. LJUWILIUAUUM VY YYD UINL Y LD Ul nugual 17, LvU>
Published on February 10, 2009 on http://pubs.acs.org | doi: 10.1021/bc800431d

Reviews

Hemoglobin-based O, carriers
Chemically modified Hb
Crosslinking (7 nm) Polymerization

Red blood cells (8 pm)
Polymer conjugation

«

Bioconjugate Chem., Vol. 20, No. 8, 2009 1421

o

Allosteric effector: pyridoxal 5'-phosphate

Hb-vesicles (250 nm) Concentrated Hb (>35g/dL)

membrane

Figure 2. Schematic representation of a series of Hb-based O, carriers. Cross-linked Hb, polymerized Hb. and polymer-conjugated Hb are based
on the chemical modification of Hb molecules (chemically modified Hbs). In the case of Hb-vesicles, a purified and concentrated Hb solution (35
g/dL) is encapsulated in phospholipid vesicles and the surface is modified using PEG chains. The particle size is well-regulated at 250 nm.
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Figure 3. Encapsulation of Hb in vesicles retards NO binding. (a) Time courses of NO binding with HbV, human Hb with PLP (Hb/PLP = 1:2.5
by mol), and polymerized bovine Hb (PolysHb) observed by stopped-flow rapid scan spectrophotometry. The level of reaction was plotted on a
semilogarithmic graph as a ratio of absorption at 430 nm (AA) at time £, to the initial absorption (AA,) at time 0. NO-bubbled PBS ([NO] = 3.8
4#M) and deoxygenated-Hb-containing solutions in PBS ([heme] = 3.0 #M) were mixed (3/). (b) Schematic two-dimensional representation of the
simulated time courses of distributions of unbound free NO and unbound free heme in one HbV (250 nm). Both free NO and unbound hemes are
distributed heterogeneously. The concentration changes gradually from the surface to the core, indicating formation of the intracellular diffusion
barrier (30). (c) The phospholipid bilayer membrane cannot have any barrier function to gas diffusion. The determinant factor of retardation of
NO-binding should be the intracellular diffusion barrier, which was induced by (i) intrinsically larger binding rate constant of NO to a heme in an
Hb molecule, (ii) numerous hemes as sites of gas entrapment at a higher Hb concentration. (iii) a slowed gas diffusion in the intracellular viscous

Hb solution, and (iv) a longer gas diffusion distance in a larger capsule.

In 1957, Chang performed the pioneering work of Hb
encapsulation to mimic the cellular structure of RBCs (35);
microcapsules (5 um) were prepared using nylon, collodion,
and other materials. Toyoda in 1965 (36) and the Kambara—Kimoto
group in 1968 (37) also investigated encapsulation of Hbs with
gelatin, gum arabic, silicone, and so forth. Nevertheless, results
emphasized the extreme difficulty of regulating the particle size
to be appropriate for blood flow in the capillaries and to obtain
sufficient biocompatibility. After Bangham and Horne reported
in 1964 (38) that phospholipids assemble to form vesicles in
an aqueous medium and encapsulated water-soluble materials
in their inner aqueous interior (39). it seemed reasonable to use
such vesicles for Hb encapsulation. Djordjevich and Miller in
1977 (40) prepared liposome-encapsulated Hb (LEH) composed
of phospholipids, cholesterol, fatty acids, and so forth. The US
Naval Research Laboratories and collaborators demonstrated

remarkable progress in the use of LEH (4/—43). Terumo Corp.
(Tokyo) developed different LEH, so-called Neo Red Cells (44, 45)
(Table 1).

However, some intrinsic issues of encapsulated Hbs remained.
which were related mainly to the nature of molecular assembly
and particle dispersion. What we call Hb-vesicles (HbV), with
their high-efficiency production processes and improved proper-
ties, were established by our group based on technologies of
molecular assembly in concert with precise analyses of their
pharmacological and physiological aspects (46—48) (Tables 2
and 3). We use stable carbonylhemoglobin (HbCO) for purifica-
tion with pasteurization at 60 °C for 10 h. The purity of the
obtained Hb solution is extremely high (49, 50). Use of the
stable and purified HbCO enables concentration of the Hb
solution to more than 40 g/dL using ultrafiltration and easy
handling of Hb encapsulation using the extrusion method,
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Table 1. List of Representative Liposome-Encapsulated Hbs (LEH) Extensively Studied Aiming at Industrialization and Other Potential

Encapsulated Hbs Using Biodegradable Polymers

product name group

characteristics

current status

Hb vesicles (HbV) Waseda Univ. and Keio Univ.

Neo Red Cells (NRC) Terumo Corp.

artificial red cells (ARC) NOF Corp. and Waseda Univ.

liposome-encapsulated Hb (LEH) ~ US Naval Research Laboratory

Rush-Presbyterian-St. Luke’s Medical
Center, Univ. Illinois

East China Univ. of Science and
Technology

synthetic erythrocytes

Hb-loaded particles
(HbP)

polymersome-encapsulated The Ohio State Univ.

Hb (PEH)

Table 2. Physicochemical Characteristics of Hb Vesicles

parameter

particle diameter 250—280 nm

P5(j (03)" 25—28 Torr

[Hb] 10 g/dL

|heme] 6.2 mM

|metHb] <3%

[HbCO] <2%

suspending medium physiologic saline solution
(0.9% NaCl)

colloid osmotic pressure 0 Torr

intracellular Hb concentration ca. 35 g/dL

lipid composition DPPC/cholesterol/DHSG/
DSPE-PEGsux

¢ potential® ~18.7 mV

weight ratio of Hb to lipids 1.6—1.9 (wiw)

viscosity” 38¢cP

lamellarity nearly 1

stability for storage at room temperature  >2 years, purged with Ny

circulation half-life 35 h (rats)

@ Measured with a Hemox Analyzer (pH 7.4. 37 °C). ® Measured with
a Zeta-Sizer Nano ZS ([NaCl] = 20 mM, pH 7.4). < Measured with
Anton Parr Rheometer M301 (268 s7'. 25 °C).

Table 3. Characteristics of Hb-Vesicles As a Transfusion
Alternative

|. Human derived Hb solution is purified rigorously by pasteurization
and ultrafiltration. The blood type antigens and pathogens are
eliminated for utmost safety.
. Encapsulation of concentrated Hb solution (>35 g/dL), like RBCs.
. Small particle size (250 nm) for homogeneous distribution in the
plasma phase of circulating blood.
. Shielding of the side effects of molecular Hbs by the lipid membrane.
. PEG modification for dispersion stability for long-term storage and in
the bloodstream.
6. Surface properties of HbV (PEG, negative charge, etc.) for blood
compatibility.
7. Prompt degradation and excretion of the components after entrapment
in RES.
. Sufficient oxygen transporting capacity ([Hb] = 10 g/dL, ¢f, [Hb] of
blood = 12—15 g/dL).
9. Physicochemical properties are easily adjustable because of the nature
of the “molecular assembly”.

w9

o

oo

without causing Hb denaturation. It has been confirmed that
HbV encapsulates nearly 35 g/dL within a thin bilayer mem-
brane. In final processing, CO of HbCO in HbV is photodis-

SQ

—

SN S R e

Pasteurization of HbCO at 60 °C for virus inactivation
Lipid composition to improve blood compatibility
PEG modification and deoxygenation for 2 yr storage
[Hb] = 10 g/dL.

Inositol hexaphosphate to regulate Psy (= 40—50 Torr)
Lipids: HSPC/cholesterol/fatty acid/PEG-lipid

Storage in a refrigerator for 6 months

[Hb} = 6 g/dL

Polymerized lipids (DODPC) for stabilization

Storage in powdered or frozen state

Difficulty in degradation in RES

Freeze-dried powder with trehalose

Low Hb encapsulation efficiency

Thrombocytopenia, complement activation

The first attempt of LEH

. Hb encapsulation by poly(e-caprolactone)
(PCL) and poly{e-caprolactone-ethylene glycol) (PCL-PEG)

Double emulsion and solvent diffusion/
evaporation method

. Biodegradable
. Self-assembly of amphiphilic diblock copolymers composed of
poly(ethylene oxide) (PEO). poly(caprolactone) (PCL), and

poly(lactide) (PLA)

. Biodegradable and biocompatible

preclinical

preclinical

suspended

suspended

suspended

basic study

basic study

sociated by irradiation of visible light under an O, atmosphere,
and it converts to HbO, (57).

In fact, Hb autoxidizes to form metHb and loses its O,-binding
ability during storage and during blood circulation (52—56).
For that reason, metHb formation must be prevented. A method
exists to preserve deoxygenated Hbs in a liquid state from using
intrinsic characteristics of Hb: the Hb oxidation rate in a solution
is dependent on the O, partial pressure; moreover. deoxyHb is
not autoxidized al ambient temperatures (56). In the case of
HbV, not only the encapsulated Hb but also the capsular
structure (liposome) must be physically stabilized to prevent
irreversible intervesicular aggregation, fusion, and leakage of
the encapsulated Hb.

In addition to HbV, new encapsulated Hbs without liposomes
have emerged with the use of recent advanced nanotechnologies.
such as polymersome (57) and PEG-poly(e-caprolactone) co-
polymer nanoparticles (58). In vivo evaluation of Oo-carrying
capacities of these new materials is anticipated. Encapsulation
of Hb can reduce the toxicity of cell-free Hbs. However.
numerous hurdles must be surmounted to realize encapsulated
Hbs because of the components of the capsules themselves and
their structural complexity as a molecular assembly. It is also
important to consider the larger dosage requirement of encap-
sulated Hb for blood substitution than those of conventional
drug delivery systems, which require no large dosage.

2.2. Structural Stabilization and Destabilization using
Polymerization or PEG Conjugation. Liposomes, as molecular
assemblies, have generally been characterized as structurally
unstable. The US Naval Research Laboratory tested the addition
of cryoprotectants and lyoprotectants such as trehalose to LEH
for its preservation as a powder without causing hemolysis after
rehydration (59, 60). In addition. many researchers have
developed stabilization methods for liposomes that use polymer
chains (67—64). Polymerization of phospholipids that contain
two dienoyl groups (1.2-dioctadecadienoyl-sn-glycero-3-phos-
phatidylcholine; DODPC) was studied extensively by our group.
For example, gamma-ray irradiation induces radiotysis of water
molecules and generates OH radicals that initiate intermolecular
polymerization of dienoyl groups in DODPC. This method
produces remarkably stable liposomes, resembling rubber balls,
which are resistant to freeze—thawing, freeze—drying, and
rehydration (65, 66). Actually, the polymerized liposomes were
so stable that they were not degraded easily in the macrophages,
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Figure 4. Effect of negatively charged vesicles on encapsulation capability and blood compatibility of HbV. (a) Chemical structures of negatively
charged lipids, 1.5-O-dihexadecyl-N-succinyl-L-glutamate (DHSG) and 1,2-dipalmitoyl-sn-glycelo-phosphatidylglycerol (DPPG). (b) Effect of DHSG
on encapsulation efficiency of Hb (35 g/dL). (c—f) Circulation levels of platelets (c) and white blood cells (d) after intravenous infusion of vesicles
containing 9 mol % DHSG (DHSG-vesicles) or 9 mo] % DPPG (DPPG-vesicles) in rats (lipids; 280 mg/kg body weight). The right side graphs

show the initial fluctuations in platelets (¢) and white blood cells (f).

even 30 days after injection (67). It became widely believed
that polymerized lipids are inappropriate for intravenous injec-
tion because of the difficulty in excretion. Subsequently, it was
clarified that selection of appropriate lipids (phospholipid/
cholesterol/negatively charged lipid/PEG-conjugated phospho-
lipid) and that their composition is important to enhance the
stability of nonpolymerized liposomes (45, 68). Surface modi-
fication of liposomes with PEG-conjugated lipids is sufficient
for dispersion stability (69). In fact. in comparison to RBCs.
HbV is highly resistant to hypotonic shock, freeze—thawing,
and enzymatic attack by phospholipase A, (70).

We investigated the possibility of long-term preservation of
HbV during storage for two years through a combination of
deoxygenation and PEG modification (77). As little as 0.3 mol
9% PEG-conjugated lipid stabilizes the dispersion state and
prevents aggregation and fusion for two years through steric
hindrance (71—73). The original metHb content (ca. 3%) before
preservation decreased gradually to less than 1% after | month
because of the presence of a reductant, such as homocysteine.
inside the vesicles that consumed the residual O, and gradually
reduced the trace amount of metHb. The rate of metHb
formation was strongly dependent on the O, partial pressure: a
lack of increase in the metHb formation was observed because
of the intrinsic stability of the deoxygenated Hb. In fact, the
metHb content did not increase for two years. These results
suggest the possibility that the HbV suspension can be stored
at room temperature for at least two years. which would enable
stockpiling of HbV for any emergency.

2.3. Vesicular Surface Modification with PEG and
Negative Charges for Blood Compatibility. Liposome is not
a solute: it is a particle in a suspension. The particle surface
might be recognized, leading to interaction with blood compo-
nents including complements. The so-called injection reaction,
or pseudoallergy. results from complement activation, giving
rise to anaphylatoxins, which trigger various hypersensitivity
reactions. This reaction is observed sometimes not only with
liposomal products (74). but also with fat emulsions (75), and
a perfluorocarbon emulsion (76). Therefore, examination of
blood compatibility of encapsulated Hbs is important for clinical
use. Transient thrombocytopenia and pulmonary hypertension
in relation to complement activation is an extremely important

hematologic effect observed in rodent models after infusion of
LEH (containing DPPG: 1,2-dipalmitoyl-sn-glycero-3-phos-
phatidylglycerol) developed by the US Naval Research
Laboratory (77, 78) and other products. In our group, exchange
transfusion of prototype HbV (containing DPPG, no PEG
modification) in anesthetized rats engendered transient throm-
bocytopenia and slight hypertension (79). Similar effects were
also observed for administration of negatively charged liposomes
(80, 81). The transient reduction in platelet counts caused by
complement-bound liposomes was also associated with seques-
tration of platelets in the lung and liver. Such nonphysiological
platelet activation probably engenders initiation and modulation
of inflammatory responses because platelets contain several
potent proinflammatory substances. A negatively charged lipid
is required for encapsulating a large amount of Hb using a
minimum amount of lipids (46—48). Therefore, we had to
overcome the problem of conventional negatively charged
vesicles to achieve blood compatibility. In the present formation
of HbV, we use a negatively charged lipid (DHSG: 1.5-O-
dihexadecyl-N-succinyl-L-glutamate) and confirmed the con-
siderable improvement of Hb encapsulation efficiency (Figure
4a,b). It must be emphasized that the present vesicle formulation
for HbV apparently does not induce thrombocytopenia or
complementactivation in animal experiments (Figure 4c—1) (82. 83),
probably because the present HbV contains PEG-modification
and a different type of negatively charged lipid (DHSG), not
DPPG or a fatty acid.

Ikeda and his co-workers (83—86) thoroughly examined blood
compatibility of HbV to human blood in vitro. The present PEG-
modified HbV containing DHSG did not affect the extrinsic or
intrinsic coagulation activities of human plasma, although HbV
containing DPPG and no PEG modification tended to shorten
the intrinsic coagulation time. The kallikrein-kinin cascade of
the plasma was activated slightly by the prototype DPPG-HbV.
but not by the present PEG-DHSG-HbV. The exposure of
human platelets to high concentrations of the present HbV (up
to 40%) in vitro did not cause platelet activation and did not
adversely affect the formation and secretion of prothrombotic
substances or proinflammatory substances that are triggered by
platelet agonists. These results imply that HbV, at concentrations
of up to 40%, has aberrant interactions with neither unstimulated
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Figure 5. Surface modification of HbV with PEG chains. (a—c) Chemical structures of PEG-conjugated lipids. (a) PEG(5000)-DSPE is commercially
available and widely used for surface modification of lipid vesicles. (b) Glutamic acid-type and (c) lysine-type PEG-conjugated lipids were reported
previously (87, 88). (d) PEG-modification of the HbV using the spontaneous incorporation of a PEG-lipid into the bilayer membrane ( 72). (e)
Immobilization of the large water-soluble polymers on the bilayer membranes (87, 89).

nor agonist-induced platelets. It can be concluded that the present
PEG-DHSG-HbV has higher blood compatibility.

For surface modification of HbV with PEG chains, several
PEG-conjugated lipids having amino acid backbone have been
synthesized, as presented in Figure 5b.c (87, 88). For other
applications, these PEG-conjugated lipids are available to modify
the surfaces of not only HbV but also lipid vesicles. Because
the PEG-lipids having a large hydrophilic group form thermo-
dynamically unstable self-assemblies, called micelles (73). they
easily dissociate to monomers and spontaneously incorporate
only to the outer surface of preformed HbV, as illustrated in
Figure 5d (45, 72). Using this method. the required amount of
PEG-conjugated lipid can be reduced by half or less because
only the outer surface of HbV requires PEG chains. In addition,
the PEG chains extending from the inner surface are expected
to reduce the interior volume for encapsulation because of their
exclusion volume effect. Therefore, modification only to the
outer surface is important to encapsulate large amounts of Hb
in lipid vesicles. To immobilize the hydrophilic macromolecules
stably, such as PEG chains and proteins on lipid vesicles, a
large hydrophobic anchor having a tetraacyl structure has been
synthesized (Figure 5c,e). It has been confirmed that this
hydrophobic anchor can stably immobilize PEG chains of high
molecular weight (Mw 12 500) or water-soluble proteins (87, 89).
These surface modification technologies and lipid chemistry
have been applied to the development of other functional
biomaterials (87—93).

2.4. Circulation Time, Biodistribution, and Metabo-
lism. The dosage of blood substitutes is expected to be
considerably larger than those of other drugs, while their
circulation time is considerably shorter than that of RBCs.
Therefore, their biodistribution, metabolism, excretion, and side
effects must be characterized in detail, especially in relation to
the reticuloendothelial system (RES, alternatively. the mono-
nuclear phagocytic system, MPS). Normally, free Hb released

from RBCs is bound rapidly to haptoglobin and is consequently
removed from circulation by hepatocytes. However, when the
Hb concentration is greater than the haptoglobin binding
capacity, unbound Hb is filtered through the kidney, where it
is actively absorbed. Hemoglobinuria and eventual renal failure
occur when the kidney reabsorption capacity is exceeded. The
encapsulation of Hb in vesicles completely suppresses renal
excretion. However, HbV in the bloodstream is ultimately
captured by phagocytes in the RES in much the same manner
as senescent RBCs are, as confirmed by radioisotope *™Tc-
labeled HbV injection (42, 94). The circulation half-life is dose-
dependent: for the dosage of 14 mL/kg body weight, the
circulation half-life was 34.8 h in rats and 62.6 h in rabbits
(Figure 6a). The HbV are finally distributed mainly in the liver.
spleen, and bone marrow (Figure 6b). The species-dependent
circulation time is inferred to be dependent upon the species-
specific weight balance of phagocyte organs, particularly the
liver, spleen, and bone marrow, against body weight (94). The
circulation half-life in the case of the human body can be
estimated as about 2—3 days at the same dosage.

1t is generally accepted that the liposome clearance by RES
at a small dosage is accelerated by opsonization (absorption of
plasma proteins such as antibodies and complements on the
liposomal surface). In fact, PEG-modification prevents op-
sonization for prolonged circulation times (95). However,
considering a condition in which the dosage of HbV is extremely
high and requires a considerable amount of opsonins, and in
which HbV does not induce complementary activation (82, 83).
then opsonin-dependent phagocytosis would not be a major
component in the case of HbV with a large dosage. Actually.
opsonin-independent phagocytosis. a direct recognition by
macrophages, has been clarified in some studies (96, 97).

Analysis of the spleen by transmission electron microscopy
(TEM) 1 day after infusion of HbV revealed the presence of
HbV particles in the phagosomes of macrophages (98) (Figure
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Figure 6. Circulation kinetics and organ distribution of HbV labeled
with technetium-99m after top-loading intravenous infusion (14 mL/
kg) in rats and rabbits (94). (a) Elimination profiles of HbV from blood.
(b) Static gamma camera images of a rabbit acquired at 2, 24. and
48 h after HbV infusion.

7). However, after 7 days, the HbV structure cannot be observed.
We confirmed transient splenomegaly with no irreversible
damage to the organs and complete metabolism within a week.
The phagocytic activity transiently. but not completely. de-
creased | day after injection, and it turned to increasing at 3
days. The influence on the defense function and its mechanism
has been carefully examined in the ongoing research. Immu-
nochemical staining with a polyclonal anti-human Hb antibody
was used as the marker of Hb in the HbV. Results clarified that
HbV had almost disappeared in both the spleen and liver after
7 days.

Bilirubin and iron are believed to be released during
metabolism of Hb, but our animal experiments of topload
infusion, daily repeated infusions, and 40% blood exchange
showed that neither of those products increased in the plasma
within 14 days (99—701). Bilirubin would normally be excreted
in the bile as a normal pathway; no obstruction or stasis of the
bile is expected to occur in the biliary tree. Berlin blue staining
revealed considerable deposition of hemosiderin in the liver and
spleen, even after 14 days. Moderate splenomegaly and hemo-
siderin deposition were also confirmed in the spleen after
injection of stored RBCs, partly because of the accumulation
and degradation of stored RBCs with lowered membrane
deformability and shortened circulation half-life (707).

As for membrane components of Hb-vesicles, the plasma
cholesterol level elevated transiently 3 days after injection:
cholesterol was released from macrophages after degradation
of HbV in phagosomes (99, 101). It was recently clarified using
*H-cholesterol that cholesterol of HbV is released from mac-
rophages to blood; it is ultimately excreted in feces. The PEG
chain is widely used for surface modification of liposomal
products. The chemical cross-linker succinic acid ester of PEG-
conjugated phospholipid is susceptible to hydrolysis to release
PEG chains during metabolism. Actually, immunohistochemistry
using an anti-methoxy-PEG antibody clarified that PEG had
disappeared from the liver and spleen in one week (702). The
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Figure 7. Histopathological examination of livers and spleens of rodents
after injection of HbV. (a) Hamster liver 1 h after injection of
fluorescence-labeled HbV, observed by a confocal laser scanning
microscopy. The strong fluorescence indicates that HbV particles
accumulate in Kupffer cells. (b) TEM of rat spleen macrophage 1 day
after injection of HbV. The small black dots are HbV particles in
phagosomes. The particles disappeared within a week (data not shown)
(98). (c) Rat liver 1 day after injection of HbV. It was immunohis-
tochemically stained with anti-human Hb antibody. The red parts
indicate the presence of human Hb in HbV. It disappeared within a
week (data not shown) (98). (d) Rat liver 7 day after injection of HbV.
It was immunochemically stained with anti-methoxy-PEG antibody.
The brown parts indicate the presence of PEG derived from PEG-lipid
of HbV during the degradation. Fourteen days after injection, PEG was
not detectable (data not shown) (/02). (e) Rat spleen 3 days after 40%
exchange transfusion with HbV. It was stained with Giemsa method.
A large amount of blue cells, erythroblasts, are seen. indicating the
enhanced hematopoiesis for the complete recovery of hematocrit within
one week. while HbV are degraded in RES (/07).

released PEG chains, which are known as inert macromolecules.
are expected to be excreted in urine through the kidneys (703).

To determine the physiological capacity of RES for degrada-
tion of HbV, we tested massive intravenous doses by daily
repeated infusion of 10 mL/kg body weight/day into Wistar rats
for 14 days. The cumulative dosage was 140 mL/kg body weight
(Hb and lipids. 20 689 mg/kg body weight). The total volume
was equal to 2.5 times the total blood volume (56 mL/kg body
weight) (700). Although splenohepatomegaly was considerable.
all rats tolerated the infusions; their body weight increased
during the succeeding 14 days until their intended sacrifice. The
phagocyted HbV had disappeared, though the considerable
hemosiderin deposition was confirmed in the spleen, liver,
kidney, adrenal grand, and bone marrow. We were unable to
define a lethal dose of HbV in this experiment.

The profile of liposome clearance is species-dependent. More
precise data are necessary to extrapolate the phenomena
observed in animal experiments to humans. However, these
results imply that the metabolism of HbV and excretion are
within the physiological capacity that has been well-character-
ized for the metabolism of senescent RBCs and conventional
liposomal products.

2.5. Regulation of O, Transporting Capability (MetHb
Reduction, Psy(0,)). Actually. Hb encapsulation provides a
unique opportunity to add new functions to particles by
coencapsulation or embedding of functional molecules
(52—56, 104—106). MetHb formation of HbV during the
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Figure 8. Artificial metHb reduction systems in HbV. (a) Coencapsu-
lation of thiols (RSH), such as glutathione and homocyteine, reduces
metHb. However, thiols react with O, to generate O, and H.O,. A
more reactive thiol such as cysteine shows extremely rapid reaction
with O, and adversely facilitates metHb formation. Coencapsulation
of catalase effectively eliminates H,O, and prevent suchreactions (52, 53, 56).
(b) Photoreduction system by coencapsulation of flavin monomucleotide
(FMN) and an electron donor such as EDTA and methionine. Visible
light irradiation (435 nm) primarily converts FMN to the photoexcited
triplet FMIN*, and this reacts with two electron donors (D) to generate
FMNH,. MetHb is rapidly reduced once FMNH, is produced (54). (c)
During autoxidation of Hb and in blood circulation, H,O, is a potent
metHb enhancer. A combination of L-tyrosine (Tyr) and metHb
effectively eliminates H,O, and prolongs the functional lifetime of HbV
(55).

preservation is completely prevented simply by deoxygenation.
However. autoxidation of HbO, is initiated once HbV is
administered into the bloodstream because the entire metHb
enzymatic system is eliminated during the Hb purification for
the utmost safety from infection. An artificial metHb reducing
system is required to prolong the O,-carrying capacity of HbV.
We have tested coencapsulation of reductants to directly reduce
metHb and a photoreduction system using a photosensitizer such
as flavin mononucleotide (FMN). A more practical method is
to create an artificial enzymatic system using L-tyrosine (Tyr)
and metHb that eliminates H.O, as does catalase (Figure 8).
Without a chemical modification of Hb, O, binding affinity
(expressed as Psy(Oa), O, tension at which Hb is half-saturated
with O,) of HbV can be regulated by coencapsulation of an
allosteric effector (705, 106) (Figure 9a). The Psy(O,) of purified
Hb in a saline solution (in the presence of Cl7) is about 14
Torr; Hb strongly binds O» and does not release O, at 40 Torr
(partial pressure of mixed venous blood). Historically. it has
been regarded that the O, affinity is expected to be regulated
similarly to that of RBC, namely, about 25—30 Torr, using an
allosteric effector or by a direct chemical modification of the
Hb molecules. This enables sufficient O, unloading during blood
microcirculation, as evaluated by the arterio-venous difference
in the levels of O, saturation in accordance with an O,
equilibrium curve. Pyridoxal 5’-phosphate (PLP) is coencap-
sulated in HbV as an allosteric effector toregulate Pso(O,) (705, 106).
The main binding site of PLP is the N-terminal of the c-chain
and f3-chain and f8-82 Lysine within the f-cleft, which is part
of the binding site of the natural allosteric effector, 2,3-
diphosphoglyceric acid (2,3-DPG). The bound PLP retards the
dissociation of the ionic linkage between the [3-chains of Hb
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during conversion of deoxy to oxyHb in the same manner as
2,3-DPG does. Therefore, the O, affinity of Hb decreases in
the presence of PLP. The Pso(O) of HbV can be regulated to
8—150 Torr by coencapsulating the appropriate amount of PLP
or inositol hexaphosphate as an allosteric effector. Equimolar
PLP to Hb (PLP/Hb = 1/1 by mol) was coencapsulated. and
Psy(0,) was regulated to 18 Torr. Furthermore, Pso(O,) was
regulated to 32 Torr when the molar ratio PLP/Hb was 3/1.
The O, affinitics of HbV can be regulated easily without
changing other physical parameters, whereas in the case of the
other modified Hb solutions, their chemical structures determine
their O, binding affinities. Consequently, regulation is difficult.
The present HbV contains PLP at PLP/Hb = 2.5 by mol; the
resulting Ps(O-) is about 25—28 Torr, which shows sufficient
O, transporting capacity as a transfusion alternative. Actually.
HbV has been shown to provide O,-transport capacity that is
both sufficient and comparable to that of RBCs in experiments
related to extreme blood exchange (68, 69, 79, 105, 107, 108)
and fluid resuscitation from hemorrhagic shock (702, 109—112)
(Figure 10). A recent experiment of HbV as a priming solution
for cardiopulmonary bypass (CPB) in a rat model showed that
HbV protects neurocognitive function by transporting O, to brain
tissue even when the hematocrit is reduced markedly (773).

The appropriate O, binding affinities for O, carriers have not
yet been decided completely. However, the easy regulation of
the O, binding affinity might be useful to meet the requirement
of clinical indications such as oxygenation of ischemic tissues.
The Pso(O,) of HbV without PLP and C1™ is 8—9 Torr. This
formulation is effective for targeted O, delivery to anoxic tissues
caused by reduced blood flow (707, 174, 115).

2.6. Rheological Properties and Their Physiological
Implications for Tissue Oxygenation. The extremely high
concentration of the HbV suspension ([Hb] = 10 g/dL; [lipids]
= 6 g/dL. volume fraction, ca. 40 vol %) imparts an O, carrying
capacity that is comparable to that of blood. The HbV
suspension does not possess a colloid osmotic pressure (COP),
because one HbV particle (ca. 250 nm diameter) contains about
30 000 Hb molecules. In fact. HbV acts as a particle. not as a
solute. Therefore, HbV must be suspended in or coinjected with
an aqueous solution of a plasma substitutes. This requirement
is identical to that for emulsified perfluorocarbon, which does
not possess COP (716, 117): it contrasts to characteristics of
other Hb-based O, carriers. intramolecular cross-linked Hbs,
polymerized Hbs. and polymer-conjugated Hbs, which all
possess very high COP as protein solutions (75, 118) (Figure
9b).

Animal tests of HbV suspended in plasma-derived HSA or
rHSA showed an O, transporting capacity that is comparable
to that of blood (770, 713). We reported previously that HbV
suspended in plasma-derived HSA or rHSA was almost New-
tonian: no aggregation was detected microscopically (68, 69).
In Japan, tHSA was very recently approved for clinical use, in
May 2008 (779), but various plasma substitutes are used
worldwide, such as hydroxylethyl starch (HES). dextran (DEX).
and modified fluid gelatin (MFG). The selection among these
plasma substitutes is best determined not only according to their
safety and efficacy, but also according to their associated price,
experience of clinicians, and customs of respective countries.
Water-soluble polymers generally interact with particles such
as polystyrene beads, liposomes, and RBCs to induce aggrega-
tion or flocculation (J20, 121). For that reason, it is important
to determine the compatibility of HbV with these plasma
substitutes. With that background, we studied rheological
properties of HbV suspended in these plasma substitute solutions
using a complex rheometer and a microchannel array (722). The
rheological property of an Hb-based O, carrier is important
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Figure 10. (a) Scheme depicting the experimental protocol of hemor-
rhagic shock and resuscitation (/02). Shock was induced by withdraw-
ing 50% of circulating blood volume from Wistar rats. After 15 min.
they were resuscitated with either HbV suspended in recombinant
human serum albumin (HbV/rHSA) or shed autologous blood (SAB).
(b) blood pressure, (c) lactate, (d) pH. and (e) hematocrit (Hct). Mean
=+ SD. B, Baseline; AB. after bleeding: BI. before injection (B-6 h, n
= 24; 1—14 days. n = 5).

because the infusion amount is expected to be considerably
large, which might affect the blood viscosity and hemodynamics.

The HbV suspended in rHSA was nearly Newtonian (Figure
9c¢). Its viscosity was similar to that of blood, and the mixtures
with RBCs at various mixing ratios showed viscosities of 3—4
cP. Other polymers, HES, DEX, and MFG, induced flocculation
of HbV. possibly by depletion interaction, and rendered the
suspensions as non-Newtonian with the shear-thinning profile
(722). These HbV suspensions showed high viscosity and a high
storage modulus (G’) because of the presence of flocculated
HbV. On the other hand, 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 of shear rates of 0.1—100 s~' and a return
to 0.1 s™', indicating that flocculation formation is both rapid

Table 4. Publications of Preclinical Studies Aiming at Applications
of Hb-Vesicles for a Transfusion Alternative and for Oxygen
Therapeutics

indication ref
1. Resuscitative fluid for hemorrhagic shock 102, 109—112
2. Hemodilution 68, 69, 79, 101, 105, 107, 108
3. Priming fluid for extracorporeal membrane 113

oxygenator (ECMO) for cardiopulmonary

bypass

4. Perfusate for resected organs 24, 129
(transplantation)

5. Oxygenation of ischemic 130
brain (stroke)

6. Oxygenation of ischemic skin 115,127, 128
flap (plaslic surgery)

7. Tumor oxygenation for sensitization 131
to irradiation

8. CO carrier for cytoprotection 132

at repertusion

and reversible. Microscopically, the flow pattern of the floc-
culated HbV perfused through microchannels (4.5 #m deep, 7
um wide, 20 cmH,O applied pressure) showed no plugging.
Furthermore. the time required for passage was directly related
to the viscosity.

It has been regarded that lower blood viscosity after
hemodilution is effective for tissue perfusion. However,
microcirculatory observation shows that, in some cases, lower
“plasma viscosity” decreases shear stress on the vascular wall,
causing vasoconstriction and reducing the functional capillary
density (/23). Therefore, an appropriate viscosity might exist,
which maintains the normal tissue perfusion level. The large
molecular dimension of HbV can result in a transfusion fluid
with high viscosity. A large molecular dimension is also
effective to reduce vascular permeability and to minimize
thereaction withNOand COas vasorelaxation factors (24, 25, 30, 37)
(see Figure 3). These new concepts suggest reconsideration
of the design of artificial O, carriers (724). Actually, new
products are appearing, although they are in the preclinical
stage, not only HbV but also zero-link polymerized Hb (725)
and others with larger molecular dimensions and higher O,
affinitics (/26). Erni ct al. clarified that HbV with a high O,
binding affinity (low Pso(O5). such as 8—15 Torr) and high
viscosity (such as 1] cP) suspended in a high-molecular-
weight HES solution was effective for oxygenation of an
ischemic skin flap (775. 127, 128). That study showed that
HbYV retains O in the upper arterioles. then perfuses through
collateral arteries and delivers O, to the targeted ischemic
tissues, a concept of targeted O, delivery by an Hb-based
O, carrier (/74). A high O, binding affinity (low Pso(0,))
would also be effective to improve the O, saturation of Hb
in pulmonary capillaries when exposed to a hypoxic atmo-
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Figure 11. Crystal structure of HSA with myristate (PDB ID: 1BJS)
from ref (136).

sphere or with an impaired lung function. Some plasma
substitutes cause flocculation of HbV and hyperviscosity.
However, reports show that hyperviscosity would not neces-
sarily be deteriorative and might be, in some cases, advanta-
geous in the body (32). HbV provides a unique opportunity
to manipulate the suspension rheology, Ps¢(O2), and other
physicochemical properties, not only as a transfusion alterna-
tive, but also for other clinical applications such as oxygen-
ation of ischemic tissues and ex vivo perfusion systems (/29—1732)
(Table 4).

3. ALBUMIN-HEMES AS O, CARRYING PLASMA
PROTEINS

3.1. HSA Incorporating Synthetic Fe’' Porphyrin
(HSA-FeP). HSA (Mw: 66 500) has a remarkable ability to bind
a wide variety of exogenous compounds in the human circula-
tory system (/33). This carrier protein comprises 3 homologue
helical domains (1—TIT) with 9 loops formed by 17 disulfide
linkages; each domain contains 2 subdomains (A and B) (Figure
11) (J34—137). It is known that many common drugs such as
warfarin, diazepam, and ibuprofen bind to one of the two
primary sites (site | in subdomain IIA, site 2 in subdomain IIIA)
(138). In fact, HSA helps to solubilize these compounds to
achieve high concentration in the bloodstream; otherwise. they
would easily aggregate and be poorly distributed.

In 1995, we found that tetrakis(o-pivalamido)phenylporphi-
natoiron bearing a covalently linked proximal imidazole (FeP1,
Figure 12) was incorporated into HSA, yielding a red HSA-
FeP1 hybrid (/7). This synthetic hemoprotein can reversibly
bind and release O, under physiological conditions (pH 7.4, 37
°C) in much the same way as Hb. The HSA host adsorbs a
maximal eight FeP1 molecules. Their stepwise binding constants
(K,—Kg) range from 1.2 x 10° to 1.2 x 10* (M™") (Table
3) (139, 140). Solution properties of the HSA-FeP1 solution
([rHSA] = 5 wt %, FeP/HSA=1—8, mol/mol) are almost
identical to those of HSA itself: the specific gravity, 1.013;
viscosity. 1.1 cP; and COP, 20 Torr. Circular dichroism (CD)
spectroscopy and isoelectric focusing measurement revealed that
the second-order structure and surface charge distribution of
HSA were unaltered after binding of FePl. The obtained
solution showed a long shelf-life of over two years at room
temperature (/4/). Furthermore, HSA-FeP1 has no effect on
the morphology of blood cell components (/42) and does not
engender immunological reaction and platelet activation (/43).
Upon addition of O, gas through this solution. the visible
absorption spectrum immediately changed to that of the O,
adduct complex. After exposure to CO gas, a stable carbonyl
complex of HSA-FeP1 was formed (739, 7140). The coordination
structure of FeP1 and spin-state of the central ferrous ion was
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characterized by IR, resonance Raman, and magnetic circular
dichroism (MCD) spectroscopy (739, 140, 144). The carbonyl
HSA-FeP1 moved to the NO adduct complex after bubbling
NO gas (/45). Subsequent ESR spectroscopy revealed that FeP1
in albumin formed a six-coordinate nitrosyl complex. The
proximal imidazole moiety does not dissociate from the central
ferrous ion when NO binds to the trans side (746).

The Pso(O-) value of HSA-FeP1 is always constant (33 Torr,
37 °C) independent of the binding number of FeP1 (eq I, Table
5)

kL)
HSA-FeP + LKTL HSA-FeP(L) [L: O,orCO]
Xoifl L)
K(L)=[Psy(L)]™" = kou(L) kL) (1)

The O, binding equilibrium curve shows no cooperativity.
However, the O, transporting cfficiency between the lungs
[P(O»): ca. 110 Torr] and muscle tissue [P(O,): ca. 40 Torr] is
22%, which is identical to that for RBC.

The O, association and dissociation rate constants [ku,(O,)
and ky(O,)] can be measured using laser flash photolysis (147, 748).
Interestingly, the rebinding process of O, to HSA-FeP1 included
two phases (fast and slow phase), perhaps because of the
different environment around each FeP1 in the protein (/49).
The Pso(O,) value can be controlled by tuning the chemical
structure of FeP1. We have synthesized quantities of Fe(II)por-
phyrins (Figure 12) and evaluated the O, binding parameters
of their HSA-FeP hybrids (Table 6).

Actually, FeP2 has a bulky |-methylcyclohexanamide group
on the porphyrin ring plane (/50). The O, binding affinity of
HSA-FeP2 [Psy(0O-): 35 Torr] was almost identical to that of
HSA-FeP1. However, the stability of the oxygenated complex
increased to 4.5 times its usual value [half-life 7,,(0,), 9 h; pH
7.3; 37 °C] (150).

In general, the basicity and structure of the proximal base
greatly influences the O, binding property of Fe**porphyrin.
Both FeP3 and FeP4, similar analogues having an His ligand,
showed high O, binding affinities [Pso(O2): 3 Torr] (Figure 13,
Table 6). Kinetically, substitution of the 2-methylimidazole to
His reduces the O- dissociation rate constant (750). Although
one might think that high O, binding affinity is not useful as a
blood substitute, it can be efficient for oxygenation of hypoxic
regions in tumors. Furthermore. the HSA-FeP4 showed long
712(02) of 25 h (37 °C), which is 13-fold longer than that of
HSA-FeP1.

Another HSA-FeP5. in which the active porphyrin has
3-methyl-L-hisitidine as a proximal base, exhibits an extraor-
dinarily high O, binding affinity [Ps¢(O,): 1 Torr] that ap-
proaches those of relaxed-state Hb and Mb (/57). It is
remarkable that replacement of the 3-methyl-L-histidine moiety
by 1-methyl-L-histidine isomer (HSA-FeP6) reduced O, binding
affinity to 1/35th of its former level. The low O, affinity of
FeP6 is predominantly reflected by the high k,s(O-) value. The
axial Fe—N(1-methyl-L-histidine) coordination might be re-
strained by steric interaction between the 4-methylene group
of the His ring and the porphyrin plane (757).

The proximal histidyl side chain can be introduced easily into
the fS-pyrrolic position of the porphyrin via an acyl bond in
two steps, FeP7 (752). Although an electron-withdrawing acyl
group is bound at the porphyrin periphery. the O, binding
affinity of HSA-FeP7 is slightly higher than that of HSA-FeP4.
The rigid His-Gly(carboxy)butanoyl spacer of FeP7 probably
produces a favorable geometry to fix the imidazole onto the
central Fe?" of the porphyrin.

Double-sided porphyrins (FeP8, FeP9, and FeP10) were also
incorporated into HSA (753). We expected that steric encum-
brances on both sides of the porphyrin enable the HSA-FePs to
form a stable O, adduct complex. Actually, the 7,,(0,) of HSA-
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Figure 12. Structure of FePs in HSA-FePs.

Table 5. Solution Properties and Characteristics of HSA-FeP1

binding number of FeP1 (n) 1—8

binding constant of FeP1 1.2 x 10° = 1.2 x 10* M™!
My (66.5 + 1.3n) kDa

pl 4.8

viscosity“ 1.1 ¢cP

COp*< 20 Torr

shelf life® >2 years

“In phosphate buffered solution (pH 7.3). [HSAJ: 5 g/dL. # At 37 °C.
¢ A membrane filter with a cutoff (M. 30 x 10%) was used. ¢ At 25 °C.

FeP8 was 5 h, which is 2.5-fold longer than that of HSA-FeP1.
In addition. HSA-FeP8 showed high stability against hydrogen
peroxide. The HSA incorporating double-sided porphyrins
would be useful for the synthetic analogue of the oxidation
enzyme.

Tailed porphyrins having an a.o,o,8-conformer, FeP11 and
FeP12, were synthesized easily via four steps from atropisomers
of tetrakis(o-aminophenyl)porphyrin relative to eight steps of
FeP1 (154). Although HSA-FeP12 binds O, reversibly, HSA-
FeP11 was quickly oxidized by O,. We concluded that the
1-methylcyclohexanamide groups are necessary for the tailed
porphyrin to form an O, adduct complex under physiological
conditions.

Investigations have also revealed that heme [Fe**pro-
toporphyrin IX: protoheme] derivatives having a proximal base
at the propionate side chain (FeP13—FeP16) were incorporated
into HSA (755, 156). The oxidation process of HSA-FeP13(0,)
to the inactive ferric state obeyed first-order kinetics, suggesting
that the p-oxo dimer formation was prevented by the im-
mobilization of FeP13 into albumin. In fact, HSA-FeP1S showed
lower O, binding affinity [high Pso(O,)] than the others did.
The acetyl groups at the 3,8-positions of FeP15 decrease the
electron density of the porphyrin macrocycle. thereby reducing
the O, binding affinity. Actually. HSA-FeP16, in which the His-
Gly tail coordinates to the Fe*™ center, showed the most stable
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O» adduct complexes [7(2(02), 90 min; pH 7.3; 25 °C] of any
of these heme compounds.

3.2. Surface-Modified HSA-FeP with PEG. A remaining
defect of HSA-FeP is that the active Fe** porphyrin sites
dissociate slowly from HSA when infused into animals because
FeP is bound noncovalently to albumin. One possible solution
is to bind the FeP molecule covalently to the protein. We have
synthesized FeP17 having a succinimide side chain; it can react
with the Lys amino group of HSA (/57). The O, binding
property of HSA-FeP17 is almost identical to that of HSA-FeP1.

Another approach is surface modification with PEG. Actually,
PEG decollations of proteins and liposomes are well-known to
enhance their plasma half-life. thermostability, nonimmunoge-
nicity, and solubility in organic solvents (/58—763). We
surmised that surface modification of HSA-FeP2 by PEG might
help to prolong the circulation lifetime of FeP2 and retain its
O, transporting ability in vivo for a long period. Consequently,
HSA-FeP2 (FeP2/HSA = 4/1, mol/mol) was modified with
maleimide-PEG, and the solution properties, O, binding be-
havior, and circulatory persistence of the PEG-modified HSA-
FeP2 [PEG(HSA-FeP2)] were examined (7/64). A thiolation
reagent, iminothiolane, first reacted with the Lys amino groups
of HSA to create active thiols that bind to o-maleimide-w-
methoxy PEG (Figure [4a). Mass spectroscopy measurements
and quantification of the mercapro group of PEG(HSA-FeP2)
revealed the conjugation of six PEG chains on the HSA-FeP2
surface. The initial FeP2/HSA ratio 4/1 (mol/mol) was un-
changed after the PEG binding. The adjustment of viscosity is
important to design an artificial O, carrier. Maintenance of
viscosity is necessary to preserve shear stress on the vascular
wall that prevents loss of the functional capillary density (/23, 765).
The viscosity and COP of PEG(HSA-FeP2) were modulated to
some degree by changing the molecular weight of PEG [M,,: 2
x 10° (PEGyp) and 5 x 10° (PEGws)] (Figure 14b). In fact,
PEGu2(HSA-FeP2) showed almost identical values of viscosity
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Table 6. O, Binding Properties of HSA-FePs in Phosphate Buffered Solution (pH 7.3, 25 °C)

kun(OZ) (,UM“[ S_I) kmﬂOZ) ‘vms‘l)

FeP fast slow fast slow Psp(02)7 (Torr) refs
1 34 9.5 0.75 0.20 13(33) 139, 149, 150
2 46 7.3 0.98 0.16 13(35) 150

3 36 6.1 0.059 0.010 1(3) 150

4 54 8.8 0.089 0.014 1¢3) 150

5 54 6.8 0.02 0.0024 0.2 (1) 151

6 54 8.1 0.62 0.093 7(22) 151

7 34 4.5 0.045 0.0059 0.8(2) 152

8 11 1.5 0.50 0.069 28 153

9 11 2.0 0.41 0.076 23 153

10 8.9 23 0.34 0.088 23 153

12 29 44 1.10 0.16 22 (45) 154

13 o = = == 0.1 155. 156
14 = = = - 0.1 155, 156
15 — = = 5 0.4 156

16 - = = = 0.1 155, 156
17 28 = 0.33 - 9(27) 157

“ At 37 °C in parentheses.
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Figure 13. O, binding equilibrium curve of HSA-FePs under physi-
ological conditions (pH 7.3, 37 °C).

and COP to those of the nonmodified HSA-FeP2. In contrast,
PEGus(HSA-FeP2) showed a higher viscosity and more pro-
nounced hyperoncotic property relative to those of HSA-FeP2.
Nevertheless, PEGys conjugate may be useful as an efficient
plasma expander (/18, 166).

Under physiological conditions, PEGw,(HSA-FeP2) binds and
releases O,. The Pso(O,) values were almost identical to those
of the original HSA-FeP2, indicating that the O, binding
equilibrium was not influenced by the presence of the PEG
chains (Figure 14b). Surface modification by PEG delays proton-
driven oxidation of the O, adduct complex. giving HSA-FeP2
the 7,,(0,) of 12 h, which is almost equal to that of a natural
hemoprotein, Mb [112(0,), 12 h: pH 7, 35 °C] (167). The
conjugated PEG might change the local proton concentration
of the HSA interior compared to the outer aqueous solution.

The circulation persistence of FeP2 in the bloodstream was
measured after administration of PEGy,(HSA-FeP2) to anes-
thetized rats (/64). The PEGy,(HSA-FeP2) solution (20%
volume of the circulatory blood) was injected intravenously into
rats from the tail vein. The concentration decays of PEGy,(HSA-
FeP2) in the blood showed single exponentials with half-life
[1,2(FeP2)] of 13—16 h (Figure 14c). These values are
considerably longer than those of the corresponding nonmodified
HSA-FeP1 (168). Surface modification of HSA-FeP2 by PEG
prevented the rapid clearance of the incorporated FeP2. On the
basis of these findings, we can conclude that surface modifica-
tion of HSA-FeP2 by PEG comprehensively improved its O,
transporting ability.

We then proceeded to evaluate physiological responses to
an exchange transfusion with PEGu2(HSA-FeP2) in an acute

anemia rat model (J69) (Figure 15). The animals were first
placed in a 65 vol % hemodilution with 5 g/dL HSA. They
subsequently underwent a 30 vol % blood replacement with
the PEGuy.(HSA-FeP2) solution. As negative and positive
control groups, a 5 g/dL HSA solution (HSA group) and washed
RBC suspension (RBC group) were infused, respectively, to
similarly operated rats in hemorrhage. The isovolemic 65%
hemodilution with HSA reduced the Hb concentration, thereby
decreasing the O, supply to the tissue. Consequently. the mean
arterial pressure (MAP), renal cortical O, partial pressure
[PtO~(R)], and O, partial pressure of muscle tissue [PtO;(M)]
were decreased. During hemorrhagic shock by 30% bleeding,
significant decreases in the MAP, venous O, pressure (PvO,),
PtO,(R), and PtO,(M) were observed by the loss of the
circulation blood volume. The heart rate (HR) and respiration
rate were also decreased. In contrast, arterial O, pressure (PaO,)
increased to about 160% of the basal value (b.v.). The arterial
CO, pressure (PaCO,) decreased to about 62% of the b.v.; the
pH increased to 7.55.

The injection of the sample solutions increased the blood
volume and improved the circulatory flow. Lactate was washed
out from the tissues and into the circulatory system, which
decreased the pH to the initial level of 7.43 in all groups. The
administration of HSA restored no parameters: death occurred
within 41 min. In contrast, the infusion of PEGna(HSA-FeP2)
or RBC kept all the rats alive until the end of measurements.
After injection of PEGum>(HSA-FeP2), the animals showed
marked and rapid recovery in MAP, HR, PaO,, PvO,. PaCOx.
and pH, resembling that shown in the RBC group. These results
demonstrate the O, transporting capability of the PEGy(HSA-
FeP2) solution as a resuscitative fluid. We observed that
albumin-based oxygen carrier does not induce hypertensive
action, because of its low permeability through the vascular
endothelium in comparison with that of Hb molecules. The heart
rate responses after the injection were also negligibly small.
Visualization of the intestinal microcirculatory changes clearly
revealed the widths of the venule and arteriole to be fairly
constant (770).

Reversible oxygenation of PEGum2(HSA-FeP2) was observed
even in the solid state (/77). The aqueous solution of PEGy,,(HSA-
FeP2(CO)) complex was spread on the glass plate and dried
overnight at room temperature, producing a red transparent solid
membrane (Figure 16a). In contrast, HSA-FeP2 without PEG
decollation yielded a brittle membrane with many cracks.
Scanning electron microscopy (SEM) observations of the
PEGw»(HSA-FeP2) membrane showed a uniform thickness of
15 um and a smooth surface (Figure 16b). The 7,2(0,) was
40 h, which is three times longer than the value in water. The
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Figure 14. Surface modification of HSA-FeP with poly(ethylene glycol). (a) Synthetic scheme of PEGy,(HSA-FeP2). (b) Solution and O, binding
properties. (c) Persistence of FeP2 in serum after administration of PEGy,(HSA-FeP2) into Wistar rats. Each value represents the mean £ SD of
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blue, washed RBC group: and black. HSA group]. Arrows (1). (2}, and (3). respectively, indicate the periods of 65% hemodilution, 30% bleeding.
and sample infusion. “p < 0.05 versus HSA group (Tukey-Kramer test). "p < 0.05 versus PEGy(HSA-Fe2) group (unpaired #test), and % < 0.05

versus PEGya(HSA-FeP2) group (Tukey-Kramer test).

O, binding affinity was about a half that of the monomeric
PEGmo(HSA-FeP2).

We subsequently added hyaluronic acid (HA) as a supporting
polymer to the protein solution and prepared the solid membrane
on a poly(styrene) dish. Actually, HA is known as a glycosami-
noglycan component of connective tissues, hyaline bodies. and
extracellular matrix (772). Water evaporation of the PEGy,(HSA-
FeP2)/HA mixture ([HSA]: 2.5 wt % and [HA]: 0.2 wt %)

produced a uniform red solid membrane that was easily peeled
from the dish, yielding a free-standing homogeneous thin film
of the PEG(HSA-FeP2)/HA hybrid (Figure 16c.d).

The PEGw(HSA-FeP2) solution is useful as a valuable O,-
carrying plasma. Membranes of PEGy,(HSA-FeP2) with mi-
crometer thickness can serve as a RBC substitute that can be
preserved anywhere and reproduced as a saline solution at any
time.
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Membrane

Figure 16. The solid membrane of PEGy2(HSA-FeP). (a) Photograph
of the membrane on the glass, (b) SEM of the membrane section, (c)
photograph of the flexible film peeled from the poly(styrene) dish, and
(d) SEM of the isolated film.

3.3. Recombinant HSA-Heme (rHSA-Heme) Prepared
Using Site-Directed Mutagenesis. Hemin [Fe**protoporphyrin
IX] released from metHb during enucleation of RBC or through
hemolysis is captured by HSA with a high binding constant (X
2 10¥ M™") (173). Crystallographic studies have revealed that
hemin is bound within a narrow D-shaped hydrophobic cavity
in subdomain IB with axial coordination of Tyr-161 to the
central ferric ion and electrostatic interactions between the
porphyrin propionates and a triad of basic amino acid residues
(Arg-114, His-146, and Lys-190) (Figure 17) (174, 175). In
terms of the general hydrophobicity of this o-helical heme
pocket, the subdomain IB of HSA potentially has similar features
to the heme binding site of Hb or Mb. However, when one
reduces HSA-hemin to obtain the ferrous complex, it is
autoxidized rapidly by O,, even at low temperature (~0 °C),
because HSA lacks the proximal His. which, in Hb and Mb.
enables the prosthetic heme group to bind O,. Knowledge of
the detailed architecture of the heme binding site in HSA enables
us to design mutagenesis experiments to construct a tailor-made
heme pocket for stable O, binding. Therefore. we used site-
directed mutagenesis to introduce an His into the heme binding
site that was expected to provide axial coordination to the central
Fe?* atom of the heme and thereby promote O, binding.

Results of our modeling experiments suggested that a
favorable position for the axial imidazole insertion would be
Ile-142 (Figure 17). The N (His)-Fe distances were estimated
as 2.31 A for H142 (compared to 2.18 A for Mb). We therefore
designed and produced two single mutants 1142H and a double
mutant 1142H/Y161L (HL) (/76).

In the UV —vis absorption spectrum of rHSA(HL)-hemin. the
ligand-to-metal charge transfer band at 625 nm was weakened
because of the Y16IL mutation. The MCD spectrum of
rHSA(HL)-hemin showed a similar S-shaped pattern in the Soret
band region resembling that of ferric Mb (777, 778). These
results suggest that tHSA(HL )-hemin is in a predominantly ferric
high-spin complex having a water molecule as the sixth ligand.
The rHSA-hemin was easily reduced to the ferrous complex
by adding a small molar excess of aqueous sodium dithionite
under an Ar atmosphere (Figure 18). A single broad absorption
band (Amay: 559 nm) in the visible absorption spectrum and the
MCD spectrum of rHSA(HL)-heme indicated the formation of
a five-N-coordinate high-spin complex (776, 7177, 179). The
heme therefore appears to be accommodated in the mutated
heme pocket with an axial coordination involving His-142. Upon
exposure of rHSA(HL)-heme solution to O,, the UV—vis
absorption changed immediately to that of the O, adduct
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complex (Figure 18). It formed a carbonyl complex under a
CO atmosphere. The single mutant tHSA(1142H)-heme, which
retains Y 161, was unable to bind O,. The polar phenolate residue
at the top of the porphyrin plane is likely to accelerate the
proton-driven oxidation of the Fe*" center. The replacement of
Tyr-161 in rHSA(1142H)-heme by Leu enhanced stabilization
of the O, adduct complex.

To evaluate the kinetics of O, and CO bindings to rHSA-
hemes, laser flash photolysis experiments were carried out
(Tables 7 and 8). It is noteworthy that the absorbance decay
accompanying the CO recombination to rHSA(HL)-heme was
composed of double-exponential profiles, which is normally not
observed in Mb (the faster phase is defined as species I; the
slower phase is defined as species II). The ratio of the amplitude
of the species I and the species Il was approximately 3:2. On
the other hand, the rebinding of O, to rHSA(HL)-heme followed
a simple monophasic decay. Numerous investigations of syn-
thetic model hemes have helped to reveal the relation between
the structure around the hemes and their O, and CO binding
abilities (4, 747, 148). A bending strain in the proximal base
coordination to the central Fe*™ atom, the “proximal-side steric
(proximal pull) effect”, is known to be capable of both increasing
the dissociation rate for CO and decreasing the association rate.
Simultaneously. it increases the O, dissociation rate without
greatly altering the O, association kinetics. Consequently, one
possible explanation for the existence of the two phases is that
two different geometries of the axial His (His-142) coordination
to the central ferrous ion of the heme might exist, each one
accounting for a component of the biphasic kinetics of CO
rebinding.

3.4. Modulation of O, Binding Property of rHSA-
(mutant)—Heme. To control the O, binding affinity of rHSA-
heme, we designed and produced diverse rHSA(mutant)—hemes
in which bulky hydrophobic or hydrophilic amino acids were
introduced around the O, binding site (Tyr-161, Leu-182, Leu-
185, and Arg-186) (Figure 17). More recently, the beneficial
effect of low-dose CO on the microcirculation by a hemoglobin-
based artificial oxygen carrier has been discussed (732, /82).
Control of the CO binding affinity of rHSA—heme is also
tempting.

A. Substitution of Tvr-161 with Leu or Phe. The first, Tyr-
161. was substituted to noncoordinating and hydrophobic amino
acids (Leu or Phe). The O, and CO binding properties of
rHSA(HL)—heme and rHSA(1142H/Y 161F)—heme [rHSA(HF)—
heme] showed that the presence of a Phe rather than a Leu at
position 161 results in 6-fold and 4-fold increases in the O, binding
affinity for species I and 11, respectively (Table 7). This enhance-
ment is mainly attributable to an increase in the O, association
rate constant. The same trend was observed for CO binding [3-fold
increase in k,,(CO)] (Table 8). The substitution of Leu-161 (102
A%) by Phe-161 (137 A3 (183) replaces an isopropyl group with
a rigid benzyl group within the heme pocket. In tHSA(HL), the
small side chain of Leu-161 might enable free rotation of the side
chain of neighboring Leu-185. thereby reducing the volume on
the distal side of the porphyrin plane (Figure 19a.b). On the other
hand, the bulkier aromatic side chain of Phe-161 might prevent
rotation of the isopropyl group of Leu-185 and thereby provide
greater room of the distal pocket; this effect might provide easier
access to the heme Fe’* atom and account for the increased
association rates for O, and CO.

B. Substitution of Leu-185 with Polar Amino Acid. Leu-185
was substituted with a more hydrophilic amino acid (Asn, Gln,
or His), which was expected to interact with the coordinated
O, by hydrogen bond and to stabilize the O, adduct complex
similarly to Hb and Mb. In rHSA(mutant)—hemes in which GIn
or His was introduced into Leu-185, they formed ferrous six-
coordinated low-spin complexes under an Ar atmosphere. That
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rHSA-heme Paskion

142 161 182 185 186
Wild type lle Tyr Leu Leu Arg
1142H His Tyr Leu Leu Arg
1142H/Y161L(HL) His Leu Leu Leu Arg
1142H/Y161F (HF) His Phe Leu Leu Arg
HL/L185N His Leu Leu Asn Arg
HF/L185N His Phe leu Asn Arg
HL/L185Q His Leu leu GIn Arg
HF/L185Q His Phe Leu GIn Arg
HF/L185H His Phe Leu His Arg
HL/R186L His Leu Leu Leu Leu
HL/R186F His Leu Leu Leu Phe

Figure 17. (a) Crystal structure of HSA-hemin complex (109X) from ref 174. Hemin is shown in a space-filling representation. (b) Heme pocket
structure in subdomain IB and positions of amino acids where site-specific mutations were introduced. Abbreviations of rHSA(mutant)s are shown

in the table.
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Figure 18. UV —vis absorption spectral changes of rHSA(HL )-heme
in potassium phosphate buffered solution (pH 7.0).

result suggests that the introduced amino acid coordinates to
the heme iron as a sixth ligand under an Ar atmosphere. Upon
exposure of the solutions to O,, they were oxidized. Bis-histidyl
hemochromes are known to be oxidized by O, rapidly via an
outer sphere mechanism (/84—786). On the other hand.
rHSA(HL/L185N)—heme and rHSA(HF/L.185N)—heme in which
Asn was introduced at Leu-185 formed ferrous five-coordinated
high-spin complexes under an Ar atmosphere. They formed O-
adduct complexes under O, atmosphere. The introduced Asn is
estimated to be too far to coordinate to the heme.

Marked differences were apparent in a comparison of the O,
and CO binding parameters for rHSA(HL)—heme and rHSA(HL/
L185N)—heme. First, the presence of Asn rather than Leu at

Table 7. O, Binding Parameters of rHSA(Mutant)-Heme Complexes
in Phosphate Buffered Solution (pH 7.0) at 22 °C

[‘.m(o’) km‘i(oz) (m S—l)

Pso(0,) (Torr)

hemoproteins WM s™h u 1 n
rHSA(HL)-heme 7.5 0.22 1.70 18 134
rHSA(HF)-heme 20 0.10 0.99 3 31
rHSA(HL/L185N)-heme 14 0.02 0.29 l 14
rHSA(HF/L185N)-heme 26 0.10 1.03 2 24
rHSA(HL/R186L)-heme 25 041 8.59 10 209
rHSA(HL/R186F)-heme 21 0.29 7.01 9 203
Mb“ 14 0.012 0.51
RBC” 8

“Sperm whale myoglobin in 0.] M potassium phosphate buffer (pH
7.0, 20 °C); ref 180. ® Human red cell suspension in isotonic buffer (pH
7.4. 20 °C): ref 181.

Table 8. CO Binding Parameters of rHSA (Mutant)-Heme
Complexes in Phosphate Buffered Solution (pH 7.0) at 22 °C

kon(CO) (UM ™! 571 kol CO) (s7')  Pso(CO) (Torr)

hemoproteins [ 11 I I I 11
rHSA(HL)- 2.0 0.27 0.013 0.079 0.0053 0.240
heme

rHSA(HF)- 6.8 0.72 0.009 0.061 0.0011 0.068
heme

rHSA(HL/L185N)- 6.8 1.60 0.008 0.039 0.0010 0.020
heme

rHSA(HF/L185N)- 7.7 1.09 0.008 0.043 0.0008 0.032
heme

rHSA(HL/R186L)- 5.0 0.57 0.011  0.165 0.0018 0.234
heme

rHSA(HL/RI186F)- 79 1.12 0.010 0.148 0.0010 0.107
heme

Mb* 0.51 0.019 0.03

“ Sperm whale myoglobin in 0.1 M potassium phosphate buffer (pH
7.0, 20 °C); ref 180.
position 185 caused 2-fold and 3—6-fold increases, respectively,
in the k,,(O,) and k,,(CO) values. The Asn might partly rotate
upward, which provides somewhat greater space of the distal
pocket. Second, Asn-185 induced 18-fold and 10-fold increases
in the O, binding affinity for species T and I, because the ky(O,)
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(a) I142H/Y161L (HL) (b) H42H/Y161F (HF)

Leu
185 &

(d) HF/L185N

e
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Figure 19. The proposed configuration of Leu-185 in (a) rHSA(HL)—heme
and (b) tHSA(HF)—heme, Asn-185 in (¢) rHSA(HL/L185N)—heme
and (d) rHSA(HF/L185N)—heme. and Leu-186 in (e) rHSA(HL/
R186L)-heme.

values were 1/6—1/11 of their former values. This corresponds
to a free energy difference of —1.8 kcal mol™' at 22 °C. The
magnitude of the effect seems to be reasonable considering that.
in HbO, and MbO,, the distal His-64 stabilizes the coordinated
0, by —0.6 to —1.4 kcal mol™' because of the hydrogen bond
(187). In contrast, The O, and CO binding parameters for
rHSA(HF)—heme and rHSA(HF/L185N)—heme showed no
significant differences. The bulky benzyl side chain of Phe-
161 can prevent rotation of the polar amide group of Asn-185
and thereby decrease the effect of polarity and size on O, and
CO binding parameters (Figure 19¢.d) (/88).

C. Substitution of Arg-186 with Leu or Phe. For administra-
tion into the human circulatory system, it would be better if
the affinity were similar to the human RBC [Psp(O,): 8 Torr.,
25 °C]. It is expected that providing a certain degree of
hydrophobicity into the distal side of the heme by insertion of
a nonpolar residue would reduce the O, binding affinity of the
rHSA—heme complex. The most suitable position for that
introduction might be at Arg-186, which is the entrance of the
heme pocket and which is rather close to the central Fe(Il) ion.
Therefore, rHSA(HL/R186L)—hemin and rHSA(HL/R186F)—
hemin were prepared. The O, dissociation rate constants of
rHSA(HL/R186L)—heme and rHSA(HL/R186F)—heme were
3—4-fold higher than that of rHSA(HF)—heme, which reduced
the O, binding affinities [larger Psy(O,)]. This reduction might
be attributable to the increased hydrophobicity in the distal
pocket. The O, binding affinities of rHSA(HL/R186L)—heme
[P50(O2): 10 Torr] and rHSA(HL/R186F)—heme [Ps;(0,): 9
Torr] have become equivalent to those of human RBC. The
important structural factor in these mutants is Y161L, which
enables the rotation of the isopropyl group of Leu-185 above
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the O, coordination site. Unexpectedly. the 4,,(O,) and £,,(CO)
values of rHSA(HL/R 186L)—heme and rHSA(HL/R 186F)—heme
were 3-fold and 3—4-fold higher than those of rHSA(HL)—heme
and in the same range as that of rHSA(HF)—heme. In fact, Leu-
161 is small, but the hydrophobic Leu-186 or Phe-186 might
be integrated into the heme pocket from the entrance and might
push up the neighboring Leu-185 residue (Figure 19e) (/88).

We have engineered mutant rHSA—heme complexes that can
bind O,. Principal modifications to the heme pocket that are
necessary to confer reversible O, binding are (i) replacement
of Tyr-161 by hydrophobic amino acid (Leu or Phe), and (ii)
introduction of His as a proximal base at position [le-142.
Furthermore, (iii) modification of the distal amino acid has a
considerable effect on the modulation of O, and CO binding
affinities.

4. CONCLUSIONS

The structures of our artificial O, carriers differ greatly from
those of sophisticated RBCs. However, clear advantages of
simplified artificial O, carriers are readily apparent: the absence
of blood-type antigens and infectious viruses. stability for long-
term storage at room temperature for any emergency, all of
which overwhelm the functionality of RBCs. The shorter half-
life of artificial O, carriers in the bloodstream (ca. 3 days) limits
their use. but they are applicable as a transfusion alternative
tor shorter periods of use. Easy manipulation of physicochemical
properties such as Pso(O,) and viscosity supports their possible
development of tailor-made O, carriers to suit various clinical
indications. The achievements of ongoing research described
above give us confidence in advancing the further development
with the expectation of its eventual realization.
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