are unstable capsules. However, it depends on the
lipids and the composition. In the case of RBCs, the sophisticated cytoskeleton
network structure stabilizes the cellular structure. However, hypotonic hemo-
lysis easily occurs. We confirmed that HbV are more resistant than RBCs to
hypotonic shock, freezing by liquid N, and thawing, enzymatic attack (phos-
pholipase A,) [2], and a shear stress (1500 s™1). Moreover, it can be stored at
room temperature over 2 years [3]. In spite of such high stability, we confirmed
with animal experiments that HbV are eventually captured by reticuloendothe-
lial system (RES) and degraded promptly within 2 weeks without decomposing
(hemolysis) in blood circulation [4]. Phospholipid vesicles for the encapsulation
of Hb would be beneficial for heme detoxification through their preferential
delivery to the RES, a physiological compartment for degradation of senescent
RBCs, even at doses greater than putative clinical doses [5].

Colloid osmotic pressure (COP) is an important factor to determine blood
volume in the body. Hb solution (5 g/dL) showed the COP of 16 Torr [6].
Polymerization of Hb reduces COP depending on the resulting molecular
weight. PEG-conjugated Hb shows the largest COP, which is about 3 times
higher than blood (ca. 25 Torr) due to the highly hydrated PEG chains [7]. On
the other hand, both HbV and washed RBCs showed 0 Torr because of the
suspension of large particles: the number of total particles of HbV is less than
1/100 of the number of Hb molecules at the same Hb concentration [6]. COP
acts in opposition to hydrostatic pressure to balance the distribution of fluid
between blood and interstitial compartments [7]. COP is a colligative property,
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depending proportionally on the concentration of protein exerting the force and
specifically on the macromolecular properties of that protein. Solutions with high
COP cause significant transcapillary filtration of water in the direction from the
Interstitial space into the vascular lumen. An increase in blood volume is advan-
tageous to increase cardiac output for resuscitation, though the composition of
other components of blood and tissue will also be compromised. HbV, on the
other hand, does not have an oncotic effect, and the particle should be suspended
in a plasma expander (plasma substitute, water-soluble polymer). The COP of the
resulting suspension is identical to that of the suspending medium. When HbV is
suspended in 5% rHSA, the suspension shows 20 Torr at any Hb concentration.
HbV can create a suspension of [Hb] = 10 g/dL at the physiologic COP, that
cannot be attained easily by other chemically modified Hb solutions.

The HbV suspended in rHSA ([Hb] = 10 g/dL) was nearly Newtonian [8].
Other plasma substitute polymers -hydroxylethyl starch (HES), dextran (DEX),
and modified fluid gelatin (MFG)- induced HbV flocculation, possibly by deple-
tion interaction, and rendered the suspensions as non-Newtonian with a shear-
thinning profile. These HbV suspensions showed a high storage modulus (G”)
because of the presence of flocculated HbV. However, HbV suspended in rHSA
exhibited a very low G’. The viscosities of HbV suspended in DEX, MFG, and
high-molecular-weight HES solutions responded quickly to rapid step changes in
shear rates of 0.1—100 s™' and a return to 0.1 s™%, indicating that flocculation is
both rapid and reversible. The HbV suspension viscosity was influenced by the
presence of plasma substitutes. The HbV suspension provides a unique oppor-
tunity to manipulate rheological properties for various clinical applications.

3 The Rate of O,-Unloading, and NO- and CO-Bindings

The O,-release from flowing HbVs was examined using an O,-permeable,
fluorinated ethylenepropylene copolymer tube (inner diameter, 28 um) exposed
to a deoxygenated environment [9]. Measurement of O, release was performed
using an apparatus that consisted of an inverted microscope and a spectro-
photometer, and the rate of O, release was determined based on the visible
absorption spectrum in the Q band of Hb. HbVs and human RBCs were mixed
in various volume ratios at [Hb] = 10 g/dl, and the suspension was perfused at
the centerline flow velocity of 1 mm/s through the narrow tube. The mixtures of
cell-free Hb solution and RBCs were also tested. Because HbVs were homo-
geneously dispersed, increasing the volume of the HbV suspension resulted in a
thicker marginal RBC-free layer. Irrespective of the mixing ratio, the rate of O,
release from the HbV/RBC mixtures was similar to that of RBCs alone. On the
other hand, the addition of 50 vol% of acellular Hb solution to RBCs signifi-
cantly enhanced the rate of deoxygenation. This difference between the HbV
suspension and the acellular Hb solution should mainly be due to the difference
in the particle size (250 vs. 7 nm) that affects their diffusion for the facilitated O,
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transport. It has been suggested that faster O, unloading from the HBOC:s is
advantageous for tissue oxygenation. However, this concept is controversial
with regard to the recent findings, because an excess O, supply would cause
autoregulatory vasoconstriction and microcirculatory disorders. We confirmed
that HbVs do not induce vasoconstriction and hypertension. This is not only
owing to the reduced inactivation of NO (see below) but also possibly due to the
moderate O, release rate that is similar to RBCs.

One of the important roles of the RBC structure is the retardation of NO-
binding. However, the mechanism has been controversial, whether, (i) an unstirred
layer surrounding the cell should be the diffusion barrier, (ii) cytoskeletal cell
membrane can be the diffusion barrier, or (iii) the highly concentrated Hb solution
can be the barrier. To clarify the mechanism, we analyzed HbVs with different
intracellular Hb concentrations, [Hb};,, and different particle sizes using stopped-
flow spectrophotometry [10]. In the case of different [Hb];, (1- 35 g/dl), NO-binding
is retarded at a higher [Hb];,, on the other hand, CO-binding did not show such
retardation. In the case of different particle diameter of HbV at constant [Hbl,,
35 g/dl, NO-binding is retarded with a larger particle, while the CO-binding did not
show such changes. The computer simulations can recreate these tendencies. The
two-dimensional concentration changes of free-NO and unbound free-hemes in
one HbV at the [Hb];, was 1 g/dl showed that NO diffuses rapidly into HbV and the
reaction proceeds quite homogeneously. On the other hand, HbV at [Hbl;, = 35 g/
dl showed heterogeneous distribution. The concentration gradients of both NO
and heme change from the interior surface to the core. The intrinsically fast NO-
binding induces an intracellular diffusion barrier in a highly concentrated Hb
solution, but not for the slow CO-binding. We can estimate the apparent binding
rate constant of a particle encapsulating a 35-g/dl Hb with 8000-nm diameter, and
they are similar to the reported values for RBCs. The mechanism of retardation of
NO-binding is controversial, but from these data, we estimate that (i) rapid NO-
binding reaction induces intracellular diffusion barrier, (ii) cellular membrane
cannot be a barrier for gas diffusion, and (iti) a higher [Hb};, and larger size are
the factors for retarding NO-binding. However, we have to admit that NO-binding
of HbV is much faster than that of RBC. The absence of vasoconstriction for HbV
cannot be explained with these data. We believe that small Hb would permeate
across the endothelium to reach to the site where NO is produced and transferred
to the smooth muscle. It was recently reported that dextran conjugated Hb
permeates through the endothelium. However, much larger HbV would remain
in the lumen and does not bind NO in the endothelium.

4 Resuscitation from Hemorrhagic Shock with HbV

The first attempt of HbV to restore the systemic condition after hemorrhagic
shock was conducted using anesthetized Wistar rats. After 50% blood with-
drawal, the rats showed hypotension and considerable metabolic acidosis and
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hyperventilation. They received HbV suspended in rHSA, shed autologous
blood (SAB), or rHSA alone. The HbV group restored mean arterial pressure,
similar to the SAB group, which was significantly higher than the rHSA group.
No remarkable difference was visible in the blood gas variables between the
resuscitated groups. However, two of eight rats in the rHSA group died before
6 h [11]. After removing the catheters and awakening, the rats were housed in
cages for upto 14 days. The HbV group gained body weight; the reduced Hect
returned to the original level in 7 days, indicating elevated hematopoiesis. Both
groups showed transient elevation of AST and ALT at 1 day. Splenomegaly was
significant in the HbV group at 3 days because of the accumulation of HbV.
However, it subsided within 14 days. Histopathological observation indicated
that a significant amount of HbV accumulated in the spleen macrophages, and
complete disappearance within 14 days. These results indicate that HbV is
useful as a resuscitative fluid for hemorrhagic shock. Its performance is com-
parable to that of SAB. Similar experiments using beagles have shown l-year
survival after resuscitation with HbV.

The above elevations of AST and ALT after resuscitation with HbV or RBC
indicate the systemic reperfusion injury. Recent reports on cytoprotective effects
of exogenous CO urged us to test infusion of CO-bound HbV and RBC in
hemorrhagic-shocked rats to improve tissue viability [12]. Using the similar
model, hemorrhagic shocked Wistar rats received CO-HbV, CO-RBC, O,-HbV,
or O,-RBC suspended in 5% rHSA. All groups showed prompt recovery of blood
pressure and blood gas parameters, and survived for 6 h of observation period.
Plasma AST, ALT and LDH levels were elevated at 6 h in the O,-HbV and
0,-RBC groups. They were significantly lower in the CO-HbV and CO-RBC
groups. Blood HbCO levels (26—39%) decreased to less than 3% at 6 h
while CO was exhaled through the lung. Both HbV and RBC gradually gained
the O, transport function. Collectively, both CO-HbV and CO-RBC showed a
resuscitative effect and reduced oxidative damage to organs. Adverse and
poisonous effects of CO gas were not evident for 6 h in this experimental
model. Further study is necessary to clarify the neurological impact of a
longer observation period, though the results suggest a possible new clinical
indication.

In conclusion, HbV can mimic the functions of RBCs. However, the half-life
of HbV is much shorter than that of RBCs, and limits their use. On the other
hand, the advantages of HbV are that it is pathogen-free and blood-type-
antigen-free; moreover, it can withstand long-term storage of a few years,
none of which can be achieved by the RBC transfusion systems. We continue
further development of HbV aiming at the eventual realization and contribu-
tion to the clinical medicine.
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Clinical Laboratory Test of Blood Specimens Containing
Hemoglobin-vesicles
- Interference Avoidance by Addition of Dextran-
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Keitaro Sou @, Risa Komine @, Hiromi Sakai @, Koichi Kobayéshi @, Eishun Tsuchida @, Mitsuru Murata ©®

I &

NETHEY (Hb) /Mafk (250 nm) EFRMBR (8pm) ITEN1/30BEDOAE DA THREERETHS. Ho/a
BREERT 2 MEREZRODEERFET 5 & Ho/ MR MBI IBE L, Ho/NMkic & 2 FE e A ik (L s 2
ETBHT LV TVEN, TOMICERERRE, BEGARE, MEREL LICHB 5 Ho/NaEOTS{ER R
TOMENDS. AHETIE, THEDREICE TS Ho/MEEOTFSBERERELMNCT 3 LHic, ZOEEESHLH
KT BT LZENE Uic. BOLDBEC K D MERE AR Ho NERETIRSBE S 2720, SESFEOFTII NS Y
(Dex) Z&H L TMHEFO Ho/MalkZREE € 5462 E L. &5ICk M Ho/NEMER 15vol %IEE LizstEl
COWTZORESMZER L, SREFHICDOVTTEOEERHRE Lz, DexDHFE (487 kDa) BLUBE (&
BE 26 g/dL) DFREICKD, BEORLDEE (3000-5000 rpm, 10 min) THb/NBERHIEDHTE 5 ¢ & BHEE LTz,
Hb/NMa#EZEF B L CREMBEREDCZ  DEE TTBERRZRLELDOD, Dex BHEMLCELRET ST LicE
DARERDDIRE TTHZEMTE 2. 2721, DexBINC & D EMERETY RTOFA VOET, BLOEEGARE
Cvon Willebrand factor (WWF) IEHEDET, b—%/lplasminogen activator inhibitor type-l (PAL1) D_FEZH,
TNBIEDVTE DexiINC X 2 T 2RI 2 HEHE L UTHERET 5. MEREEE L LRI LISV a—2L 5y
INETTEVE, Ho/Mathe Dex DF SR HIETE . > T, Hb/NEFEB5EO MRk AERFIE T,
kil D O OB TIERPIMENMES N, £ - REPRE, BERARE, MEREOZOER TTSE (REN
T&E5.

Abstract

Hemoglobin-vesicle (HbV) is an artificial oxygen carrier of which the size (250 nm)is 30 times smaller than red blood cells
(8 pm). HbVs remain in serum after centrifugation because of its small size and as a result, HbV interferes with the clinical
laboratory test. Here we examine the interference of HbV in other clinical laboratory tests such as immunological test,
coagulation fibrinolysis examination, and blood sugar test. To precipitate the HbV by conventional centrifugal separation of
blood, we determined an appropriate condition to aggregate HbV by an addition of Dextran (Dex). The obtained plasma or
serumn was evaluated by common clinical laboratory test. HbV could be precipitated by addition of Dex (Mw. 489 kDa, final
concentration: 2.6 g/dL in blood) with conventional centrifugation (3000-5000 rprm, 10 min). Though the presence of HbV
interfered with the measurement of many analytes, the interference could be removed by the addition of Dex. However, it
should be cautioned that this method underestimates lipoprotein concentration and von Willebrand factor (vWF) activity, and
overestimates total plasminogen activator inhibitor type-1 (PAI-1). Blood sugar tests for glucose and glycated hemoglobin (Hbaic)
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could be performed without interference effect of HbV and Dex. Taken together, the present method will be useful to separate

serum and plasma from the blood specimens containing HbV for accurate clinical laboratory tests.

Keywords

Hemoglobin-vesicles, oxygen carrier, blood specimen, clinical laboratory test, interference, dextran

T. FEHIC

RMAEY & U T ATBREERGOERNEE & N2l
BRAFMN T, BROBERBREDPTZ AV JICEDEED
BEOEENMTOND., KREKREINA AIREZERAEDE
RIGAZMECED 51, ALEBREREOBRESHELOE
EEMPHESRIC 20X S REERRITTHEEL T LEN
HB. THhETI, MFEREREDED, Co-oximetry, pulse
oximeter, & %\ & magnetic resonance (MR) oximetry I &
ZBEMMEOET_2Y) VTR BBV TALBRERE DR
ERFARLNTETVS Y. HbR—X, =)t nh—K
> (PFC) "—X%&%w, ANLERERBIEMIRESITHEL
TPRBORYD, BOSHRZETEBORBICEESTS. O
e, ALBHREHRFEORFERNPBENMRELEBREOS
COBEETHEBEICEERE2 . MBEFRIELREED
REE OEHHD IR & [ S0 HES 2 OAED T HEEE
THYD, THEROLDIRNEEEDEEDEMN HbIBEORE L L
TTFHROHEFREEERT 5 C & THILE T 2 2B e,
L, FBTBERT TR, BENIZE{T 2 MetHb®
ERCOEEEZ T DY, RRIEINLORFEERN
KEBLIEENDE LS. FEOHEBEIC DV THED
WEEED T FERIIERERT — X ORI IEN L
Bbhah, HEREDHERECKTFT 20— RICERT
BAEELTRELTVEY,

—75, VVEBE_HFETHbBEREZHERE Lt Ho/hfatk
(250 nm) &, FRMIK (8pm) ICHETHIL1/30BEDORE
ETHBHM, MEXVNRIEREMHHD Fnm) ICHETHIE
BHEOREINHS. COREIED L, BRLDHEEY
FERATNEERNERR TIHREES T LN TE, ik, TF
A LT Vix RS TFRERI ORI K Y Ho/MaFEEE S 2
N, BEOOEHRETOEY D Hb/MaEESBETES. TO
K5 IO BEEOTRIC X D MRECEREICET 5 T2 EE
TEBZ MO TWB., FHETE, TFALTVEHEM
I & B Hb/MEEOBERSZFIAL, MEh 5—EBREDELD
DEERIEIC X D MR MBEDEET 25M2HRE L. Bk
DEFTEHELNAZMBERMIIC DN TEE - RERE, BE
RARE, MERELZERL, Ho/hFc X2 TEBERZE
BMTE2EHE, BLUTFANSVHRMCX3THBERDOD 3
EHEZELhT B ERZENE L.

2. BEAHE

2.1. 7F X5 (Dex) HIT LB Hb RGO EEE
HIRODFEOEL S DexfR (DFE ; 11, 1956, 40.2, 72.2,

124, B X487 kDa, SIGMA) ZABEEE/KICBE@BRIYTED
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FEEHE UTHEA L. Ho/ EEoE# (Hb; 0.05 g/dL,
3mL) & DexiAIR (20 g/dL, 0.3 mL) ZEAEL (DexiRiE
18 g/dl), 25 CICEE L TEREBEDZE(L (A =700 nm)
POREERREHL, TOBRRELZERA L. COBERNDE
Hb/MEEDBELEFRICET % Dex D FERB X UBMICET 3
HMRZE.

2.2, MBESBRGOBRS
Hb/MEARAEET 2 D SDMEROHT 2ERTIE, H
MERERBR O Ho/MaERBREL - VRO BEHIL
FeEEERA LY. EROEED 0% ZHL LR, AZ
D Hb/Mafks#dE ([Hol=86 g/dL, 5% VarvEr w7
WIS REREL, 4BEMEEE LA TORMEE
FUF U, Bk (5 mL) & Dex¥¥ (20 g/dL, 0.5 ~0.88
mlL) ZEAL, 25 CTIODMBEL. TOREWERELD
Bt (5000 rpm, 1097) UT _LBAED S DHb/MNIEDRER
BREIL7. ThoDERDND, Dex DHFELEEICDWVT
Hb/NaEEFRRICRETE 2LEERHEE L.

2.3. b MERsRE

BERAL S U HEme s o UHb/Nag®E 158
DEGTRALSERLE NVl O, FIVE) ol
Liz. EBIFHDex (9FE400~500 kDa, SIGMA) %20
g/dLIc x5 & 5 EBEENC AR LU BRERBE 26 g/dL
THIMES L. 102HEBRER 3000 rpm, 1075E 00 B
UIMEF i3z, BohitmBEOL(EZRE Biy
Ry, TNVTIV, ULy, FARSEVEETI)bS
VAT xo5—¥ (AST), 75=VFI/NSVRT25—¥
(ALT), yINVEINESIVARTFH—E (y-GTP), H#k
[H/kEBEE (LDH), A Y73/ RXTFH—HE (LAP),
JLT7FrFF—¥ (CK), 2V VYTAXFS5—¥ (ChE),
REZZE, BE, BaLX5Fo—l, TAFVEILATO—
W, EEREaLZATa—/b, URTaFALY (A), rUFY
4R, VVIEE, HHENER SEEVRXVJHE O
LATFo—jv (HDL-C) BE, AV YL, AUl fFE#EY
Y, VT FZY, CRIGHER (CRP) EE&, 7zUFY,
NTrTBeY], REERE [(REIRT7) VG (Ig6), &
Bro7) M IgM), BEIFFRY )V AEE (HBs) TiE,
BEIFF#R ™Y 4+ VAKE (HBs) Hifk, BEIFFRY 2 I)VA (HCV)
FR)), MIRORERERE [BELES2 oY RS AFY
B (APTT), mnhruoryP Vel (T, 7rFravt
I (ATID, bW—RNVTSAZI )TV TIFR—"—1
vV &—1 (PALLD), T TU/HY, T2 - T LTSV



FEF (WWF) 5UR, vWFiEH, D-F1/~x—, 70704
MREY) (FDP)], MRWIEERE [(Mh/La—2, 51Jan
TJ/UEY (Hbae) GMERETRIE] 2ThPThEHLI.
NS TOREEBRREBHIAT—VIL (BRR) IcKIEL
e HEUE Hb/MaEinngic B AR K ERMLES it
MES Tk migy, ERARKFINMAKIC Dex & 1213 £ AT
KZHMUBONIeMEZ 3 MEEL Ui, MBS RREE
ZEZRME I RERER, OFIEHPNEEINTVZEDEE
BONVERENDZDT (Fig. SORNENEWESR), i
BEOBWC L 2HELAN. THEROBEEDHETIE, X
E FDA @ Clinical Laboratory Improvement Amendments
(CLIA) DRET2HMARRICET 2 EERZOHAHA
(CLIA limit) ZH[WiEAEL Ls®, HEMEELORE GE2)
AFAEFEZEICEZZ3EER (1), AKEX2EER (1)
ERFEILe. Fie, BRELOBRENFERENTH BRI
ETYSERE (none) &¥BTL7. CLIA limit AEEZ AT
TOEEICELTE, BREOHFARMEE20%L LTHELE.
SEZIY Pa—L DRI X B TFBOEROLERX KL
UTciz®, M#RIC Hb/Malk, Dexi@kizv UAEEE KSR
U THRRBEG— (L3B5EFF LTHEBELE. BREOH
IER T2 Tz,

3. BRBLUEE
3.1. Dex#FMIc &% Hb /Bt FE

%79, H/MERKICEELFEDDex ML, ARBEL
ft (AOD) ZRERHNCE=X—LIHERZFig 1ITRT. &
FE72.1 kDaLl FD Dex % Hb/MaEICHML THIF & AL
HEOE(LZRDITND, 2FE 124 kDaD Dex TIIAKEE
DEENEREN, THICHTE4T kDaD DexFllc L hE
LWAREEOEAVERE Nic. KiFIC X 2 EERET
FREDBRICLLAFIT 578, BEICXBRFEOEKIIAEE
EOEKR CLEELREOELR) L L TREENE. B9FEN
KX OBRBERTFIEET SHESIIHBN, V VEE/ ak

0.7 S50y,
—=— 487kDa %
0.6 —e 124kDa

[ —— 72.2kDa
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Fig. 1 Kinetics of aggregation of HbV in the presence of 1.8 % dextran at
25°C. Dex solution was added to the HbV dispersion. Increase of
the AOD. indicates the formation of larger aggregate of HbV by
the addition of Dex.

RHEFT 2B FLOMEEAPEBRHEL ERSATYL
2. BOFIE B/ MEEBREOTELAIER L LT, ik
RHOEHR (P—2E) OFfd 3V iRk X 3 85F0R
ZEL, MAUFEOER, BOFICLIMTOHR REHE)
ZRENHMSN, —RICA—DRVIELENERET 2BLFTH
NERDFRAZCREENR L, BEAEOBRYFEDE
EFRDENZD. SEOERLD, SFE487 kDalBED
Dex 2V Ho/MEEOBEIE L T2 L EX 5N 3. Ho/\ak
DREZBOETHETT 578, Dex ZEN L THb/MaE%
BECEILXMEZER (25C) TI0HMBBIIREL-.

3.2. MESRESR A ORE

Hb/MIEDE#ET 2 MR LS FBOEK 2 Dex A1
ZEINL, 10HMEELBIORODE LIRS Fig. 2a
IS (Dex#%BEE 18 g/dL). Dex D FEBOZEIIEFFET,
487 kDa D Dex ZHiN L 7z RO AEHZMEN B SNz, 124
kDa Tid Hb/NEEDIEBEZED 2 L DDOFR+49THD, 7h
UTFooFETRERUEBERD I o7, BOIEE (tod) Ic
LBHFOUREEE v) BXRDOR (1) THRICLHTE3.

d* _(o—p) 2

v =§x—n&>< rw ()

CCT, d(em) : FDER, o(g/cm®) : KFOBE,
p (g/cm®) : EROEE, n(g -« cm’ « sV | BIROKEE.
HREEEIINTFERD 2RICHAIT 2785, BEICIYENT
EORFOERZRELTHC L THEEENE KT S. Fig.
1 DFER L OIS S, Dex 487 kDa DERNNIC & % Hb /N
DELWVEEICLDELTIERTE 3 AREGNERT 20D
LEZLND. TORRELD, DexDHFEH 487 kDalcRE
L7z

R, Dex 487 kDaDEERGEZREF Lz, 7 mLRMmME
(FL—=2) CEDFREHI L UT Dex 487kDa® 0.3~0.75
mLZHML 7=ROEZERL, ROKE (5mL) 2&EM0E
IKHRERLT, 25CTI0PHMHEBE L. CORAKEELDE
(5000 rpm, 104) U THuif/EAH 5D Hb NEEDREDHE
ZERAIL. BRLLT, BHZMIEREAE SN S DI Dex
487TkDa ZFRE T 1.8 g/dLU LML BATH Y, Eich
REZEROTELTONTSB L, 26 g/dLU ETIEIFRSI
Hb/MEGDPBRETI NG C L 2MEE LT (Fig. 2b). MmIEEIC
Hb F3RDOWINIZ 7 £ Dex 487kDa¥Rinic & 2 7RMER® Hb/\ig
FEOBmE V. KEBRYIE TEOMERE & LB D Hb/ Ak T
HODEREZRD, BRLCELOEBREERER (U
fB) ZEHHITE3. Fi-Hbo/MIEOTRR & MIEORE & B
TH37d, MERBUIHBNAEZTHS. LLEXD, Hb/h
fatk#z54%1C1E, Dex 48TkDahRiBE 26 g/dLERB LI 1C
HASNBROERZFRTNUE, 1SEEY ORI TEE
PHbRIROFHEROFZ MRV LIERERTES T L
MREhiz.
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Fig. 2. Precipitation of the aggregated HbV by centrifugation. (a) Effect
of the molecular weight of the Dex. (b) Effect of the concentration
of the Dextran. HbV could be precipitatec in centrifugation of
blood sample in presence of 2.6 g/dL Dex (Mw. 487 kDa).
Aggregated HbV forms pellet on a red blood cell pellet after

centrifugation.

3.3. b MIOFERGIRE

B FEDex HINIC X D Hh/MagEzRET 52 HEICDV
T, MEREREAOFESER L M ILE, MEONERLRERE
BETEME L. Ho/Maddiinmiiic SEAEKEZNZ TEL
SEEL7-MiE, Mg Ho/MIGESFEEL TV B 7-DFRETH
57z, LA L DexEEhmc & b Ho/NaEZRE U f-MiE & mig
(Fig. 3) Z—EpDMERNARME (Fig. 3c, ) THLUHRAN
BUTWEEODERIFEATH /2. RANFUTWMmER
Dex L [ DERHBA+2TH o felecd Ho/MaEZREL &
Nhh-otz bAEZ NS, Ho/MakOREZRITME,
MEEDHED & HEE THRAIETH o 7z. FREICBVTHD
INAGEENE, mEEXLTOX S EFBERZRLEE. £k
2% (Table 1~3) EBVTREBXVIY, TIVTIY,
LDH, CK, ZL7F=>, CRP, NI h7 O D LEENR
. T, BaLAFao—i, TAFNVEILZATE—),
EER O L 25—/, U VEEE T Ho/MakOEERENE
BLULEHELE. REZEZELIgMIZETL, ChERETERE
RUT. Y UIVE Y, AST, ALT, y GTPICHBWNTIERE
THELHME Nz, REEREEETH 5 HBsHIE - Hii%,
HCVHIFEW TN E Hb/Makic X 2B 3RBo ohiaho iz,
CNOOFERIABIRTOMBFERBARMNE CRAKTS -
fo. B - REEREOLNEEYF, Hb/BaEDFHIER
CE D EYRBHEENMESNEVERIR17TRWL I8SEEIKK E
o7 (Table 1~3). —J, DexDIHMOIC X D Hbo/NaEERR
£ETBTELT, 35VUAEE GEEERR VRTaT(,
BEES L AFO—)V, 7xVF, ALT, AST) ZEREHEY)

HbV

Saline
2t —

saline Dex saline Dex

Saline  HbV

ot

saline Dex  saline Dex

ROEREN

BRERE

(a) TLAv (IREHEL)

(b) RERED1)LL

(c) M 5 REHI
REREIILL

(d) ff3# 53 BEF
HREREI L
raAVEY

<&Eiep-REFRE>
8429, TLTSL, BE
JJLEY, AST, ALT, g-GTP,
LDH, LAP, CK, ChE, R¥
ZXR RE, #aLRTO—
U, TAFILEILRTFA—
u, BEEBEILRTO—)L,
URTaFAU(A), FITUE

SAF, UVBER, EREIEIARE

HDL-CER. AUV L, AL
b, BBUY, JILTTFZ
>, CRPER, ZxUF>, 1\
T aEY, IgG, IgM, HBs
HR, HBsHik, HCVHLiE

() 3.8% YT EEFRUSL

<RERBERRE>
APTT, PT, ATHI, b—%JL

PAI-1, 247U /5 Y, VWFHL

&, VWFiEH:

(f) pbAVEY <HERBREED>
FIoF= D-#4<—, FDP
B

(@) FAEF RS L <BRFMAEE>

s jLa—x

Fig. 3. Blood collecting tubes and analytes of clinical laboratory tests. (a)-(g) Blood samples after centrifugation.
The blood collecting tube contain blood+saline+saline (control), blood+saline+Dex (interference effect of
Dex), blood+HbV+saline (interference effect of HbV), or blood+HbV+Dex (this method).
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Table 1. Clinical chemistry and immunological tests (Blood collection tube without contents)

Blood+Saline Blood+HbV
Analytes Units CLIA limits +Saline +Dex +Saline +Dex
(Control)

Total protein g/dL =+ 10% 5.1 48 14 48
Albumin g/dL + 10% 33 32 43 32
Total bilirubin mg/dL  *04mg/dL or £ 20% 0.2 0.1 impossible 0.1
AST IU/L + 20% 11 10 impossible 10
ALT IU/L * 20% 7 7 impossible 7
y-GTP /L = 20% 8 8 impossible 7
LDH /L + 20% 134 118 270 127
LAP IU/L ND, & 20% 63 62 58 64
CK U/l =+ 30% 46 46 89 47
ChE U/L ND, % 20% 243 242 215 247
Urea nitrogen mg/dL =+ 2 mg/dL or & 9% 6.1 6.0 12 63
Creatinine mg/dL. 03 mg/dL or &+ 15% 0.39 043 2.03 047
Uric acid mg/dL + 17% 28 2.5 2.5 2.7
Total cholesterol mg/dL + 10% 129 119 334 113
Chaolesterol ester mg/dL ND, * 20% 99 92 238 92
Free cholesterol mg/dL ND, * 20% 30 27 96 21
Triglyceride mg/dL + 25% 90 73 86 89
phospholipid mg/dL ND, & 20% 163 156 235 153
Free fatty acid mEQ/L ND, & 20% 0.08 0.08 0.09 0.14
HDL-C mg/dL ND, % 20% 43 43 38 45
Lipoproteins mg/dL =+ 30% 12 5 15 6
K mEQ/L 0.5 mmol/L 24 2.5 25 28
Ca* mg/dL £0.25 mmaol/L 6.2 6.2 59 6.2
Inorganic phosphate mg/dL ND, & 20% 21 20 22 22
CRP mg/dL ND, £ 20% <002 <002 01 <002
Ferritin ng/mL ND, % 20% 35 30 34 28
Haptoglobin mg/dL ND, + 20% 80 74 117 80
1gG mg/dL =+ 25% 147 734 655 744
IgM mg/dL ND, £ 20% 93 86 60 88
HBs antigen IU/mL positive or negative < 005 < 0.05 <0.03 < 0.05
HBs antibody mIU/mL positive or negative < 100 < 100 < 100 < 100
HCV antibody positive or negative 0.0 00 00 0.0

AST: aspartate aminotransferase, ALT: alanine aminotransferase, y-GTP: y—glutamyltranspeptitase, LDH: lactate dehydrogenase, LAP:

leucine aminopeptidase, CK: creatine kinase, ChE: cholinesterase, HDL-C: high density lipoprotein cholesterol, CRP: C-reactive protein,

HBs: hepatitis B surface, HCV: hepatitis C virus. * IF means interference. (T) overestimation. ({) underestimation, (none) no interference.
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Table 2. Clinical chemistry and immunological tests (Blood collection tube containing clot activator)

Blood+Saline Blood+HbV
Analytes Units CLIA limits +Saline +Dex . T +Saline ; © 4Dex
(Control)

Total protein g/dL =+ 10% 5.2 48 143 49
Albumin g/dL + 10% 33 32 42 32
Total bilirubin mg/dL  *04mg/dL or £ 20% 0.1 0.1 Impossible 0.1
AST /L + 20% 11 11 Impossible 12
ALT /L =+ 20% 5 8 Impossible 8
y-GTP 1U/L + 20% 7 7 Impossible 7
LDH IU/L + 20% 131 114 265 115
LAP 1U/L ND, & 20% 61 62 58 62
CK u/L =+ 30% 48 47 73 48
ChE IU/L ND, * 20% 239 236 220 241"
Urea nitrogen mg/dL * 2 mg/dL or & 9% 6.1 6.3 Impossible 5.9
Creatinine mg/dL %03 mg/dL or & 15% 0.45 041 1.80 042
Uric acid mg/dL + 17% 25 2.5 23 27
Total cholesterol mg/dL + 10% 126 126 333 119
Cholesterol ester mg/dL ND, & 20% 95 96 239 91
Free cholesterol mg/dL ND, £ 20% 31 30 94 28
Triglyceride mg/dL + 2% 88 80 82 69
phospholipid mg/dL ND, * 20% 162 157 229 157
Free fatty acid mEQ/L ND, & 20% 0.08 0.08 0.09 0.15
HDL-C mg/dL ND, * 20% 41 42 39 43
Lipoproteins mg/dL + 30% 14 11 14 4
K* mEQ/L +0.5 mmol/L 24 24 2.5 28
Ca”' mg/dL +0.25 mmol/L 6.0 6.1 57 6.0
Inorganic phosphate mg/dL ND, * 20% 2.1 2.0 2.8 2.1
CRP mg/dL ND, + 20% <002 <002 0.08 <002
Ferritin ng/mL ND, £ 20% 28 25 28 - 26
Haptoglobin mg/dL ND, * 20% 78 78 118 - 82
1gG mg/dL + 25% 736 721 640 742
IgM mg/dL ND, * 20% 90 84 55 85
HBs antigen IU/mL positive or negative < 0.05 < 0.05 < 005 < 0.05
HBs antibody miU/mL positive or negative < 100 < 100 . < 100 < 100
HCV antibody positive or negative 00 00 ‘,;xiqvhe 5 00

AST: aspartate aminotransferase, ALT: alanine aminotransferase, y-GTP: y—glutamyltranspeptitase, LDH: lactate dehydrogenase, LAP:
leucine aminopeptidase, CK: creatine kinase, ChE: cholinesterase, HDL-C: high density lipoprotein cholesterol, CRP: C-reactive protein,

HBs: hepatitis B surface, HCV: hepatitis C virus. * IF means interference. (1) overestimation, ({) underestimation, {none) no interference.
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Table 3. Clinical chemistry and immunological tests (Blood collection tube containing clot activator, inert barrier material, and thrombin)

Blood+Saline Blood+HbV
Analytes Units CLIA limits +Saline +Dex +Saline | TE% +Dex IF*
(Control) :
Total protein g/dL x 10% 50 48 140 50
Albumin g/dL + 10% 33 32 43 32
Total bilirubin mg/dl. *04mg/dL or + 20% 0.1 0.1 Impossible 0.1
AST /L =+ 20% 9 11 Impossible 11
ALT /L =+ 20% 6 8 Impossible 7
y-GTP IU/L =+ 20% 8 7 Impossible 7
LDH u/L + 20% 113 110 260 117
LAP u/L ND, & 20% 61 62 59 63
CK /L + 30% 48 47 55 49
ChE IU/L ND, % 20% 239 240 225 244
Urea nitrogen mg/dL + 2 mg/dL or + 9% 59 6.1 0.2 58
Creatinine mg/dL. 0.3 mg/dL or % 15% 0.39 0.40 190 0.5
Uric acid mg/dL =+ 17% 2.6 26 26 2.7
Total cholesterol mg/dL + 10% 127 123 337 121
Cholesterol ester mg/dL ND, & 20% 95 93 245 92
Free cholesterol mg/dL ND, = 20% 32 30 92 29
Triglyceride mg/dL =+ 25% 89 78 84 70
phospholipid mg/dL ND, £ 20% 161 160 32 157
Free fatty acid mEQ/L ND. & 20% 0.07 0.08 0.09 0.14
HDL-C mg/dL ND, % 20% 40 41 40 43
Lipoproteins mg/dL + 30% 14 9 13 4
K* mEQ/L 0.5 mmol/L 24 24 25 2.7
Ca® mg/dL £0.25 mmol/L 6.1 6.1 6.0 6.1
Inorganic phosphate mg/dL ND, *+ 20% 19 18 23 2.2
CRP mg/dL ND, =+ 20% <002 <002 0.08 <002
Ferritin ng/mL ND. =+ 20% 3.1 26 2.7 26
Haptoglobin mg/dL ND, =+ 20% 77 82 121 83
1gG mg/dL + 25% 736 729 670 748
IaM mg/dL ND, % 20% 89 85 60 87
HBs antigen IU/mL positive or negative < 005 < 0.05 < 005 <005
HBs antibady mIU/mL positive or negative < 100 < 100 < 100 < 100
HCV antibody positive or negative 0.0 00 0.0 0.0

AST: aspartate aminotransferase, ALT: alanine aminotransferase, y-GTP: y—glutamyltranspeptitase, LDH: lactate dehydrogenase, LAP:
leucine aminopeptidase, CK: creatine kinase, ChE: cholinesterase, HDL-C: high density lipoprotein cholesterol, CRP: C-reactive protein,

HBs: hepatitis B surface, HCV: hepatitis C virus. * IF means interference. {T) overestimation, ({) underestimation, {none) no interference.
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Table 4. Coagulation fibrinolysis examination

Blood+Saline Blood+HbV
Analytes Units  CLIA limits +Seline +Dex +Saline G +Dext
(Control)

APTT second +15% 385 412 Impossible 408
PT second + 15% 122 122 Impossible 119
fibrinogen mg/dL + 20% 157 149 Impossible 161 =
ATII % ND, £ 20% 69 67 82 70
vWF antigen % ND, £ 20% 48 34 . Impossible 43
vWF activity % ND, % 20% 52 24 Impossible 21 .
Total PAI-1 ng/mL ND, = 20% 6 15 3 12 i
FDP pg/mL  ND, & 20% <2 <2 <2 <2
D-dimer pg/mL  ND, % 20% 0.22 02 <010 018 - none:

APTT: Activated partial thromboplastin time, PT: Prothrombin time, ATIII: Antithrombinlll, PAI-1: plasminogen activator inhibitor-1 ,

FDP: fibrinogen degradation products. * IF means interference. (1) overestimation, () underestimation, {none) no interference.

Table 5. Blood sugar tests

Blood+Saline Blood+HbV
Analytes Units +Sali S
nalyte : e +Dex +Saline
(Control)
Glucose mg/dL 65 57
Analytes Units Blood+Saline Blood-+HbV
Hbgc % 48 48

Hbye : glycated hemoglobin. * IF means interference. (1) overestimation, ($) underestimation, {none) no interference.
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jo. MG Dex ZHMLIRETE Y RT 0T VOETER
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Artificial Oxygen Carriers, Hemoglobin Vesicles and Albumin—Hemes,
Based on Bioconjugate Chemistry

Eishun Tsuchida,* Keitaro Sou.” Akito Nakagawa,” Hiromi Sakai, Teruyuki Komatsu,™* and Koichi Kobayashi*

Research Institute for Science and Engineering, Waseda University, Tokyo 169-8555, Japan. PRESTO, Japan Science and
Technology Agency (JST). and Department of General Thoracic Surgery, School of Medicine, Keio University,
Tokyo 160-8582. Japan. Received October 10, 2008: Revised Manuscript Received December 10, 2008

Hemoglobin (Hb, Mw: 64 500) and albumin (Mw: 66 500) are major protein components in our circulatory system.
On the basis of bioconjugate chemistry of these proteins, we have synthesized artificial O, carriers of two types. which
will be useful as transfusion alternatives in clinical situations. Along with sufficient O, transporting capability, they
show no pathogen, no blood type antigen, biocompatibility, stability, capability for long-term storage, and prompt
degradation in vivo. Herein, we present the latest results from our research on these artificial O, carriers, Hb-vesicles
(HbV) and albumin—hemes. (i) HbV is a cellular type Hb-based O, carrier. Phospholipid vesicles (liposomes, 250 nm
diameter) encapsulate highly purified and concentrated human Hb (35 g/dL) to mimic the red blood cell (RBC) structure
and climinate side effects of molecular Hb such as vasoconstriction, The particle surface is modified with PEG-conjugated
phospholipids. thereby improving blood compatibility and dispersion stability. Manipulation of physicochemical
parameters of HbV, such as O, binding affinity and suspension theology, supports the use of HbV for versatile medical
applications. (i) Human serum albumin (HSA) incorporates synthetic Fe**porphyrin (FeP) to yield unique albumin-
based O, carriers. Changing the chemical structure of incorporated FeP controls O, binding parameters. In fact, PEG-
modified HSA-FeP showed good blood compatibility and O, transport in vivo. Furthermore, the genetically engineered
heme pocket in HSA can confer O, binding ability to the incorporated natural Fe*protoporphyrin IX (heme). The O,
binding affinity of the recombinant HSA (fHSA)-heme is adjusted to a similar value to that of RBC through oplimization
of the amino acid residues around the coordinated Os.

1. INTRODUCTION risk of transmission of viral illness has became extremely low.
Nevertheless, this level of safety has been achieved at great cost
and hepatitis virus or unknown pathogens cannot be excluded
completely, even by the nucleic acid amplification test (NAT)
system. Furthermore, the transfusion of donor blood necessitates

Transfusion of donor blood is currently an indispensable
routine procedure in modern medical treatments because the

* To whom correspondence should be addressed. Eighlln Tsuchidg, cross matching and compatibility tests to avoid a hemolytic
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Figure 1. Lipidheme phospholipid vesicles as a totally synthetic
artificial O, carrier (7).

During the past several decades, various artificial O, carriers
have been synthesized and studied for as RBC substitutes by
many scientists in the fields of organic chemistry, inorganic
chemistry, biochemistry, and polymer chemistry. These O,
carriers are classified as perfluorocarbon-based maicrials, syn-
thetic Fe**porphyrin-based materials, and Hb-based materials.
In this review, we highlight recent developments of our research
related to RBC substitutes of the latter two types.

Actually, Hb consists of four polypeptide chains (globin
proteins), each of which has an Fe**protoporphyrin [X (heme)
as a prosthetic group. The globin chain forms a compact globular
conformation; the heme group is incorporated into the hydro-
phobic pocket with an axial coordination of histidine (/). On
exposure of the Hb solution to O,, the heme forms a stable O,
adduct complex. However, if the heme is eliminated from the
globin wrapping, the heme complex is oxidized immediately
and irreversibly to its Fe'™ state by proton-driven oxidation or
u-oxo dimer formation (2). In the 1970s and 1980s, much
research was directed to mimic the O, carrier by synthesizing
substituted porphyrin derivatives. In aprotic solvents, the proton-
driven oxidation is excluded completely. Therefore, the remain-
ing problem is how to suppress irreversible oxidation via
dimerization. One successful approach was steric modification
of porphyrin. Some superstructured Fe’*porphyrins were pre-
pared using an elegant organic synthesis technique (2—4). In
particular, Collman reported that the tetrakis(c.,0,0,0-0-pivala-
mido)phenylporphinatoiron complex with [-methylimidazole
can reversibly bind O, in benzene at room temperature (5, 6).
Nevertheless, these synthetic porphyrins were all oxidized
irreversibly in aqueous media.

To create a hydrophobic environment in water, it is possible
to use a bilayer membrane of a phospholipid vesicle instead of
globin protein. In 1983, we synthesized an amphiphilic
FeX*porphyrin having four alkylphosphocholine groups (lipid-
heme), which is efficiently embedded into the bilayer of the
phospholipid vesicle to yield a homogeneous hybrid. This
lipidheme/phospholipid vesicle can bind and release O> under
physiological conditions (Figure 1) (7—9). The 10 mM lipid-
heme/phospholipid vesicle solution dissolves 29 mL O/dL
compared to 27 mL/dL of human blood. Subsequent to that
finding, we synthesized over 60 lipidheme molecules. A new
lipidheme having four dialkyl-sn-glycerophosphocholine groups
is self-organized in water to form self-assembled porphyrin
bilayer vesicles without phospholipid (/0). Furthermore, in 1995,
we found that synthetic Fe*™ porphyrin bearing a covalently

Tsuchida et al.

linked proximal base (FeP1) is incorporated into human serum
albumin (HSA) and the obtained HSA-FeP1 hybrid coordinates
0, in aqueous medium (/7).

In 1985, we began the study of Hb-based O, carriers using
purified human Hb aiming at the beneficial utilization of
outdated RBC to support the present blood donation—transfusion
system. This project has been supported for a long time by
Japanese Red Cross Society and Ministry of Health and Welfare,
Japan. On the basis of a fundamental concept that the cellular
structure of RBC is necessary for O, transport in the blood-
stream, we designed the phospholipid vesicle encapsulating Hb:
the so-called Hb-vesicle. It has to be emphasized that the Hb-
vesicle comprises a concentrated Hb solution and four kinds of
natural and synthetic lipids that assemble to form a hierarchical
corpuscle structure (molecular assembly) through the well-
regulated secondary interactions, such as hydrophobic and
electrostatic interactions. To date, chemically modified Hb of
several types have been developed as RBC substitutes or O,
therapeutic reagents. Herein, we review the latest developments
of our research into Hb-vesicles and albumin—hemes.

2. HEMOGLOBIN VESICLES THAT MIMIC THE
RBC CELLULAR STRUCTURE

2.1. Physiological Importance of Cellular Structure of
RBC for Encapsulated Hb Design. Historically. stroma-free
Hb isolated from RBCs were tested as a principal material for
carrying O,. However, the plasma retention time of stroma-
free Hb is particularly short (half-life of 0.5—1.5 h) because of
the dissociation of the Hb tetramer (0p3>: Mw, 64 500; 6.5 nm
diameter) into dimers (20,3), which are subsequently filtered
by the kidney (72). Cell-free Hb-based O, carriers have been
developed to overcome the problems of stroma-tree Hb through
chemical modification, “bioconjugation”, of Hb molecules
(Figure 2). They include intramolecularly cross-linked Hb
(DCLHDb) to prevent dimerization, recombinant cross-linked Hb
produced by E. coli, polymerized Hb using glutaraldehyde or
other cross-linkers, and polymer-conjugated Hb such as PEG-
conjugated Hb and polysaccharide-conjugated Hb (/3—27).
During the long history of the development of cell-free Hb-
based O, carriers (HBOCs), the many side effects of stroma-
free Hb and chemically modified Hbs have been well-
documented: renal toxicity; entrapment of gaseous messenger
molecules (NO and CO) inducing vasoconstriction, hyperten-
sion, reduced blood flow, and reduced tissue oxygenation at
microcirculatory levels (22—25); neurological disturbances;
malfunction of esophageal motor function (/8); myocardial
lesions (26, 27); and death (28). These side effects of Hb
molecules underscore the importance of the large dimension of
HBOCsS or the RBC cellular structure. Retrospective and recent
observations have indicated the main justifications for Hb
encapsulation in RBCs: (i) a decreased high colloidal osmotic
pressure (75); (ii) prevention of the removal of Hb from blood
circulation; (iii) prevention of direct contact of toxic Hb
molecules and the endothelial lining (29); (iv) retardation of
reactions with endogenous NO and CO (24, 25, 30, 31) (Figure
3); (v) preservation of the chemical environment in cells, such
as the concentration of phosphates (2,3-DPG. ATP, etc.) and
other electrolytes; (vi) RBCs are the major component that
renders blood as non-Newtonian and viscous, which is necessary
to pressurize the peripheral artery for homogeneous blood
distribution and for maintenance of blood circulation (32); (vii)
the RBC cellular structure retards O,-release in comparison to
acellular Hb solutions (33, 34), thereby retaining O, to peripheral
tissues where O, is required. For those reasons, the optimal
structure of Hb-based O, carriers might be to mimic the RBC
cellular structure.



