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Figure 4 Distribution of po, in the microvessel of the microcirculation
of the hamster window preparation as a function of the arteriolar order of
branching (As) and the venular order of branching (Vs). It is apparent that
tissue po, is narrowly regulated to a value in the range of 22 to 24 mmHg,
which is significantly higher than the level associated with anaerobic
metabolism.

the same variability is present, there is a significant amount
of tissue that is anoxic. In the presence of a fraction of the
oxygen-carrying capacity that can only be released at very
low po,s, a form of targeted oxygen delivery, the effects
of this variability will be nullified, ensuring that all the tis-
sue, even at low po, is oxygenated above the anaerobic
threshold.

Tissue po, levels that may be considered harmful could,
in fact, be quite safe if it were possible to eliminate the
inherent variability of oxygen delivery shown by the vari-
ability of tissue po,. A small quantity of a low-p50 hemo-
globin oxygen carrier in the circulation accomplishes this
because it delivers oxygen only to portions of the tissue
where the anoxic threshold is passed, while the presence of
even significant amounts of right-shifted hemoglobin would
have no effect since most of the bound oxygen would be
unloaded in oxygenated regions.

Cross-linked or polymerized hemoglobins developed so
far have a high p50, presumed to be beneficial since it facil-
itates oxygen unloading. However, po, in the microcircula-
tion is regulated so that there is a significant decrease in
oxygen tension from the systemic circulation to the capillar-
ies, which typically have a po, of about 30mmHg. At
this p50 half of the blood oxygen is delivered by arterioles
in normal conditions; however, if the p50 of the OCPEs
is above this value, as in the case of Oxyglobin (pSO =
54 mmHg), most of the oxygen in the blood should be deliv-
ered by the arterioles if this material were to replace blood.
These vessels extract a significant amount of oxygen from
the circulation while consuming a major portion of this oxy-
gen flux, thus increasing their oxygen supply increases
tissue oxygen inhomogeneity, which is further aggravated
by the vasoconstrictor autoregulatory response already
discussed.

Oxygen-Carrying Capacity

Measurements of po, in the microcirculation utilizing the
technique of phosphorescence oxygen quenching show that
when hemodilution carried out to a total hemoglobin content
in red blood cells of 5.6g/dL, then tissue oxygen is some-
what higher than normal but not statistically significant. The
required oxygen-carrying capacity can also be obtained by a
simple calculation that relates the whole-body oxygen con-
sumption and cardiac output, which yields a nearly identical
number for the organism at rest. Therefore, in principle, the
oxygen-carrying capacity of an OCPE does not need to
reproduce the value for normal blood and can be signifi-
cantly lower.

Colloid Osmotic Pressure

It is generally assumed that a blood substitute should
have a colloid osmotic pressure similar to that of blood
and in the range of 20 to 25mmHg; however, several
plasma expanders have zero colloid osmotic pressure
(saline, Ringer’s lactate) and small-volume resuscitation
utilizes fluids with very high osmotic properties. To date
there is no definitive answer on what is the osmotic and/or
oncotic property that is most appropriate, and in all proba-
bility this is a variable that depends on the type of blood loss
to be corrected. Resuscitation with noncolloidal fluids leads
to tissue edema. Conversely fluids with high colloidal and
osmotic pressures cause tissue fluid to come into the vascu-
lar compartment, thus decreasing the amount of fluid to be
administered. Most conditions of hemorrhage are associated
with endothelial edema, which has been demonstrated to be
rapidly reversed upon the introduction of hyperosmotic and
hyperoncotic fluids. Volume expansion fluids such as
hydroxyethyl starch have relative high colloid osmotic pres-
sures, typically in the range of 30 to 50 mmHg depending on
formulation, Small molecule hemoglobin—based OCPEs
have their oncotic pressure adjusted to be that of plasma,
but PEG-hemoglobin modified OCPEs tend to have higher
oncotic pressures.

Synthesis of an Effective Oxygen-Carrying
Plasma Expander

An OCPE based on the preceding concepts is a fluid with
properties fundamentally different from those of blood,
since it has low oxygen-carrying capacity, p50 is low and in
the neighborhood of 5mmHg, viscogenic properties are
such that when introduced into the circulation plasma vis-
cosity should be of the order of 2.0 to 2.5cP, and colloidal
osmotic pressure can be high. A fluid with these properties
can be obtained by conjugating hemoglobin with PEG, and
various formulations have been tested in both animal exper-
iments and human trials with excellent results. Notably this
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formulation is vasoinactive, and its NO-scavenging charac-
teristics do not appear to be relevant since these fluids have
the same NO binding constant as other vasoactive formula-
tions that are vasoactive [7].

These fluids are in some cases more effective than blood
because they are designed to maintain FCD, which is as nec-
essary as restoring tissue oxygenation for the recovery from
blood losses. Because in the foreseeable future OCPEs will
use human hemoglobin, these fluids are practical: Their
hemoglobin content is low, and more than two units of blood
equivalent unit of resuscitation fluid can be obtained from
one unit of blood. Finally, this low oxygen-carrying capac-
ity is practical and safe because it yields a significant
improvement of microvascular function.

Experimental Evidence

The effectiveness of different resuscitation modalities
was tested experimentally in studies of extreme hemodilu-
tion and hemorrhagic shock in the microcirculation of the
hamster chamber window model, which allows microcircu-
latory monitoring in the awake condition for a period up to
1 week, after the effects of the surgical intervention have
subsided. Extreme hemodilution was chosen because in
most instances, lowering systemic hematocrit to 50 percent
of baseline with a suitable plasma expander does not alter
microvascular hemodynamics and transport in our experi-
mental model. Animals were hemodiluted to 60 percent
of normal with dextran 70 kDa, and further hemodiluted
to a final hematocrit of 11 percent using the different
products simulating blood losses initially remedied with
conventional plasma expanders, which upon passing the
transfusion trigger are corrected with an oxygen-carrying
blood substitute.

A compendium of findings in extreme hemodilution to 50
percent of normal with dextran 70kDa and further hemodi-
lution to a final hematocrit of 11 percent with the different
products is shown in Figure 5, including results obtained
with PEG-Hb vesicles developed at Waseda University,
Tokyo, using a somewhat different protocol where extreme
hemodilution was achieved with a continuous exchange of a
hemoglobin vesicle suspension. FCD is shown as a function
of blood base excess, which represents systemic conditions
and suggests the definition of critical functional capillary
density as the value for this parameter at which base excess
is no longer sustained and drops following modest reduc-
tions of total blood hemoglobin, that is, in the neighborhood
of a 50 percent FCD reduction. The most important result is
that normal base excess is obtained with total blood hemo-
globin of 5 percent, if 1 percent of this is Mal-PEG-Hb—a
result not found with other OCPEs.

Extreme hemodilution is not a clinically relevant proce-
dure and serves only to study basic mechanisms. A clinically
relevant test is to rescue a subject in hemorrhagic shock.
Studies were therefore conducted to determine the effects of
resuscitation with blood, starch, and Mal-PEG-Hb in a con-

1.0 5 @ | 16
2
o
s 0.8 1 2 E
Q5 [
o 3
,—‘=_‘3§ 0.6 9 Q
e g &
og¢ 5
EE 041 @
s g
©
5 021 ¢

0.0 ] ¥ ¥ ¥ 0

4 -2 0 2 4 6
BaseExcess, mmol

Figure 5 Relationship between total circulating hemoglobin and base
excess, and FCD and base excess, for different hemoglobin modifications
and concentrations, including hemoglobin vesicles, in normovolemic
hemodilution experiments. The data marked @ shows the relationship
between FCD and base excess, showing that MAL-Peg-Hb (V) yields high
FCD and base excess at low hemoglobin concentrations. It is apparent that
base excess is a direct function of hemoglobin concentration (+) with the
exception of MAL-Peg-Hb (€), which presents normal base excess at a
very low total hemoglobin content. (see color insert)

ventional 50 percent bleed shock protocol. The animals
were resuscitated after 1 hour without any additional vol-
ume manipulation using shed blood, HES, and Mal-PEG-Hb
with 25 percent of the blood volume. The results, shown in
Figure 6, indicate that Mal-PEG-Hb is superior to both HES
and blood in reestablishing microvascular function. Concur-
rently it was found that base excess was higher in the
Mal-PEG hemoglobin-resuscitated animals than in the
blood-resuscitated animals. An explanation for these find-
ings is that low p50 hemoglobin targets oxygen delivery of
oxygen to only the anoxic tissue.

An extreme hemorrhage study was performed with Mal-
PEG-Hb in which rats were 50 percent exchange transfused
before hemorrhage with either a.oi-cross-linked hemoglobin,
or 4 percent Mal-PEG hemoglobin (Figure 7). These ani-
mals were then subjected to a continuous exponential bieed
(1 hour, 60 percent of blood volume) whereby at the end of
the second hour after the start of bleeding 50 percent of the
conirol animals succumbed. In these experiments it was
found that at the end of one hour all animals that received
Mal-PEG hemoglobin before hemorrhage survived, while
all of those receiving oo-cross-linked hemoglobin did not
survive.

Summary and Conclusions

The revision of microvascular physiology related to
modifying basic transport properties of blood such as
plasma viscosity, p50, and hemoglobin concentration shows
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Figure 6 Recovery of FCD during resuscitation from 1 hour hemor-
rhagic shock with identical volumes of shed blood (black bars), 5 percent
HES (shaded bars), and 4 percent MAL-Peg-Hb (white bars). S1 and 82
initial and final conditions during the shock period. R1, Recovery immedi-
ately after resuscitation; R2, 1 hour after resuscitation. p < 0.05 relative to
shed blood and HES.

that blood or a bloodlike fluid may not be the optimal oxy-
gen-carrying volume-restoring fluid. A critical parameter for
either oxygen-carrying or noncarrying blood replacements
is their viscosity, which is a factor in maintaining capillary
flow.

Amalysis of the microvascular consequences of changing
blood rheological conditions and particularly plasma shows
that low plasma viscosity is not of universal benefit. Patients
following trauma, peripheral arterial occlusive disease, and
acute myocardial infarction have elevated plasma viscosity,
a condition presumed to be pathological. However, there are
situations where increased viscosity may be a protective or
beneficial mechanism.

Plasma expanders are not used after reaching the transfu-
sion trigger because the reduction of blood oxygen-carrying
capacity beyond this point is assumed to jeopardize tissue
oxygenation, according to the systemic evaluation of the
organism portrayed by blood gases. Conditions in the micro-
circulation and local microscopic tissue environment when
the reduction of red blood cells is extended beyond the
transfusion trigger have not been consistently explored and
presently show that oxygen-carrying capacity is not the
major factor in determining tissue survival.

Studies show that the transfusion trigger is also the limit
for the organism to adapt to low blood viscosity in acute
conditions; thus the conventional transfusion trigger is also
a viscosity trigger. Since the administration of a molecular
oxygen carrier is physically similar to continuing fluid ther-
apy after reaching the transfusion trigger, the maintenance
of FCD requires the increase of plasma viscosity which
through shear stress—dependent mechanisms operating
in the endothelium ensures the maintenance of optimal
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Figure 7 Controtled bleeding in rats that are 50 percent exchange trans-
fused with MAL-Peg-Hb (@), act-cross-linked hemoglobin (4), and a
polymerized hemoglobin (+), versus controls (&) with no treatment. The
study was designed so that 50 percent of the untreated (not transfused con-
trols) would survive 120 minutes.

microvascular function. Oxygen-carrying capacity is
exhausted upon red blood cell (or hemoglobin) losses that
are significantly greater than those represented by the trans-
fusion trigger. However, these losses of oxygen-carrying
capacity do not need to be compensated on a one-to-one
basis, if microvascular function (i.e., FCD) is maintained
and an oxygen carrier is introduced only to deliver oxygen
to anoxic tissue regions. This approach ensures a uniform
maintenance of the whole organism above the anaerobic
threshold, while limiting the amount of oxygen carrier
needed to maintain metabolism. Thus the combination of
maintenance of microvascular function and targeted oxygen
delivery is the primary determinant of an efficacious human
hemoglobin-based blood substitute that is more effective
than blood in acute conditions and that also expands the
available blood supply, since a unit of blood yields more
than two units of surrogate blood.

Glossary

Functional capiliary density: Number of capillaries in a unit volume
of tissue that presents the passage of red blood cells. This parameter is
experimentally determined by measuring the length of red blood cell-
perfused capillaries in a microscopic field of view.

Microvascular function: A combination of parameter including flow,
number of open capillaries, intact vascular permeability, and level of ves-
sels tone that allows for the proper interaction between blood and tissue at
the microscopic level.

Oxygen-carrying capacity: The amount of oxygen in milliliters at
standard atmospheric conditions and temperature contained in a fluid.

p50: Partial pressure of oxygen at which hemoglobin is 50 percent
saturated with oxygen.

Plasma expander: A fluid used to restore circulatory volume when
oxygen-carrying capacity is adequate.

Transfusion trigger: Level of blood hemoglobin at which the decision
is made to introduce red blood cells into the circulation in order to restore
oxygen-carrying capacity.
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Vasoactivity: Inherent property of compounds that cause vasocon-
striction and the elevation of systemic blood pressure.
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Performances of PEG-modified
hemoglobin-vesicles as artificial oxygen
carriers in microcirculation

Hiromi Sakai * and Eishun Tsuchida
Advanced Research Institute for Science and Engineering, Waseda University, Tokyo 169-8555, Japan

Abstract. Hemoglobin-Vesicles (HbV; diameter, 250 nm) are artificial Oy carriers encapsulating purified and concentrated
human Hb solution in phospholipid vesicles (liposomes), and their safety and efficacy, as a transfusion alternative, have been
studied. In this paper, we summarized the characteristics of HbV that have been clarified by the microcirculatory observations.

Keywords: Blood substitutes, liposome, microcirculation, EDRF, oxygenation

1. Introduction

Hemoglobin (Hb)-based O, carriers (HBOCs) have been developed for use as a transfusion alterna-
tive and some of them are now in the process of clinical trials [1]. The advantages of the HBOCs are the
absence of blood-type antigenicity and infectious pathogens, and stability for long-term storage when
compared with the RBC transfusion [2-4]. A phospholipid vesicle or liposome encapsulating concen-
trated human Hb (Hb-vesicle, HbV) has been developed as an O, carrier [2,5-9]. The celiular structure of
the HbV (particle diameter, ca. 250 nm) has characteristics similar to those of natural RBCs, since both
have lipid bilayer membranes that prevent the direct contact of Hb with the components of blood and the
endothelial lining [10]. The reasons for the Hb encapsulation in RBCs should be: (1) a decrease in the
high viscosity of Hb and a high colloidal osmotic pressure; (2) prevention of the removal of hemoglobin
from the blood circulation; and (3) preservation of the chemical environment in the cells such as the con-
centration of phosphates (2,3-DPG, ATP, etc.) and other electrolytes. Moreover, during the long history
of the development of HBOCs, many side effects of molecular Hb have become apparent. These side
effects of molecular Hb would imply the importance of the cellular structure.

Our in vivo studies of HbV have revealed the sufficient O, transporting efficiency comparable to
RBCs [11-14], the safety in terms of blood compatibility [15], and prompt degradation in the reticuloen-
dothelial system [16-19], all of which make us confident about advancing to the further development
of HbV.

In this paper, we focus on the performances of our polyethylene-glycol (PEG)-modified HbV from the
viewpoint of hemorheology and microcirculation.

*Corresponding author. E-mail: hiromi @ waseda.jp.

1386-0291/06/$17.00 © 2006 - IOS Press and the authors. All rights reserved
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Fig. 1. Hemoglobin-vesicles (HbV) encapsulate the ultrapurified and concentrated human Hb solution (35 g/dl) with phospho-
lipid bilayer membrane, and the surface is modified with polyethylene giycol chains. The well-regulated particle size (about
250 nm) was confirmed by TEM. One particle contains about 30,000 Hb molecules and about 1500 PEG chains were fixed on
the surface.

2. Impact of PEG-maodification of HbV

The rheological property of an HBOC is important because the infusion amount should be significantly
large and that may affect the blood viscosity and hemodynamics. One HbV contains about 30,000 Hb
molecules so that the suspension of HbV does not have colloid osmotic pressure (COP) (Fig. 1). The
HbV suspended in 5 g/dl human serum albumin (HSA) at [Hb] = 10 g/dl shows comparable COP and
viscosity to the blood.

We tested he function of PEG-modified and unmodified HbV as a blood replacement in the subcuta-
neous microvasculature of awake hamsters during severe hemodilution in which 80% of the red blood
cell mass (70 ml/kg) was substituted with suspensions of the vesicles in 5% HSA solution [20,21]. Both
materials yielded normal mean arterial pressure, heart rate, and blood gas parameters, which could not be
achieved with albumin alone. Subcutaneous microvascular studies showed that PEG-modified HbV/HSA
significantly improved microhemodynamic conditions (flow rate, functional capillary density, vessel di-
ameter, and O, tension) relative to unmodified HbV/HSA. PEG-modified HbV was homogeneously
dispersed in the plasma phase while the unmodified HbV showed aggregation in venules and capillaries.
Even though it was confirmed in vitro that the aggregates dissociated reversibly at higher shear rates,
it is unlikely that they would dissociate in vessels where the flow rate or shear stress was low. Aggre-
gation and decreased flow rate may constitute a vicious circle that reinforces negative effects on blood
flow. PEG reduced vesicular aggregation and viscosity, improving microvascular perfusion relative to
the unmodified type. From this result, PEG modification is important for HbV in microvascular blood
flow.

3. Interaction with NO and CO

As clinical trials of the chemically modified Hbs are extended to include larger numbers of individuals,
it becomes apparent that the principal side effect consistently reported in the administration of acellu-
lar Hb solutions is hypertension presumably because of vasoconstriction. Hypertension, a well-defined
reaction of the acellular intramolecularly cross-linked Hb (XLHb), was proposed to be beneficial in the
treatment of hypotension concomitant to hemorrhagic shock [22]. However, vasoconstriction reduces
blood flow, lowering functional capillary density, and therefore affecting tissue perfusion and oxygena-
tion [23,24]. Nitric oxide (NO) scavenging by Hb due to intrinsic high affinity of NO to Hb is the
mechanism presumed to cause vasoconstriction and hypertension [25,26].
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We analyzed the relationship between the constriction of resistance vessel and hypertension after
administration of acellular Hb and the extent to which the effect is dependent on the size of acel-
lular Hb molecules modified by polymerization, polymer conjugation, and cellular liposome encap-
sulation [8,27]. Conscious Syrian golden hamsters with dorsal skinfold preparation were used. After
the top load infusion of Hb products (7 ml/kg) into arterial catheter into jugular vein, mean arterial
pressure, and heart rate were monitored through jugular arterial catheter, and microvascular responses
were monitored by an intravital microscopy. The Hb products included intra-molecularly crosslinked
Hb (XLHb), PEG-conjugated pyridoxalated Hb (PEG-PLP-Hb), hydroxyethylstarch-conjugated XLHb
(HES-XLHb), glutaraldehyde-polymerized XLHb (Poly-XILHb) and HbV. Their molecular diameters
were 7, 22, 68 and 224 nm, respectively. The top load infusion of 7 ml/kg of XLHb (5 g/dl) caused
the immediate increase of MAP, which was 34 + 13 mmHg higher 3 hrs after infusion. There was a
simultaneous decrease in diameter of Ag vessels (79 =+ 8% of basal value), which caused blood flow
to decrease throughout the microvascular network. The diameter of smaller arterioles did not change
significantly. Infusion of HBOCs of greater molecular size resulted in lesser vasoconstriction and hyper-
tension with HbV showing the smallest changes. Infusion of HSA was used as control and produced no
microvascular or systemic effects. Constriction of resistance arteries was found to be correlated to the
level of hypertension, and the responses proportional to the molecular dimensions of HBOCs. Since the
results correlate with molecular size it is likely that the effects are related to the diffusion properties of
the different hemoglobin molecules.

The liver is a major organ that detoxifies excess amount of heme by the action of heme oxygenase
(HO). HO decomposes protoheme IX to generate biliberdin-IXa and CO. Under normal conditions,
liver contains at least two OH isozymes for physiologic degradation of the heme: HO-1 and HO-2. One
of the important roles of the HO reaction is to generate CO that serves as an endogenous regulator that
is necessary for maintaining microvascular blood flow [28]. Since Hb strongly binds with CO (about
200 times stronger than O,), it is necessary to confirm the effects of HbV in hepatic microcirculation
in comparison with stroma free Hb solution. Suematsu et al. studied the perfusion of a rat liver with
an acellular Hb solution and HbV, and found out that the Hb solution increased vascular resistance by
30% [29]. The smaller acellular Hb molecules (7 nm) extravasate across the fenestrated endothelium
with a pore size of about 100 nm, and reach to the space of Disse. Heme is excessively metabolized by
hemeoxygenase-2 to produce CO and bilirubin. Even though CO acts as a vasorelaxation factor in the
liver, the excess amount of Hb in the space of Disse rapidly binds CO, resulting in the vasoconstriction
and the increase in vascular resistance. On the other hand, Hb-vesicle (250 nm) is large enough to
maintain in the sinusoid, and the vascular resistance is maintained.

These results indicate the importance of the size of the oxygen carriers, and the size of HbV is appro-
priate for the maintenance of microvascular blood flow.

4. Oxygen releasing behavior of HbV and oxygen therapeutics

We measured the O, release from HbV perfused through an O, permeable fluorinated ethylenepropy-
lene copolymer tube (inner diameter, 28 m), that was exposed to a deoxygenated environment [30]
(Fig. 2). The addition of HbV to RBC did not infiuence on the O,-releasing rate. On the other hand,
the addition of 50-vol% acellular Hb solution to RBC significantly enhanced the rate of deoxygenation.
This outstanding difference in the rate of the O, release 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



338 H. Sakai and E. Tsuchida / Performances of PEG-modified hemoglobin

286pum

100%RBC 10%RBC + 90% HbV

Fig. 2. Flow patterns of RBCs mixed with HbVs suspended in human serum albumin in a narrow tube (diameter, 28.6 ym) [30].
RBCs tended to flow in the centerline, while the HbV particles were homogeneously dispersed in a suspension medium. The
individual particles could not be seen at this magnification. However, semitransparent elements were seen in the suspension
medium, indicating the presence of HbV. This experimental model, developed by Maeda et al., was used to analyze the O,
releasing behavior of HbV and RBC. [Hb] = 10 g/dl; centerline flow velocity, 1 mm/s.

diffusion for the facilitated O, transport. It has been suggested that the faster O, unloading from the
HBOC:s is advantageous for tissue oxygenation [31]. However, this concept is controversial regarding
the recent findings since an excess O, supply would cause autoregulatory vasoconstriction and microcir-
culatory disorders [24,32]. We confirmed that HbV does not induce vasoconstriction and hypertension,
due to not only the reduced inactivation of NO as an endothelium-derived vasorelaxation factor, but also
possibly the moderate O, releasing rate similar to RBC as confirmed in this study.

One characteristic of HbV is that the O, affinity (Psp) of Hb can be easily regulated by the amount of
coencapsulated allosteric effector, pyridoxal 5'-phosphate [21]. It has been clarified by Erni et al. that
oxygenation of an ischemic skin flap, where one branch of feeding arteriole was ligated, was improved
by infusion of HbV with a high O, affinity (low Psg) [33,34]. To clarify the underlying mechanism
of ischemic tissue oxygenation, we prepared two HbVs with different Psgs (8 and 29 mmHg, termed
HbVjg and HbVy9, respectively), and observed their O, releasing behavior from an occluded arteriole in
a hamster skinfold window model [35]. Conscious hamsters received HbVg or HbV,g at the dose rate
of 7 ml/kg bw. In the microscopic view, an arteriole (diameter: 53.0 & 6.6 pm) was occluded transcu-
taneously by a glass pipette on a manipulator and the reduction of the intra arteriolar O, tension (pO,)
100 pm down from the occlusion was measured by the phosphorescence quenching of pre-infused Pd-
porphyrin. The baseline arteriolar pO, (50-52 mmHg) decreased to about 5 mmHg for all the groups.
Occlusion after HbVg infusion showed slightly slower rate of pO, reduction in comparison with that
after HbV,g infusion. The arteriolar O, content was calculated at each reducing pO, in combination
with the O, equilibrium curves of HbVs, and it was clarified that HbVg showed significantly slower
rate of O, release in comparison with HbVy9 and was a primary source of O, (maximum fraction, 0.55)
overwhelming RBCs when the pO, was reduced (e.g., <10 mmHg) in spite of a small dosage of HbV.

Accordingly, the result of improved oxygenation of the ischemic skin flap, observed by Erni et al.,
could be explained by low Psy HbVs retaining O, in the upstream vessels and delivering it to the ischemic
tissue via collateral arterioles, even when these may have significantly slower blood flow. Moreover, an
advantage of small HBOCs including HbV is that they are homogeneously dispersed in the plasma phase
and therefore can deliver O, more homogeneously to the periphery than RBCs because microvascular
Hct is heterogeneous particularly in pathological states. In such conditions HbV with a higher O, affinity
(lower Psg) should show a slower O, unloading which would be effective for oxygenating ischemic tis-
sues. This result supports the possible utilization of HBOCs with lower Psg for oxygenation of ischemic
tissues.
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In summary, observation of microcirculation is important for the development of HBOCs because it
is the site where oxygen is unloaded to the target tissues. From the international collaborative evaluation
studies of HbV, we have clarified the rheological property, advantages of the cellular structure, and the
performances of HbV not only as a transfusion alternative but also for oxygen therapeutics.
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Interpretion of a Guidance for Oxygen Carrier Products
and Their Manufacturing
Proposed by The Scociety of Blood Substitutes Japan
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DHRENZBWTRE SN Y RY —A/haENICE "AEZaEy (Hb) 2 WA S ANTBREERE, $4hbban
BEBREY) RV —ABAE 70 VBT ARBRABITIIEROBIETWTETWS, FLTTTIZ2, 304
EPROBRE, §obbLEAEENR HREIEREZERLTYS. 0L 2BFEIHLAPAFRLIRARED L UCHE
éﬂéAI@%@MW&LfﬁFﬁfﬁﬁT&%%iﬁ AREICET A LELRMGZHEICLTB L EEERETH
5. ZOHAXRMBABEYFERE "ATEZERARERICETAIEEFH L LTEORERZR L. AHBIIBWT
WECOREEHEHEOFHEIIOWT, FAODFOER, LEBIIODVWTHREZMAZ., S5 FOTELEIRETOYEES
H, 20O BRICBT52ME LOMBERIZOWTORET L. 361020k ) R ATEEEREONER COR
AR, 7o & 2 3R g cmfmn ((FAMEREH 2 5 D), BEONATOSMEBIIMMRE~DRHAIZOWTLHE L.

Abstract

Preclinical tests for liposome encapsulated hemoglobin as a new oxygen carrier are being almost completed. Some bompanies
have intended to carry it on manufacturing system and then to design its phase I clinical trial in the near future. Accordingly it
is necessary and useful at the present time that safety and efficacy of artificial oxygen carrier as an erythrocyte substitute
should be defined and also its manufacturing process should be proposed from scientific and ethical view point. Recently “The
Scociety of Blood Substitutes, Japan” presented a guidance for its requiring properties and manufacturing system. This review
introduced the guidance and attempted to interpret in its details, such as physicochemical and biological properties of the
liposome-encapsulated hemoglobin, evaluation for influence on vital functions in experimental subjects after its administration,
establishment of consistent processing and qualifying system. This review looked over further clinical use, such as
hemodilutional autologous blood transfusion or treatement for unexpected, massive bleeding, of artificial oxygen carriers at the
first step.

Keywords
guidance, artificial oxygen carrier, manufacturing system, ethics, clinical application, qualification, property
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Wa, FLTEI R COBEMCEREAICHLI 2L %
ATBEERAOMBEE BT -7, L b EIBWT
YRy —LABEACE bATSZOE Y (Hb) #HELE
ANLEEFEEREK, T0bbillE (cellular type) ATLBERHEE
MAEORHRELED SN, FERABROBRE TIHIIZEROBIC
FETNTETWAS, ZLTTTIZ2, 3ORESROBERK, T
hebbTEAEL, BREIRBZEELTVS. Z0LH%
HREDAVHERERZ B E L ATREEREE LTH
WERELGAYHEMBICLTBS I EREETHLEEZLLR
%. NTERFEMEORENE, AHMEICHT5LELLESICD
WTKEE LT TIZW DD DREN T ST 212909,
2 CHE, ARMBABRDES IHED S O—REE 2 B
Bon, HLENZTOMRE, EELBDLOLDLOOANT
BB AR M A AR ERE (LT, ¥9E3H) %
RETDHZ LI o7 (Table 1. J#p.110). RFEIZBWTiE
SEIRR S MR EEHOSEHSFFOER, LEMLS KRB,
DVTENLIIDWTOBREEMASBZ L & LT,

1. FRONRE L5 ATBREERE

BEIZLHE 2 OWE, MIWMAANTEBEEREKE LTHVS
Nhuh s TE& L, LTI TICBRRERICE CHLE
L7V o7z, £ LTINS 72 B Gl 7R M Bk
ORFE LTI TIERL, MoBBEIL, WRAEOER
LErEADOBRICAIZEZ O TWwAY, LarL4gm, 2
AENT-EEFHETOALEREREIIERONER IR
L, MEICERE &R, UL CHBOBERB EUEE,
THRELATALILOENREL TS, Thbblbilld
HEBECORBMN RSB MIIH T % EE CROERE M 5
bOELTwAE, Lo TUTIZR<S N LEZEME0HE
B, RSB Z2ELTRXTCZOENICEETALDE LTWA,
R LLAPETCHERBIN TS ATEFERAEIIL AT
yuvy (Hb) #YHEV—AZHNEsE7) £V —LHMHb%
BEERAL LTS, FLTCFh2ABAERPICFESE
b0 THAH, DL LIk, VRV — LBIHbDUA O BEFERR R
HEHT 5, H50I3EBEEERDIAOBE (L2 EATR
B : hydroxyethyl starchi) # T 2%H&ICiId3&ZFD
oD “HEBEE REETLIEPLELELRS.

2. HGEOMIERY, b2, £YEiE

Bl LTEYRY — ABHbR FAEBRAICH =I5/ L
TWAHIEAEENE. b LERTFEPICHEENICEBRL TS K
I B, BIREROBICBT 2 BEREIC T ey —{ba
BONBRIED . Ledss TRER? S, £ L TRERIC
)RV — ABHOK FOBENTOH—S8R R THS
T ENERISNL, BRI, TabbREREIIBY
THURY —ATH FREVFES, BETLII LR, &
RAFAMLEE, 2% &b FMERTEI—IZaH LT
HBIENEINS.

)EY — AHHMRN T AT R TOMEREZFERT L 720120
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EHEEND - LD EMMERZEBL 2T E 5 2w,
POICHFEBEEATLIENTET, ZOHICBVTHES
X3 edhoTiE bR, ROKIERELYETLW 2
WEZE2-3 yumOEEL@RT LI ENTESL. LLALYERY
—ABHbK FICHEREE R, WHIEAMETH L, 207k
DA% L OHTEEN L umBl T Thwv e BHIME R %88
T&hwv., ILZOBICAERMNLERECTEBL) 5L b
HThHb.

A MEPICRS LGS, MEOMEICKELELED
2AZERIFE LR, ThbbRMRICESE, E6%%
ESECTMBEHEZ EASE2 LY, T8I MR,
MAROHEETIC L D MEMETRTEEL 2T LA
WO ek A &K, EROBRERTIZEOMARICH]
WAz ohsds, ZoOL)BRRETTREROMB LRGSR
B7z1) RV — ABIHbE DR EE OB A E {TDH
EEROMBEHEICKREZEMZE LTI EN2Y. SV -
IRFEHIICZOBMEDOITFEAREMMET L2y, MEE
AEDELETHILIEDHoTIEELR. LA TREZFD
b ORGEE b TR 2 MK EE IRV 2.0-5.0 cps (50-100/sec +
37C) THHZENEF L. .

F/20) AR Y — ABHbR F % MBS L BG4 E
FoMmEks, MENEMEREEmTS. £ L TREPLLTR
WMENTHEARMRIICEREINSY, SLICHBMEIZYERY
— 2BIHb OB RSP HERB I N CREIFY % 27 WHE
HhHoH"., TOL) MK HEEOEMOBRIZENTY
FEY— LABHbE FOEM, HoHVIEFNHAH, MiicEH,
HENTENCOBBIIEELH /A TELE LRV, 220
SEOEEMICEL Y TN MBS, HHERERLEDOTY
=S5 VAN, BYWENATFA T -5 L3¢ LI
L0, BREMBEEZRS L) 2ERRISEREE LRI L
WEENL, COBETI—F IV, BYPENAT( ¥
— L L OBEEHTHSIZE L 2wy REEE 2w, LaLER
WEELEMEE 2L R TEZITANRSGNRL ).

ALEREERMAKE LTOY Ry — 28 bk Tk, &
LHhLAEPEIC OV TE-ICE TS 2 LT~ OBREDHE
W, MBEELTHL. ThbbENFAEEONEMMEN %18
ELRBET, 3$4bbMifiEEN37T, pHA7.35-745, BRFE
SEH100-200 mmHg TEFZ D100 miAS10 mll FOBE#E L # &
L, W CTRMESEH40 mmHgh T OB/MERILEAN» S £
DERBEDBL% LRI T A EDEE L., —HREME
ZCORMIRIMN % BT 5 A KO MK PHbESD 6
g/dl BEEEFEE=86 ml/dl) LHoTWwAY, Lo TZ
ORFARIZBULOBRELERT L EVEEIND, £OLD
Iml/dlZRIEBRET 2 ELEZONE. —F, FEHH
TORMIK, H5VITALEEERE? S OBERIERL
FHICEDRELY, SOUCEHRRCRET0RENH L. T
b bLEBHEBRCHRERS RS S 2V BRESIRAERZSE
#72+15 mmHg"™ & 4545 LREMESHBR LI L
{roTHHENDLZ LB, L LAWY, £etkeER
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FTHELROEELFETEOPEYTHS ).

FURY —LAICRASNLHbOBEFEBAE, P, ®iIRIC
DWTHORAMDIENEZ NS, TDL ) ATEBEFERK
FRHEHTAEANTE—RICEERAOHELL Lo TWa. L7
B0 TP LM B WHbE A Lo BT 2 BE/LIE+
FCBI bbb, FLUTCEMIIBT 2EBERBBHETFENKE L
T B, — P KV HDb & L C b FE o KRk
B ABRRERNBZESEULTHNEH 5B OBEERH AT
Lbhd., 2PPEY, TobbBERNYEE2HbEE
A LASAICEENLE L~V BT OMBIIR L~V i T HERY
KEOBEFRHL, ZO0MBROINEE &7: L, EHm
EMRBEORBD%E &R H LY. — P MKV Hb %
EHTHERICEIOL ) LTREG DR LD, SHICEE
WARTERVIRRT T, FMICB 5 MEEELRGE)
BT LAL) RBETLHbOBENIITR LS.

HbZ MM L7 ATBFERAETIHbO X PAEFTTE Y
(methemoglobin : metHb) ~®ZAL (X ML) OMEIZEE
MBETHL., —BRICTHICBREASINIRETIEIHDIZREIC
AMNEZOUE VIIBITL, BEEREDZHET S, A4
ARIMER A metHb X R MERMALA OB THEZOEAICL VEY
HbiZmILE N 5. ATEEERAL LTH) KRy —HAHHIZ
CORTEELSFEIEL LIIHMMIHE . OFIRZ 5
B, FEHALBLLLTOREBIIHILLTEZORELKS.
ZDA MUEBEILEMOBEMNE, BRECEEINS., 22T
YRV - AHbWATEBEERE L LTHWH A2,
MEIRAMmMEP &Y, T74%bH5100-200 mmHgDBEETE
JTCOHOBET TEOEAGEE R 2547 { &b 12K 2
ETHHIENEIND, SLHVEBRBT HERNICES L
oA O R Y — LK O M R & AR ICEHERR T
OFBAMBEAIMK T T A & &R b (FEMERR COANTLBEER
R & 2 OREEDTHER).

3. HEOREMY, ME

i, RGOWHEY, LFEN, EYWEHEEICEVTBRL
ATBRFERAEOMREICIRE, 53— BRGERETIC
BWTAL LD T FERMEEMLEVREENE TN S, B

DRFEBMO—D3RB T HELREFMET TR, ER, £

ToE— MR ENICERMRE L, LECGLCEDICEHTE
AT LEHDH. FRHERAMREEXEnmEEFRFHETS
CELDATHZERFECONEBFTTLHLDOT, AUME
AEMPEWLOTHo TR SR V. 20:HICEEMOME
H, BEIVLCEL 1 EREB LAV I ENET NG,
Rmidth L % 5Hb, #REHNET LY VIFE, ¥561TY
RV - LABHbH FOHEHEL#EFT AR F L7 a—
N EEERARIIBOTHEL DEMEELEEL TS, ZLT
RAEBLERBICCN S OEMBWESRE L TOAEEIZIEC
NERERELTEMET S, L2l Ry —aH
HbDOAZROWMT I L EARAEETHL. ThbbInsnlk
AR EOEEIIE TN W, L2 LERPERICELES,
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FAERBEBIIRELSALVEEOREICNZ S 2 LITLE
T, FRCEG LHHELHIT L L ELETH L.

BEITERTH D, LAdo TEOEENY, HHMEHARE
RAWHER L 7R, o PR32 VRIS THER
LIENUEATHA.

LAt - #kaetk, et Rt MEL LT Tin
VitrolZ THREET A Z E MWW REThH 4. KROBKME, ThbbAg
(ffE, HE, #YhE) TORER (in vivoRER) AT
1T, MR L TBIREHHTHA.

4. £EHESICE BT S HEEEN, Kol

ATERZEREL RS2 BWEERCOMATH 5. B
BBy, SEE T M EERE LTRSS, L2L
ZORNCHERRABRE LTEYRE2HNRELTELTRESN
T ANTERFER RO, HEELHRE L T Libids
b2,

MET R & U Tl EEEE, SEAEE LD,
INEI (R A, Ty M) mHOWTREZITR- T, RE
PECIEHEY, REWMTHRE LT bR hELLRw,. &6
ERREE, BUO—HIIOoOVWTHERE2FHAL RIS
LBVETHDL., FLEHWHEIIOWTHEENIIEEENS
LB EICTHRET SN LITIELR 6 v,

FRRHREORENERE O DOERSBE L CHERK
B, ZOoCICHEBHRSETEIZEIMREIN TS, EBO
ROB T A TEEZEBRAS 1-2ml/kg minDiEAEET
BETLOFRREEDLNE. Lo CRIBERABRTIEFD
2-3fEOHE, T4bbH 3-5ml/kg minDHEETHEALTE
EREEIPOTEBLIENLET Ly, BROBIZBW M
KX a0EE LTATEBREERAZRST L0, 20Xk
BB UTHE, bLAIFI2 IR 5422 LR A.
L7 LArEEAR 3B THLMIIR S (top loading) $ A& 121310-
20 ml/kg?BRELASH. DL REMRBIIEERETOBR
BERTOREMHEERL L THo T RWEEDNSL, L L
bLINUEDOELHRE TSI LIZMEEHE Mz AR T LI L
Lz, YRV —-AMHENAFOFUDIOBEZ £MEKIC
B2 AIEERDL., Lo TELIIRKEDHSZRA DS
BB THIT T RETH A, Thbbifho—EE
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OETLEABZRSTNE) R Y — 2 0MENEERET, F0
7O, MEHEO LRI SBRAEE ETH
L HE. RERS TOFERBROBIZL To4ks 2
B 54, 7ok 2121020 mizkg: week® 3 - 4 Fl% S,
B 5130204 ml/kg day D14 B g S 7 L OS5 Hikk
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EHROENRIRG SN Ry -2 8Hbl T4 2P &2
BLTENOSEZEET A, Zo0lmdho) By —A8H
FTAILREIIHAL, I bI20 m/kgB 25 LBATY
—HEBEIZIE) R Y — AR HbR T2 PO 5l &
5. F bbb 7y bTOZORAFIEERN & L T16-18hr 2™
EHRESNTwA, ZOF— 52 MOFNIZHBLES
OR300 hrbh b & 2 b & FHEINALT, Thidkdkd s
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TEDIHHBEENE DO LOBELTBL I EANE
ThHb., BHEIZERLTE  ATREFHERARIEO B #9138k
PoRONWINAMEOARFA, L CRIRM, b
Bt 2 ARmIR B OERCH 5. RIS % 2405
THALBREZEMFORBEIREBENTIEIH B205, F2I125)%
THIEHENICLEL D, TLTHEZHEZERLTVS.
TG SN2 R Y — LB HbR T O 98 BR 107 9 i 58 B RS,
Hb? A MERHIEZ SORMBETH B, Lidv 2 NTEEE EREK
DRAFE~OHSWIAFRRE L, 22oU2THE. F0kob
HETOBIKRE 5 F 2 TTable 24277 &) RBEEIGH 2 4T
DOEWETAHIERIBELV. FCilTable 212815 1)
2) ~ORHRMMO N TRFEEREEZ HCTEHRRTITRbRT
WA FLTMEOBFEERBELRS B TOLAT
BEEBAETRET L4513, E4HIFORMERI4EEIC &
HIERARMIREOMIEAE U0, FHEMEn % kg, 55w
EIRT A EASTREE D, & HZTable 2.0 3) ~OEH
BEHAEEE LTOEENPRE L, & ICEHEERS (out of
hospital) T/8F A FA AMIC X ZHERICHBEENTONS,
L2LI0L) L H~NOATEZEREOFERIZI>VWTH S
PULDZODOFREFZREL TBLRETRZVIEER B,
TO—=D2 3 IDOANLEFEREOENMFRREANETHD, ¥
bbb )RV —ARHbx EBAEEKICEES -8R TS
CBEBRBEZA Lz, Lizdts THImzs LT omiv
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LEIHb) OFEHEIZ—REIZ20-30 ml/kglc b & B 0ER
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Table 2.

Clinical Application of Artificial Oxygen Carrier at the First Step
1) Replacement fluid for normovolemic hemodilution

2) Priming solution of cardioputmonary bypass circuit
3) Alternative red blood cell transfusion for acute,massive
bleeding before arrival of matched blood

FIZZO L) mRMERRBEYORSROER, AWERO
METHL., Pl db )Ry —LBHNE—ERHE, BEE
R LTRIDERICR D BIER 213772 I3EETHAH. L
L OMOIRIMIREER M L T, T8 LTHE
HA4aZEbWDTHL, Lizh-> TRILIKE FEICR CHER
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