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TABLE 3

Biodistribution of HbV and EV as a percentage of the infused dose per organ (%ID/organ) and percentage of the infused dose per gram of organ

(%1ID/g organ) at 48 h after 25% top-loading in rats or rabbits

Rat Rabbit
Organ
HbV EV HbV EV
%ID/organ = S E.M.
Blood . 33.27 = 1.11* 24,13 = 0.65 50,95 + 2.02' 52.76 + 4.80*
Liver 10.04 = 0.86* 14.13 = 0.40 7.55 = 0.46" 8.64 * 0.34*
Bone 10.06 = 0.21* 13.05 = 0.38 537 * 0.33*" 7.36 = 0.28*
Spleen 6.50 > 0.30% 9.18 = 0.37 0.72 = 0.10** 1.84 + 0.28*
Bowels 7.30 = 1.59 4,16 = 0.35 9.61 =231 8.62 x 4.42
Skin 2.37 = 0.33 2.29 > 0.12 0.88 = 0,05 1.09 = 0.21*
Kidney 2.40 * 0.10* 3.35 £ 0.08 1.47 = 0.13" 1.69 = 0.21%
Muscle 1.94 = 0.28 1.98 = 0.27 251031 2.62 «0.76
Lung 0.62 = 0.03 0.54 = 0.03 0.55 = 0.02 0.43 = 0.06
Heart 0.17 = 0.01 0.16 2001 0.12 = 0.01" 0.13 = 0.02
Brain 0.16 = 0.01* 0.09 =001 0.08 + 0.01* 0.05 = 0.00%
Testis 0.12 ~ 0.01* 0.09 = 0.01 0.06 = 0.02' 0.07 = 0.01
Feces 950 +1.17 6.95 = 0.29 5.06 = 2.56 2.02 x 0.55*
Urine 13.61 = 0.31 1287+ 041 11.30 = 1.22 7.81 = 1.44*
%ID/g organ + S.EM.

Blood 2919 + 0.032 1.706 * 0.044 0.356 = 0.017 0.254 = 0.030
Liver 1.244 * (0.096 1.378 = 0.045 0.093 = 0.004 0.131 = 0.019
Bone 0.487 * 0.021 0.518 = 0.020 0.043 * 0.003 0.062 = 0.002
Spleen 10.059 = 0.072 10.790 = 0.402 0.823 = 0.072 1.483 += 0.072
Bowels 0.390 = 0,073 0.202 * 0.008 0.031 = 0.006 0.029 = 0.014
Skin 0.091 = 0.014 0.070 = 0.004 0.004 = 0,000 0.004 = 0.001
Kidney 1.604 > 0.057 1.839 = 0.055 0.089 = 0.005 0.110 = 0.017
Muscle 0.024 = 0.003 0.020 = 0.003 0.002 = 0.000 0.002 * 0.001
Lung 0.619 x 0.022 0.458 = 0.014 0.068 = 0.004 0.057 = 0.012
Heart 0.264 * 0.009 0.187 = 0.012 0,026 = 0.002 0.027 * 0.006
Brain 0.111 = 0.010 0.062 + 0.003 0.011 = 0.001 0.006 = 0.001
Testis 0.042 = 0.002 0.027 * 0.001 0.013 x 0.002 0.016 = 0.003

* Difference is statistically significant from EV in same species at P < 0.01.

! Difference is statistically significant from HbV in rat at P < 0.05.

# Difference is statistically significant from EV in rat at P < 0.05.

96 development as drug delivery vehicles. More studies will be
required to further validate this method of estimating circu-
lation kinetics and organ uptake in different animal species.

The development of RBC substitutes is progressing, and
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a2 =D in rabbit some modified Hbs have been studied in clinical trials. The

sl reported t,,, value was 23 h for polymerized bovine Hb

= EV (Hughes et al., 1995), 16 to 20 h for o-raffinose-cross-linked
oW in rabbit and polymerized human Hb (Carmichael et al., 2000}, and
- 24 h for glutaraldehyde-cross-linked and polymerized human
I Hb (Gould et al., 1998). Even though HbV have not yet been

b Ev it tested clinieally, we have demonstrated in the present report

in rat that HbV have significantly improved properties, based on

their circulation kinetics and biodistribution, suggesting

0 . \ their improved safety and efficacy as a RBC substitute. In

0.02 004 0.06 0.08 addition, the successful application of vesicles as RBC sub-

%D, %)

Fig. 5. Proportional relationship between the circulation half-life time
(£ 1,25 and the reciprocal of %ID,,, in the elimination phase, The %ID,.,
was calculated as a sum value of %ID in liver, bone, and spleen at 48 h.
The fitting line was determined by the regression analysis (coefficient of
determination; B? = 0.9985).

([Hbl, 9.5 g/dl; Nlipid], 4.75 g/dl). The normal range of human
organ weight is relatively wide such as 1.4 to 1.8 kg (liver)
and 0.08 to 0.3 kg (spleen), so the £,,, would be varied
around 3 days. This £,,,, is approximately two times larger
than that of rat, and this ratio almost follows that derived
from empirical speculation (Gabizon et al., 2003). This
method of estimating vesicle circulation kinetics and organ
uptake in different animal species may be useful for all types
of vesicle (liposome) formulations that are currently under

stitutes at this large infusion dose suggests a promising
future for vesicles (liposomes), and the present formulation
would potentially be available not only as a RBC substitute
but also for various applications such as drug delivery sys-
tems.
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Comparison of HbV and EV as milligrams of lipids per gram of organ and milligrams of Hb per gram of organ at 48 h after 25% top-loading in

rats or rabbits

Organ HbV in Rat Hb¥ in Rabbit EV in Rat EV in Rabbit
mg lipids/g mg Hbig mg lipids/g mg Hblg mpg lipids/g organ®
organ® organ® organ® organ®
Blood 423 =020 8.40 = 0.40 6.47 = 0.24" 12.93 = 0.48" 294 = 0.06 6.55 * 0.64"
Liver 1.79 > 0.12 3.56 = 0.23 1.68 = 0.06 3.36=012 2.38 = 0.08 2.24 +0.18
Bone 0.72 = 0.01 1.42 = 0.02 0.78 = 0.05 1.57 = 0.09 0.89 *= 0.04 1.09 = 0.08
Spleen 1443 = 0.54 28.63 + 1.06 1492 x 125 29.85 = 2.50 18.58 * 0.51 25.83 + 1.43"

¥ Difference is statistically significant from HbV in rat at P < 0.05.
2 Calculated values from ID of lipids and %ID/g organ.
b Caleylated values from ID of Hb and %ID/g organ.
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vesicles in transiently occluded arterioles of the hamster window model.
Am J Physiol Heart Cire Physiol 288: HO00-H000, 2005. First published
January 28, 2005; doi:10.1152/ajpheart.01184.2004.—A phospholipid
vesicle encapsulating Hb [Hb vesicle (FIbV)] has been developed as a
transfusion altemative. One charactenistic of HbV is that the O affinity
[Pos at which Hb is 50% saturated (Pso)] of Hb can be easily regulated
by the amount of the coencapsulated allosteric effector pyridoxal 5'-
phosphate. In this study, we prepared two HbVs with different Psos (8
and 20 mmHg, termed HbVg and HbVae, respectively) and observed
their Oj-releasing behavior from an occluded arteriole in a hamster
skinfold window model. Conscious hamsters received HbVy or HbVag at
a dose rate of 7 ml/kg. In the microscopic view, an artericle (diameter:
53.0 = 6.6 ) was occluded transcutaneously by a glass pipetie on a
manipulator, and the reduction of the intra-arteriolar Pox 100 um down
from the occlusion was measured by the phosphorescence quenching of
preinfused Pd-porphyrin. The baseline arteriolar Po, (50-52 mmtlg)
decreased to about 5 mmHg for all the groups. Occlusion after HbVy
infusion showed a stightly slower rate of Poz reduction compared with
that after HbV2o infusion. The arteriolar O content was catculated at
each reducing Po, in combination with the O- equilibrium curves of
BbVs, and it was clarified that HbVg showed a significantly slower rate
of Oy release compared with HbVze and was a primary source of Oy
(maximum fraction, 0.55) overwhelming red blood cells when the Poz
was reduced (e.g., <10 mmHg) despite a small dosage of HbY. This
result supports the possible utilization of Hb-based O; cartiers with lower
Pso for oxygenation of ischemtic tissues,

blood substitutes; artificial red blood cells; oeclusion; microhemody-
namics; liposome

PHOSPHOLIPID VESICLES encapsulating concentrated human Hb
[Hb vesicles (HbV)] or liposome-encapsulated Hb can serve as
a transfusion alternative whose O, carrying capacity can be
formulated to be comparable to that of blood (1, 5, 8, 16, 24,
30). The capsular structure of HbV (particle diameter ~250
nm) has characteristics similar to those of natural red blood
cells (RBCs), becanse both have membranes that prevent direct
contact of Hb with the components of blood and the endothelial
lining, mitigating cellular injury due to Hb-mediated prooxi-
dative species (4, 38). Furthermore, Hb encapsulation in ves-
icles prevents a hypertensive response induced by free Hbs that
scavenge the endogenous vasorelaxation factors nitric oxide
(NO) and carbon monoxide (12, 18, 26). The safety of HbV has
been confirmed in rodent models in terms of the prompt
metabolism of the compenents of HbV in the reticuloendothe-
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lial system, which was demonstrated by histopathological anal-
ysis and plasma biochemical analysis (28, 29).

One of the characteristics of the capsular HbV is that its
physicochemical characteristics such as O affinity {Oa tension
at which Hb is half-saturated with O (Psg)] can be easily
regulated by manipulating the amount of an allosteric effector
coencapsulated in HbV. This property provides additional
flexibility in formulating the O» transport properties of HbV by
comparison with the chemically modified Hbs whose Psp is
modified and fixed by chemical reactions such as cross-linking
or polymer conjugation (34). We use pyridoxal 5'-phosphate
(PLP) as the allosteric effector (33, 45). For example, coen-
capsulation of PLP at the molar ratio of PLP to Hb of 2.5:1
yields a Psp of about 29 mmHg. On the other hand, HbVs
without PLP have a Psp of 8 mmHg. Historically, Psp was set
similar to that of RBCs or about 25-30 mmHg, which theo-
retically allows sufficient O unloading as blood transits the
microcirculation. Decreasing O, affinity (increasing Pso) in-
creases O unloading in the peripheral blood circulation as
shown by the enhanced O release and improved exercise
capacity in mutant mice that carry high Psp RBCs (36).

Hemoglobin-based O, carriers (HBOCs) of molecular di-
mensions as well as HbV could be effective for the targeted
oxygenation of ischemic tissues (6, 43) because the small
particle dimension would allow their passage through con-
stricted or partially occluded vessels that do not allow the
passage of RBCs (19). Blood flow in these vessels and in
collateral vessels is usually slow, thus increasing RBC transit
times (7, 11). As a result, tissue Po, is low and RBCs release
most of their O» before reaching the capillary circulation. As
an example, if tissue Po, is below 5 mmHg, O saturation
(Sap,) of RBCs would be around 5%, and RBCs will have
released most of their O before they reach the ischemic tissue.
Thus an HBOC with a normal Psp similar to RBCs would not
be effective for carrying Oy to the ischemic tissue.

In this study, we evaluate the rate of O; release from HbVs
with high and low Psps from arterioles immediately after their
occlusion. We selected arterioles with diameters of about 50
pm because this size of arterioles contributes significantly to
tissue oxygenation in normal conditions (13). This model was
selected to determine the ability of HbVs to retain or release O,
in hypoxic conditions and establish their suitability for oxy-
genating ischemic tissues,
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H2
MATERIALS AND METHODS

Preparation of HbVs. HbVs with different Psos were prepared
under sterile conditions as previously reported (32, 34, 37). Hb was
purified from outdated donated human blood provided by the Japanese
Red Cross Society (Tokyo, Japan). HbVs with a Psp = 29 mmHg
(HbVze) was prepared by adding the allosteric effector pyridoxal
5'-phosphate (PLP; 14.7 mM, Sigma Chemical; St. Louis, MO) to Hb
(38 g/dl) at a molar ratio of PLP to Hb = 2.5. HbVs with a Psp= 8
mmHg (HbV3) were prepared by adding no allosteric effector to the
Hb solution. The Hb solution was encapsulated within vesicles com-
posed of Presome PPG-I {a mixture of 1,2-dipatmitoyl-sn-glycero-3-
phosphatidylcholine, cholesterel, and 1,5-di-0-octadecyl-N-succinyl-
L-glutamate at a molar ratio of 5:5:1 (Nippon Fine Chemicals; Osaka,
Japan)], and the particle size of HbVs was regulated by an extmusion
method. The surface of the HbVs was modified with polyethylene
glycol (molecular mass: § kDa, 0.3 mel% of the lipids in the outer
surface of vesicles) using 1.2-distearoyl-sn-glycero-3-phosphati-
dylethanolamine-N-polyethylene glycol (Sunbright DSPE-50H, H-
form, NOF; Tokyo, Japan). HbVs were suspended in a physiological
salt solution and sterilized with filters (Dismic, Toyo Roshi: Tokyo,
Japan: pore size: 0.45 pm) and deoxygenated with N, bubbling for
storage. The endotoxin content was measured with a modified LAL
assay, and the level was less than 0.2 EU/ml (27). The O2
equilibrium curves (OECs) of HbVzg and HbV; were obtained by
a Hemox Analyzer (TCS-Medical Products; Philadelphia, PA), as
shown in Fig. 1. The physicochemical parameters of the HbVs are
listed in Table 1.

Animal model and preparation. Experiments were carried out in 12
male Syrian golden hamsters (59 = 12 g body wt, Charles Rivers;
Worcester, MA). The dorsal skinfold consisting of two layers of skin
and muscle was fitted with two titanium frames with a 15-mm circular
opening and surgically installed under intraperitoneal pentobdarbital
sodium anesthesia (~50 mg/kg body wi, Abbott Laboratory; North
Chicago. IL). After the hair on the back skin of the hamster was
removed, tayers of skin muscle were separated from the subcutane-
ous tissue and removed until a thin monolayer of muscle including
the small artery and vein and one layer of intact skin remained. A
coverglass (diameter 12 mm) held by one frame covered the ex-
posed tissue allowing intravital observation of the microcirculation
(20, 22, 25).

Polyethylene (PE) wbes (PE-10, Becton-Dickinson; Parsippany,
NJ; ~1 cm) were connected to PE-50 tubing (~25 cm) via silicone
elastomer medical tubes (~4 c¢m, Technical Products; Decatur, GA)
and were implanted in the jugular vein and the carotid artery. They
were passzd from the ventral to the dorsal side of the neck and
exteriorized through the skin at the base of the chamber. Patency of
the catheters was ensured by filling them with beparinized saline (40
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Fig. 1. Oxygen equilibrium curves (OECs) of Hb vesicles (HbVs) at a Poz
where Hb is half-saturated (Pso) of § mmHg (HbVs) and 28 mmH3z (HbVae)
measured with a Hemox Analyzer (TCS Medical Products) at 37°C compared
with hamster blood. RBC, red blood cells.

OXYGEN RELEASE FROM Hs VESICLES

Table 1. Physicochemical properties of HbVs and HbVye
compared with hamster blood

Parameters HbVs HbVee Hamster Blood
Hb concentration, g/dl 10 10 148 £ 05
Particte diameter, nm 250 £ 64 247> 44 5.000-7,000*
Pso, mmHg 8 29 28
Molar ratio of PLP to Hb Q 25
MetHb, % <3 <1
HbCO, % <2 <2

HbV; and HbV 20, Hb vesicles (HbVs) at 8- and 29-mm Hg Po; at which Hb
is 50% sanwrated (Pso); PLP, pyridoxal 5'-phosphate. *Size of hamster red
blood cells (RBCs) (39).

1U/ml). Microvascular observations of the awake and unanesthetized
hamsters were performed 5 days after chamber implantation to miti-
gate the effects of surgery. The hamster was placed in a perforated
plastic tube from which the window chamber protruded to minimize
animal movement without impeding respiration. All animal studies
were approved by the Animal Care and Use Committee of University
of California-San Diego and performed according to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (Washington, DC: National Academy Press, 1996).

Infusion of HbVa and HbVze and occlusion of an arteriole. The
unanesthetized animal was placed in a perforated plastic tube and
stabilized under the microscope. Animals were suitable for the exper-
iments if systemic variables were within normal range, namely, heart
rate =340 beats/min, mean artertfal pressure >80 mmHg, systemic
hematocrit >45%, and arterial Po; >50 mmHg, and microscopic
examination of the tissue in the chamber did not reveal signs of edema
or bleeding. Baseline measurements of microvascular pacameters and
Pos (see below) were performed before the infusion of HbV; or
HbV2 suspended in physiological saline solution into the venous Line
at 7 mlikg, Systemic blood volume was estimated as 70 mlkg. In our
previous reports of resuscitation from hemorrhagic shock or hemodi-
Iution, HbVs were suspended in an albumin solution to regulate
colloid osmotic pressure (30, 33). However, in the present study, we
did not use albumin to minimize the hypervolemic effect. For the
same reason, the infusion amount was minimized to equal 10% blood
volume (7 ml/kg).

After we stabilized the condition and measured the systemic
parameters for 20 min, diameter and blood flow of the selected
arterioles were measured. Large feeding arterioles or small arcading
arterioles (diameter 53.0 * 6.6 wm) were selected for observation.
The arterioles were occluded by means of a glass micropipette whose
end was drawn into a long fiber by a pipette puller (Fig. 2). The fiber
was bent over a flame, and the knee of the bend was used to press on
the intact skin of the preparation mounted in an inverted microscope
that allowed observation of the opposite side, ie., the intact micro-
circulation. Once an arteriole was sclected for measurement, the
mierooccluder is moved to the skin side, between the intact skin and
the optics of the substage illumination. The tip of the occluder was
placed near the center of the optical field of view of the microscope,
and the vessel was similarfly placed using the stage micrometric
position control. This amangement allowed for direct microscopic
observation of the occluded vessel and the stopped flow as shown in
Fig. 2. The duration of occlusion was 30 s.

Measurement of microhemodynamic paramelers. Microvessels
were observed by transillumination with an inverted microscope
(IMT-2, Olympus; Tokyo, Japan). Microscopic images were video
recorded (Cohu 4815-2000; San Dicgo, CA) and transferred to a
television videocassette recorder (Sony Trinitron PYM-1271Q mon-
jtor; Tokyo, Japan) and Panasonic AG-7355 video recorder (Tokyo,
Japan). Arterioles were classified according to their position within
the microvascular network according to the previously reported
scheme (33). Microvascular diameter and RBC velocity before occlu-
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Fig. 2. A: microscopic image of an occluded arteriole in the hamster window
chamber. The glass fiber lies across the aiteriole. Scale bar = 100 pm. B:
schematic representation of occlusion of A showing the different tissue layers
of the skin (not to scale).

sion were analyzed on-line in the arterioles (14, 15). Vessel diameter
was measured with an image-shearing system (Digital Video Image
Shearing Monitor 908, I.P.M.; San Diego, CA), whereas RBC veloc-
ity was analyzed by photodiodes and the cross-comrelation technique
(Velocity Tracker Med-102 B, LP.M.). The bleod flow rate (Q) was
calculated using the following equation:

Q = (RBC velocity/R,} X {diameter/2)? h

where R, = 1.6 and is the ratio of the centerline velocity to average
blood velocity according to data from glass tubes (20).

Palladium-porphyrin bound to bovine albumin solution (7.6 wi%.,
0.1 ml) was injected intravenously 20 min before the infusion of
HbVs. Aneriolar blood Po, was noninvasively determined by mea-
suring tha rate of decay of phosphorescence emitted by the metallo-
porphyrin complex after pulsed light excitation, which is a function of
the local O» concentration (17, 40, 44). The relationship between
phosphorescence lifetime and Poa is given by the following Stern-
Volmer equation:

7T = 1+ ky X 7, X Po, 2)

where T, and 7 are the phosphorescence lifetimes in the absence of
molecular O2 and at a given Poa. respectively, and kq is the quenching
constant, with both factors being pH and temperatuse dependent.

H3

Light was gathered from an optical window of 20 X 5 pm placed
Tongitudinally along the blood vessels. Measursments in the blood
compariment were made every sacond using a single flash.

The Po. decay curves induced by the occlusion were obtained
before the infusiocn of HbVs and 20 min after the infusion of HbVs.
The Sao, of HbVs at every Po; were obtained from the OECs (Fig. 1),
and the tota] O, content in blood {ml Oz in 1 dl bicod) can be
estimated using the following equation:

[$25,(RBC) + 0.0657 X Sao,(HbV)}
100

Q, content = 23.6 X
€}

Po,
+ 242X —
713

In this calculation, we used 15 g/dl as the average Hb concentration in
arterial blood (14.8 * 0.5 g/dl, heme concentiation 9.3 mM), which
was measured with a handheld photometer (B-Hemoglobin Photom-
cter. Hemocue). One hundred milliliters of blood contain 23.6 ml Oa
bound to Hb when Sag, is 100% (volume of an ideal gas at 37°C)
according to Boyle-Charle’s gas law, PV = nRT. where P (in atmy) is
atmospheric pressure, V (in liters) is gas volume, # is mole numbet,
R is the gas constant {0.082 atm-1-K~?-mol™"), and T is absolute
temperature [23.6 (ml) = 9.3 X 107* (mol) X 0.082 X (273 + 37) X
1,0001. The physically dissolved Oz content at 1 atm Oz (713 mmllg
after subtracting the vapor pressure of water = 47 mmHg) at 37°C
was calculated to be 242 ml in 100 ml water. Sag,(RBC) and
San,(HbV) are Sac,s of RBCs and HbVs, respectively, at esach
arteriolar Po, during the experiments.

HbVs were suspended in physiological saline solution {[Hb] = 10
g/dl); therefore. their infusion lowered colloid osmotic pressure,
causing the extravasation of plasma fluid. To account for this, we
carried out our measurements 20 min after HbV infusion and assumed
that this interval was sufficient for normalizing blood volume through
the release of extra fluid to the interstitium, thus increasing plasma Hb
coneentration by 6.7%.

Data analysis. Data are given as means * SD for the indicated
number of animals. Data were analyzed using ANOVA followed by
Fisher's protected least-significant difference test between groups
according to the previous studies. Student’s #-test was used for
comparisons within each group, All statistics were calculated using
GraphPad Prism 4.01 (Graph Pad Software; San Diego, CA). Changes
were considered statistically significant if P < 0.05.

RESULTS

Hemodynamic properiies of aiterioles. The profiles of the
selected artetioles, diameters, centerline RBC velocities, blood
flow rates, and intra-arteriolar Pos values before and after
infusion of HbVs are listed in Table 2. There was no significant
difference between the groups. The O, content in blood atirib-
uted to hamster RBCs and physically dissolved Oz at the
observed arteriolar Po, was estimated as 18.61 = 1.23 ml O/dl
blood according to Eq. 3. After the infusion of HbVy and
HbV.3, the O content increased to 20.30 + 1,18 and 20.17 =
1.54 ml 0./dl blood, respectively, due to the Oz bound to
HbVs. The contributions of HbVs and HbVag to whole O,
content were 1.51 = 0.01 and 1.25 = 0.07 m]l O./dl blood,
respectively. The HbVs group showed higher O content than
the HbVag group due to the higher Sag,(HbVg), which was
95.9 * 0.6% compared with the Sag (HbVso) of 79.6 = 4.7%.

Changes in Poj in arterioles after occlusion in the presence
of HbVs. Arteriolar Poa before occlusion was about 50-52
mmHg in average for all groups and started to decrease
significantly immediately after occlusion, as shown in Fig. 3.
In all groups, Poy fell to about 10 and 5 mmHg after 10- and
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Table 2. Profiles of arterioles for occlusion before
and after infusion of HDVs

Afier HbY Infusion

Before
Paranieters Infusion HbVa HbVag

Arteriolar diameter, pm 53.0x06 56.2%6.8 55869
Cenlerline flow velocity, tim/s 3105 34£0.7 35+0.5
Blood flow rate, nlfs 6816 §7%3.1 3521
Artericlar Poa, nunbg 507247 51.4x4.8 52.1*33
Sao,(RBQC), % 78151 76.0x£7.7 77.9%6.5
Sao(HBV), % 95.9+0.61 79.6£47
0, content in whole bleod,

mlfO/dibloed 1861123 2030£1.18 20171548
(O content in HV, m/0-/dl

blood 1.51x0.01 1.25x0.07

Vales are means * SD. Anteriolar Pos, Oz satunalion (Sao,) and Oa
contents were obtained during 6 s before occlusion. *P < 0.05 vs. before
mfusion: 12 < (.05 vs. RBCs and HbVas.

30-s occlusion, respectively. When the Poy values were ex-
pressed as relative to the baseline values (before occlusion),
infusion of HbVy tended to show a slower rate of reduction of
Po, compared with the infusion of HbVag and without infusion
(Fiz. 4). There was a significant difference berween the HbVy
infusion and before infusion groups only at 7 s (£ = 0.035).

607"
50 %

Bafore Infusion

a2r Fay
{mimkg)

Arteriolz

%)

-~

Arieriolar Poy
{mrH

70

& HbV;s

&5

£ E Ry

o B i

= 2 %,

<< A
10 B st
bk T T T 3 Y

5 0 &5 10 15 20 25 30
Time afier occlusion (s}

Fig. 3. Time course of Pz in the blood of an occluded arteriols (diameter,

5" 6 + 6.6 wm) before and after infusion of 7 mbkg HoVs or HbVy into
hamsters. Measurements were made i blood at a distance of 50 pum from the
point of occlasion. Most vessels equilibrate to intravascular partial pressure in
the range of 4-6 mmHg about 15-20 s after occlusion.
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Fig. 4. Changes in Po; relative to before occlusion. The data in Fig. 3 were
averaged. Baseline values before occlusion were obtained as the average of 6
values before occlusion and fixed as 1.0. There was a significant difference
between the HbV; infusion and before infusion groups only at7s(P = 0.035)

Sao (RBC) and Sag,(HbV) at every arteriolar Py value can
be estimated using the OECs in Fig. 1 assuming that the
conditions in the arteriole (such as temperature and pH) do not
change significantly from the normal condition (37°C, pH 7.4).

Figure 54 shows the changes in the whole arteriolar (= conlent Fs
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Fig. 5. A: time cowrse of the wtericlar Oy content in whole bload of an
occluded arteriole before and after infusion of 7 mlficg HbVy or HbVae into
hamsters. The Oz contents were calculated using Zy. 7 and the data of OECs
(Fig. 1) and P02 changes (Fig. 3). B: time course of the Oz content derived from
HbVs in the blood. Thc contributions of HbVs are derived from the data in A
and magnified i scale. C: rate of O loss from HbVs. The graphs in B were
differentiated and plotted.
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during the oc¢lusion. Dinmediately after occlusion, the Oa
content decreased rapidly. The HbVy group showed a slower
rale of reduction compared with the HbVay group and the
group before HbV infusion. To demonstrate the contribution of
HbVs clearly, only the O3 content of HbVs is shown in Fig. 58.
HbV, showed a very slow rate of O, release. After 30 s of
occlusion, the arteriolar Poa decreased to 5.2 + 0.7 mmHg,
However, Sag{HbVs) was 26.1 = 7.3% and did not reach
steady state but continued Oa release. HbV2g showed almost no
change after 15 s, and Sag (HbVag) was 7.4 = 1.0% after 30 s.
Fignre 5C shows the rate of O, loss from HbVs obtained by the
differentiation of the graphs in Fig. 5B. HbVag showed the
fastest O loss with (he maximum of (.18 ml O-/dl blood sec
after only 2 s of occlusion and did not supply Oz after 17 5. On
the other hand, 11bVg showed a moderate O- loss and showed
the maximum of 0.08 ml O./dl blood after 10 s of occlusion
and continued o release O until 30 s.

Figure 6 shows the fraction of O in blood originating from
HbVs. Before occlusion of the arterioles, the fractions of HbVg
and HbVag are very small and similar because of the small
dosage compared witlht the originally present RBCs. However,
after occlusion, the fraction of O, from HbVy increased sig-
nificantly and was about (.35 after 10 s. This indicated that
HbVy, and not RBCs, was the main source of the Q- carrier
when Poa attained very low values.

DISCUSSION

The principal finding of this study is that HbVs (Psp = 8
mmkHg) with a high O affinity (low Pso) releases Oz at a
slower rate than does HbVa:e in occluded arterioles of the
hamster dorsal skinfold model. Furthermore, we found that
HbVs, and not HbVao, is the main O source in ischemic
conditions.

The immediate occlusion of blood flow in the artericles
caused a rapid reduction of O» content. Similar phenomena
have been observed by Richmond et al. {23) in rat spinotrape-
zius muscle tissue, There is substantial evidence that the
arteriolar wall is a significant Oz sink, consuming O at a rate
that is much greater than most tissues (9, 35, 42), which
explains in part the significant and rapid drop of Poy found in
our study. In our experiments, only one arteriole was occluded
at a time in the intact subcutancous tissue, and arteriolar Pos
decreased to about 5 mmHg, which was higher than the critical
Po, (2.9 = 0.5 mmHg} in the rat spinotrapezius muscle tissue
(23). Although the O supply was significantly reduced, diffu-
sion of O from the other surrounding arterioles, venules, and

g
@

HEV,

o
o

HbV,q
¢ 5 10 15 20 25 30
Time after occlusion (s)

Fig. 6. Time cousse of the fraction of Os content from HbYs in whele blood.
The extended time of occlusion induced hypoxic conditions and the fraction of
0 content from HbVs increased significantly compared with HbV .

Fraction O, from HbV

0.0

capillaries near the occlusion should contribute to maintaining
tissue Poz at a higher value than in the study of Richmond et
al. {23), where the supply of blood to the tissue was stopped
altogether. Sap,(HbVyg) at 5 mmHg is estimated to be about
26% according to the OECs (Fig. 1), which is higher than that
for HbVag (6%) and RBCs (2%); thus HbVg remains a source
of O, for a longer period in a prolonged occlusion, becanse the
fraction of O from HbVy was 0.5 or higher, overwhelming the
contribution from RBCs, as shown in Fig. 6.

A limitation of our experimental method js that Sag, is
estimated under the assumption that conditions in the target
arteriole are identical to that of the QEC measurement; how-
ever, the O, affinity of Hb changes as a function of tempera-
ture, pH, electrolyte concentration, and CO2 content. Local
ischemic conditions caused by the occluston could affect pH
and increase COa tension, resulting in a slight decrease in the
O, affinity (increased Psp); however, it is unlikely that this
would introduce a significant error in the measurement of Oz
release counsidering the short duration of the occlusion (30 s).

We have previously demonstrated using an artificial narrow
polymer tube (inner diameter: 28 pm) surrounded by a sodium
dithionate solution to consume O- that a2 Hb solution under
continuous fow conditions (1 mm/s) facilitates Qs release
when mixed with RBCs. Conversely, HbV did not show this
phenomenon (31). This difference is due to the small size of
()»-bound acellular IHb molecules, which diffuse and therefore
contribute to the facilitated Os transport (21, 31), whereas
HbVs (diameter, about 250 nm) are too large to show safficient
diffusion for the facilitated O, transport. In these conditions,
O, affinity (Psq) becomes the determining factor for the r1ate of
O, release and transport to the vessels wall. Thus, in our
present results, the presence of IIbVs did not facilitate the
reduction of Poa or Q. content but retarded the reduction of Poz
and O2 content.

Our experimental model is designed to characterize the 0,
release behavior of blood from an occluded microvessel and
does not directly related to clinical ischemic conditions be-
cause the occlusion of the small ateriole for 30 s does not
induce tissue ischemia other than the transient event in the
proximity of the microvessel. However, our data suggest that
FHbVg could be a significant source of O- in an ischemic
condition with significantly lowered tissue Poz. Because of the
small dosage of HbVg (10 mifkg), the Q2 content in the blood
after occlusion (3 ml O-/dl blood at 5 s) is significantly smatler
than the baseline value (20 ml O2/d] blood at 0 s). To enhance
the contribution of HbVs, a larger dosage and sustained blood
flow would be required. Contaldo et al. (7) recently demon-
strated that inducing hemodilution using up to 50% blood
exchange with HbV (Pso = 15 mmHg) suspended in dextran
effectively oxygenated ischemic collaterized tissue in skin
flaps. This phenomenon could be explained by low Pso 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. It has been proposed that
small-sized HBOCs oxygenate ischemic lissue by being able to
pass through constricted or partially occluded vessels that do
not allow the passage of RBCs: however, the results from
Contaldo et ak. (17) as well as those from our experimental
model do not serve to support this concept, because arterioles
were completely ligated or occluded. It should be noted,
however, that an advantage of small HBOCs, including HbVs,
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is that they are homogencously dispersed in the plasma phase
and therefore can deliver O» more homogeneously (o the
periphery than RBCs because microvascutar hematocrit is
heterogeneous particularly in pathological states. In such con-
diticis, IIbVs with a higher Oa affinity should show a slower
0, unloading that would be etfective for oxygenating ischemic
tissues.

In conclusion, HbVs provide the unique feature of allowing
for the regulation of Psy by modulating the amount of coen-
capsulaled PLP (33, 45). Recent studics showed the effeclive-
ness of HBOCs with a lower Pso (higher O affinity) as a means
of implementing O2 delivery targeted to ischemic tissue (2,3,
41, 43). Thus this experimental method provides data useful for
the design and optimization of OQ» carriers and suggests the
possible utilization of HbVs for therapewtic approaches aimed
at remedying ischemic conditions.
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2004.—The oxygen transport capacity of phospholipid vesicles en-
capsulating purified Hb (HbV) produced with a Po, at which Hb is
50% saturated (Pso) of 8 (HbV3s} and 29 mmHg (HbV2o) was inves-
tigated in the hamster chamber window model by using microvascular
measurements to determine oxygen delivery during extreme hemodi-
lution. Two isovolemic hemodilution steps were petformed with 5%
recombinant albumin (tHSA) until Het was 35% of baseline. Iso-
volemic exchange was continued using HbV suspended in rHSA
solution to a total [Hb] of 5.7 g/dl in blood. Psp was modified by
coencapsulating pyridoxal 5°-phosphate. Final Hct was 11% for the
HbV groups, with a plasma [Hb] of 2.1 * 0.1 g/d after exchange with
HbV;3 or HbV2s. A reference group was hemodiluted to Het 11% with
only rHSA. All groups showed stable blood pressure and heart rate.
Arterial oxygen tensions were significantly higher than baseline for
the HbV groups and the rHSA group and significantly lower for the
HbV groups compared with the rHSA group. Blood pressure was
significantly higher for the HbVg group compared with the HbV,o
group. Arteriolar and venular blood flows were significantly higher
than baseline for the HbV groups. Microvascular oxygen delivery and
extraction were similar for the HbV groups but lower for the rHSA
group (P < 0.05). Venular and tissue Po. were statistically higher for
the HbVs vs. the HbVz and rHSA groups (P < 0.05). Improved
tissue Pos is obtained when red blood cells deliver oxygen in com-
bination with a high- rather than low-affinity oxygen carrier.

oxygen-carrying capacity; blood substitutes; tissue oxygen; hemoglo-
bin oxygen affinity

PHOSPHOLIPID VESICLES encapsulating concentrated hemoglobin
(Hb) sclution [Hb vesicles (HbV) or liposome-encapsulated
Hb] provide oxygen-carrying capacity to plasma expanders,
reproducing several of the characteristics of red blood cells
(RBC) suspended in plasma. HbV contain Hb at a high con-
centration within a cell membrane-like structure. Their oxygen
dissociation curve can be adjusted by varying the concentration
of pyridoxal 5'-phosphate (PLP). A widely accepted premise
for designing a blood substitute is that its Hb should have an
oxygen dissociation curve like that of RBC or one that is right
shifted, i.e., having a high Pso to facilitate the unloading of
oxygen {Psg is the partial pressure of oxygen at which the Hb
molecule is 50% saturated). In a previous study by Sakai et al.
(16), vesicles were formulated with Psg values set at 9, 16, and

30 mmHg. The study showed that optimal tissue oxygen
conditions were obtained when 80% of the circulating blood
was substituted with HbV whose Psp was 16 mmHg, a value
considerably lower than the usual value of 28 mmig for
normal blood (16). Oxygen-carrying capacity was found to be
well above the oxygen supply limitation.

Recent developments in the field of oxygen-carrying plasma
expanders (OCPE)} based cn molecular Hb solutions reported
by Tsai et al. (22) show that the addition of comparatively
small amounts of a significantly left-shifted polyethylene gly-
col-conjugated oxygen carrier (Psp ~5 mmHg) to blood in
extreme hemodilution leads to baseline microvascular and
systemic conditions. This result could not be obtained in
identical extreme hemodilution experiments with the use of a
right-shifted molecular Hb solution at a considerably higher
concentration (19).

Extreme hemodilution in the hamster window chamber
model to a hematocrit (Het) level of ~11% is a powerful tool
to test the efficacy of OCPEs in restoring microvascular func-
tion and systemic conditions. This Hct is below the threshold at
which the organism becomes oxygen supply limited (5, 22,
23). In this scenario, the effects of a blood substitute became
magnified upon introduction into the circulation. Furthermore,
by encapsulating Hb, a phospholipid vesicle eliminates the
problem of Hb extravasation and provides a setting in which
the biophysical properties of the infusion solution can be
rigorously controlled while allowing for the change in Psg.
Therefore, experimenting with vesicles that encapsulate Hb
formulated with different Psg values provides the unique op-
portunity to investigate how oxygen affinity regulates oxygen
delivery to the tissue by the microcirculation, a value not
attainable by lowering RBC Hb Ps, by the administration of
sodium cyanate, which may introduce changes in tissue me-
tabolism (7). In addition, RBC and HbV are different in size,
flow pattern, homogeneous distribution in the plasma phase,
and the mechanism of oxygen unloading in capillaries, and
direct comparison between RBC and HbV is impossible. All
these conditions indicate that the optimal Psy should be differ-
ent in HbV and RBC.

In the present study, we investigated the microvascular
effects of restoring oxygen-carrying capacity in conditions of
extreme hemodilution, introducing by exchange transfusion
identical amounts of Hb-carrying vesicles in which oxygen
affinity was specifically controlled so that Psy was either 8 or
29 mmHg. The Psy value of 8 mmHg was chosen because it is

Address for reprint reguests and other correspondence: P. Cabrales, Dept. of
Bioengineering, 0412, 9500 Gilman Dr., Univ, of California-San Diego, La
Tolla, CA 92093-0412 (E-mail: peabrales@ucsd.edu).

http://www.ajpheart.org

0363-6135/05 $8.00 Copyright © 2005 the American Physiological Society

The costs of publication of this article were defrayed in part by the payment
of page charges, The article must therefore be hereby marked “advertisement”
in accordance with 18 U.8.C. Section 1734 solely to indicate this fact.

H1885

S00Z ‘22 udiep uo Biro ABojorsAyd-yeaydfe wouy pspeojumog




H1886

similar to that of a recently developed oxygen carrier that is
effective at a low concentration (2-4, 22). In these experi-
ments, the hemodilution protocols were performed using a
recombinant albumin solution (13) as the plasma expander.

METHODS

Investigations were performed in male golden Syrian hamsters
(55-65 g body wt) fitted with a dorsal skinfold chamber window (6).
This model has been used extensively for investigations of the intact
microvasculature of adipose and subcutaneous tissue and skeletal
muscle in conscious animals for extended periods. Pentobarbital
sodium (50 mg/kg ip) was used for window implantation and for
carotid artery and jugular vein catheterization. The microvasculature
was examined 4-5 days after the initial surgery, and only animals
passing an established systemic and microcirculatory inclusion crite-
ria, which included having tissue void of low perfusion, inflammation,
and edema (21), were entered into the study. Animal handling and
care followed the NIH Guide for the Care and Use of Laboratory
Animals. The experimental protocol was approved by the local animal
care committee.

Preparation of HbV with different Pso. HbV were prepared under
sterile conditions as previously reported (12, 15). Hb was purified
from outdated donated blood provided by the Hokkaido Red Cross
Blood Center (Sapporo, Japan) and the Japanese Red Cross Society
(Tokyo, Japan). The encapsulated purified Hb (38 g/dl) contained 0 or
147 mM PLP (Sigma Chemical, St. Louis, MO) as an allosteric
effector at a molar ratio of [PLP)/[Hb] = 0 or 2.5, respectively. The
lipid bilayer was composed of a mixture of 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphatidylcholine, cholesterol, and 1,5-bis-O-hexadecyl-N-
succinyl-L-glutamate at a molar ratio of 5:5:1 (Nippon Fine Chemicat,
Osaka, Japan} and 1,2-distearoyl-sn-glycero-3-phosphatidylethano-
larnine-N-poly(ethylene glycol) (0.3 mol% of the total lipid; NOF,
Tokyo, Japan) (17). HbV with a 250-nm diameter were suspended in
a physiological saline solution in which [Hb] = 10 g/dl, sterilized with
filters (Dismic, pore size (.45 pum; Toyo Roshi, Tokyo, Japan), and
deoxygenated with N, bubbling for storage (14). The content of
lipopolysaccharide was <0.1 EU/ml,

Before use, the HbV suspension ([Hb] = 10 g/dl, 8.6 ml) was
mixed with a solution of recombinant human serum albumin (rHSA
25%, 1.4 ml; Nipro, Osaka, Japan) to regulate the rHSA concentration
in the suspending medium of the vesicles to 5 gfdl. Under this
condition, the colloid osmotic pressure of the suspension is ~20
mmHg (Wescor 4420 colloid osmometer; Wescor, Logan, UT) (12).
As a result, the Hb concentration of the suspension was 8.6 g/dl.

In a previous study (16), HbV were suspended in 8 g/dl HSA.
However, we changed to 5 g/dl rHSA becaunse it showed better
microvascular perfusion in the hamster window model (i.e., increased
red cell velocity and functional capillary density) than 8 g/dl HSA.
The suspension was filtered through sterile filters (pore size 0.45 pm;
Millipore, Billerica, MA). The characteristics of HbV are listed in
Table 1, with all parameters being almost identical except oxygen
affinity (HbV3s, Pso = 8 mmHg; HbV2g, Psg = 29 mmHg). )

Table 1. Physical characteristics of solutions

Fluid Viscosity, cp COP, mmHg Psp, mmHg
tHSA (5%) 098 20
HbVy (10 g Hb/dl) 29 8
HbVae (10 g Hb/dl) 2.96 29
HbVe/rHSA (8.6 g Hb/dl) 2.87 20 8
HbVzo/rHSA (3.6 g Hb/dD) 2.90 20 29

Viscosity was measured at a shear rate of 160 s~ at 37°C. COP, colloid
ostnotic pressure measured at 27°C; Pso; partial pressure of oxygen at which
Hb is 50% saturated; rHSA, recombinant human serum albumin; HbVg and
HbV3e, Hb vesicles with a Psp of 8 and 29 mmHg, respectively.
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Fig. 1. Oxygen dissociation curves for phospholipid vesicles encapsulating
purified Hb (HbV) produced with a Poz at which Hb is 50% saturated (Pso) of
8 (HbVy) and 29 mmHg (HbVas) vs. the dissociation curve for hamster blood
(Pso = 32 mmHg).

Measurements of Pso and rate of oxygen release from HbV. The Pso
and Hill number of each HbV and Hb solution were calculated from
oxygen dissociation curves measured with a Hemox analyzer (TCS-
Medical Products) at 37°C (Fig. 1).

Acute isovolemic exchange-transfusion (hemodilution) protocol.
Progressive hemodilution to a final systemic Hct level of 11% was
accomplished with three isovolemic exchange steps. This protocol,
leading to extreme hemodilution while maintaining stable hemody-
namic conditions, is described in detail in a previous report by Tsai
(19). Briefly, the volume of each exchange-transfusion step was
calculated as a percentage of the blood volume, estimated as 7% of the
body weight. An acute anemic state was induced by lowering systemic
Hct by 60% with two steps of progressive isovolemic hemodilution
using 5% rHSA, referred to as exchange levels I and 2. Level 1
exchange was 40% of blood volume, and level 2 and 3 exchanges
were 35% of blood volume, respectively.

After level 2, the animals were randomly divided into three exper-
imental groups by being assigned to an experimental group according
to a sorting scheme based on a list of random numbers (1). Level 2
exchange was followed by level 3 exchange. Hemodilution with 5%
THSA solution was continued with one group of the level 2 hemodi-
luted animals, the experimental group rHSA, until Het was decreased
to 11% of baseline (Fig. 2). The test materials were studied by
assigning the remainder of the level 2 animals to groups labeled HbV,
(Pso = 8 mmHg) and HbV 25 (Pso = 29 mmHg) and were hemodiluted
using these materials, reducing Het to 11%. Plasma Hb concentrations
derived for HbVg and HbV 24 after exchange of 35% blood volume are
estimated around 2.0-2.3 g/dl for both groups (35% of estimated total
Hb content) (21).

Because mixed blood is withdrawn during the exchanges, a 110%
blood volume exchange was needed to reduce Het to 25% of baseline
(11% Hcr). Test solutions were infused into the jugular vein catheter
after passing through an in-line, 13-mm-diameter, 0.2-pm syringe
filter at a rate of 100 p.l/min. Blood was simultaneously withdrawn
using a dual syringe pump (33" syringe pump; Harvard Apparatus,
Holliston, MA) at the same (isovolemic-normovolemic) rate from the
carotid artery catheter {4, 5, 19). This slow rate of exchange provided
for a stable mean arterial pressure immediately after the exchange.
Each animal was allowed a 10-min stabilization period before data
acquisition.

Blood chemistry and biophysical properties. Arterial blood was
collected in heparinized glass capillaries (0.05 ml) and immediately
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Blood Volume

-

Level 3

|

Levet 2

Baseline Level 1

analyzed for arterial Po, (Pag,), arterial Pco; (Pace,), base excess
(BE), and pH (Blood Chemistry Analyzer 248; Bayer, Norwood,
MA). The comparatively low Pag, and high Paco, values of these
animals is a consequence of their adaptation to a fossorial environ-
ment. Blood samples for viscosity and colloid osmotic pressure
measurements were quickly withdrawn from the animal with a hep-
arinized 5-ml syringe at the end of the experiment for immediate
analysis.

Viscosity was measured in a cone/plate viscometer (DV-I[+) with
a cone spindle (CPE-40; both from Brookfield Engineering Labora-
tories, Middleboro, MA) at a shear rate of 160 s™!, Colloid osmotic
pressure (COP) was measured using the Wescor 4420 colloid osmom-
eter (23).

Functional capillary density. Functional capillary density (FCD; in
cm™?) is the total length of RBC-perfused capillaries divided by the
area of the microscopic field of view (21). Capillary segments were
considered functional if RBC were observed to transit over a 30-s
period. FCD was tabulated from the capillary lengths with RBC flow
in an area comprising 10 successive microscopic fields (420 X 320
pm). Detailed mappings were made of the chamber vasculature to
study the same microvessels throughout the experiment,

Microhemodynamic parameters. Arteriolar and venular blood flow
velocities were measured online using the photodiode cross-correla-
tion technique (8) (Fiber Optic Photo Diode and Velocity Tracker
Correlator model 102B; Vista Electronics, Ramona, CA). The center-
line velocity (V) was corrected according to vessel size to obtain the
mean RBC velocity (11). The video image shearing technique was
used to measure vessel diameter (D) online. Blood flow was calcu-
lated from the measured parameters as (Q) = Va(D/2)2.

Microvascular Po; distribution. High-resolution microvascular Po;
measurements were made using phosphorescence-quenching micros-
copy (18), a method based on the oxygen-dependent quenching of
phosphorescence emitted by albumin-bound metalloporphyrin com-
-plex after pulsed light excitation. Phosphorescence microscopy is not
dependent on the level of dye within the tissue, and the decay time is
inversely proportional to the Po, level. The phosphorescence decay
curves were converted to oxygen tensions by using a fluorescence
decay curve fitter (model 802; Vista Electronics) (9). This technigue
has been used in this animal preparation and others for both intravas-
cular and extravascular oxygen tension measurements, because albu-
min exchange between plasma and tissue allows for sufficient con-
centrations of albumin-bound dye within the interstitium to achieve an
adequate signal-to-noise ratio. Animals received a slow intravenous
injection of 15 mg/kg body wt at a concentration of 10.1 mg/ml of a
palladium-meseo-tetra(4-carboxyphenyl)porphyrin  (Porphyrin  Prod-
ucts, Logan, UT). Po; measurements were made 20 min after por-
phyrin injection, allowing it to be distributed to all the tissues.

In our system, intravascular measurements are made by placing an
optical rectangular window (5 X 40 pm) within the vessel of interest,

H1887

Fig. 2. Hemodilution was attained by means of a pro-
gressive, stepwise, isovolemic blood exchange-transfu-
sion protocol, Volume of each exchange-transfusion
step was calculated as a percentage of the blood vol-
ume, estimated as 7% of body weight. An acute anemic
state was induced by lowering systemic Hct, using a 5%
recontbinant human serum albumin (tHSA) solution, in
2 progressive steps of isovolemic hemodilution labeled

7 Plasma level I and level 2 exchanges. Level 3 exchange was
achieved by a third hemodilution that continued using
[J TestSolution  1jSA or the vesicle solutions HbVs or HbVyg sus-

pended in 5% rHSA (test solutions). RBC, red blood
cells.

I R&c

with the longest side of the rectangular slit positioned parallel to the
vessel wall. Tissue Po; is measured in regions void of large vessels
within intercapillary spaces with an optical window size of ~10 X 10
pm, which allows us to precisely establish the localization of the Po,
measurements in arterioles, venules, and the interstitium (20). The
phosphorescence decay due to quenching at a specific Pos yields a
single decay constant, and in vitro calibration has been demonstrated
to be valid for in vivo measurements. Intravascular and perivascular
Po, measurements were made in the arterioles studied, and intravas-
cular Po; measurements were made in venules. Interstitial tissue Po,
was measured in regions distant from visible underlying and adjacent
vessels.

Tissue oxygen delivery and extraction. The microvascular method-
ology used in our studies allows a detailed analysis of oxygen supply
in the tissue, Calculations of O; delivery, defined as the amount of
oxygen delivered by the arterioles to the microcirculation per unit
time normalized relative to baseline, and Q5 extraction, defined ag the
amount of oxygen released by blood to the tissue by the microcircu-
lation per unit time normalized relative to baseline, were made using
Egs. I and 2:

O, delivery = {{RBCyp, X y X Saggc%) + (HbVyy, X v X Sayn%)
+ (1 = Het}) X a X Pag } X Q
0; extraction = {{[RBCyy, X ¥ X S(a = V)gac%] + [HbV,p
Xy X S(a— vyv%] + {1 —Het) X a X Pla— v)o} X Q

where RECy, is the [Hb] in RBC (expressed in g/dl of blood), Hb Vi,
is the [Hb)] in HbV (expressed in g/dl of blood), +y is the oxygen-
carrying capacity of Hb at 100% saturation (or 1,34 ml O-/g Hb), Sa%
indicates the arteriolar oxygen saturation of RBC or HbV, S(a-v)%
indicates the arteriovenous difference in oxygen saturation of RBC or
HbV, {1 — Hct) is the fractional plasma volume (and converts the
equation from units per dl of plasma to per dl of blood), « is the
solubility of exygen in plasma and is equal to 3.14 X 10~3 ml O,/dl
plasma mmHg, Pag, is the arteriolar partial pressure of oxygen,
P(a-v)o: is the arteriovenous difference in Po,, and Q is the micro-
vascular flow for each microvessel as a percentage of baseline. The
oxygen dissociation curves were determined as described before. In
this analysis, microvascular Hct was corrected according to the
findings of Lipowsky and Firrell (10).

Experimental procedure. Baseline systemic, microvascular, and
hemodynamic characterizations were performed before the start of the
exchange. After each exchange and a stabilization period of 10 min,
systemic and/or microvascular measurements were performed. Ex-
changes began every hour, After the level 3 exchange transfusion, the
same measurements were repeated, and then the Po, distribution was
determined using phosphorescence-quenching microseopy (9). The
duration of the experiment was 3—-4 h,

()
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Data analysis. Results are presented as means + SD unless
otherwise noted. All data are presented as absolute values and ratios
relative to baseline values. A ratio of 1.0 signifies no change from
baseline, whereas lower and higher ratios are indicative of changes
proportionally higher or lower than baseline. The same vessels and
functional capillary fields were followed so that direct comparisons to
their baseline levels could be performed, allowing for more robust
statistics for small sample populations. For repeated measurements,
time-related changes were assessed by analysis of variance
(ANOVA). Data within each group were analyzed using ANOVA for
nonparametric repeated measurement, and when appropriate, post hoc
analyses were performed with the Dunn’s multiple comparison tests.
For level 3 exchange, groups were analyzed using one-way ANOVA,
and post hoc analyses were performed with the Bonferroni post tests.
All statistics were calculated using GraphPad Prism 4.01 (GraphPad
Software, San Diego, CA). Changes were considered statistically
significant if P < 0.05.

RESULTS

Exchange transfusion. Twenty-four animals (55-65 g body
wt} entered into the exchange-transfusion (hemodilution) pro-
tocol, and all tolerated the experiment without any visible
discomfort. Microvascular studies were completed in six prep-
arations for each test material, namely, the level 2 rHSA,
HbVs, and HbV ;9. The data were analyzed using a.model for
computing oxygen delivery to the tissue at the microscopic
level.

Hematological changes. The exchange-transfusion protocol
resulted in a final Het ranging from 11.0 £ 0.5t0 11.4 * 0.6%.
The HbVg and HbV29 groups had a final plasma Hb concen-
tration of 2,1 £ 0.1 g/dl, which increased the total Hb concen-
tration in blood (RBC + Hb in plasma) to 5.7 = 0.2-0.3 g/dl
after completion of the level 3 exchange transfusion. Thus
oXygen-carrying capacities at this level were similar to those
found at level 2, where total blood Hb concentration was 5.7 =
0.3 gfdl (Hct 18.1 = 0.7) (Table 2).

Systemic and blood gas parameters. Changes in the systemic
parameters are presented in Fig. 3. Mean arterial pressure was
statistically lower for the extreme hemodilution tests with
rHSA and the HbV39 group and attained the highest value with
HbVy viscosity. Heart rate after hemodilution followed by
exchange transfusion with the HbV solutions was ~10%
higher than baseline at the level 3 exchange. The slight increase
in heart rate was not statistically different.

Table 2. Laboratory parameters during exchange protocol

O; DELIVERY BY HIGH AND NORMAL OXYGEN AFFINITY He VESICLES
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Fig. 3. Mean arterial blood pressure and heart rate [in beats/min (bprn)] at
baseline (BL) (Hct 49%) and Zevel I (Het 29%), level 2 (Hct 18%), and level
2 (Het, 11%) hemodilutions, Level I and level 2 exchanges were performed
with 5% rHSA as diluent. Level 3 exchange was used to evaluate the oxygen
transport of HbVyg vs. HbV2e and tHSA. $P < 0.05 relative to baseline; §P <
0.05 relative to level 3 THSA; P < 0.05, level 3 with HbV;s vs. level 3 with
HbVag.

Analysis of arterial blood gases (Table 2) showed a statis-
tical increase in Pos after hemodilution and exchange transfu-
sion. Paco, was unchanged from baseline after hemodilution.
Blood pH was not statistically changed. At level 3 exchange,
BE was positive and not statistically different between HbV
groups, but it was negative and statistically different from
baseline for the rHSA group (P < 0.05).

Colligative properties. Blood viscosities and COP after level
3 exchange were sampled at 1 h and 10 min after completion

Level ] Hemodilution Level 2 Hernodilution Level 3 Hemodilution
Baseline rHSA rHSA rHSA HbVe HbVis

n 24 24 24 6 6 6
Het, % 488x1.2 28.8+0.8* 18.10.7* 11.10.8* 11.0£0.5% 11.4+0.6*
Hb, g/dl

Whole blood 148+04 9.0+0.5* 5.7+0.3* 3.7x04* 537x02%¢ 5.7x03%%

Plasma 2.1%0.1 2.1x0.1
Pag,, mmHg 592x446 68.7x5.2 73537+ 87.5%7.0* T7.1x4.3*% 764 £4.4%%
Paco,, mmHg 432+36 524+6.7 49.0x3.5 420+32* 53.0+£39%% 468+4.3
Arterial pH 7.35x0.02 7.35+0.03 7.37+0.03 7.38+0.04 7.35+0.03 7.36=0.03
HCO3;, mM 279+23 28.5x3.5 27.6%22 248%25 28226 25821
BE, mM 3.2x20 3424 29x21 -0.2+1.9#% 31+17F 1.0=2.0

Values are means % SD. Baseline values include all animals in the study. No significant differences were detected between the baseline values of each group
or between the values after Jeve! I and level 2 exchange before the exchange with test solutions, Het, systemic hematocrit; Hb, hemoglobin content of blood;
Pa,,, artetial partial O; pressure; Paco,, arterial partial pressure of CO2; BE, base excess. *P < 0.05 compared with baseline; $£ < 0.05 compared with Jevel

3 rHSA; $P < 0.05 compared with level 3 HbV; to level 3 HbVag.
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Table 3. Rheological properties and COP

Fluid Blood Viscosity, cp  Plasma Viscosity, cp COP,mmHg n
Blood 42+0.7 1.2x0.1 17.6x0.7 6
Level 2 THSA 2.0x0.2% 0.9+0.1 172208 4
Level 3 rtHSA 1.6x0.2* 0.9%0.1 174%1.1 5
Level 3 HbV, 1.9+0.3* 1.0£0.1 17308 6
Level 3 HbV2e 2.0x0.4* 1.0*0.1 17810 5

Values are means * SD; n = no. of animals studied. Viscosity was
measured at a shear rate of 160 s~* at 37°C. COP was measured at 27°C. Het
are presented in Table 2. *P < (.05 compared with nondiluted blood,

of the exchange, Table 3 shows that blood viscosity ranges
from 1.6 cp (plasma 0.9 cp) for tHSA to 2.0 cP (plasma 1.0 ¢cp)
for the HbV groups.

All test materials caused COP to maintain the value for
normal blood for this species (5), namely, 17.6 * 0.7 mmHg at
I h after the last exchange, showing that introduction of bulk
solutions into the circulation caused minor fluid shifts.

Microhemodynamics. After level 3 exchange, arteriolar and
venular diameters were not statistically different from baseline
for any of the groups. Arteriolar flow velocities attained the
highest value for the HbVg group, being 1.90 relative to
baseline, which was statistically significant. The same effect
was found in the venular microcirculation, where blood flow
velocity was 2.20 relative to baseline. HbV2s exchange trans-
fusion lowered both arteriolar and venular velocities relative to
the values attained at the level 2 exchange. However, venular
velocity in this group was statistically significantly higher than
in baseline. Notably, the level 2 hemodilution with rHSA
caused significantly higher blood flow velocities in the arterio-
lar and venular microcirculation (Fig. 4).

Combining data for the RBC flow velocity and diameter
allowed calculation of the arteriolar and venular blood flows
(Fig. 5). The results of this calculation showed that all ex-
changes caused blood flow to increase. Arteriolar and venular
blood flows at level 2 exchange with the use of rHSA were

H1889

significantly higher than those at baseline. However, continu-
ing hemodilution with this material to level 3 exchange did not
sustain the increase, and arteriolar and venular blood flow,
although showing a tendency to remain elevated, were not
statistically different from baseline values.

Level 3 exchange transfusion with HbVg and HbV 35 caused
blood flow to be significantly higher than baseline. Further-
more, the HbV; group showed consistently higher blood flows
than the HbV3o group; however, the trend was not statistically
significant.

Functional capillary density. The number of capillaries with
RBC passage upon level 3 hemodilution in the rHSA, HbVs,
and HbV3p groups was 62 £ 9, 76 * 12, and 72 * 13% of
baseline, respectively. These values were statistically different
from baseline but not statistically different with respect to each
other (Fig. 6).

Microvascular oxygen distribution. Oxygen tension mea-
sured using phosphorescence microscopy after level 3 ex-
change transfusion in the tHSA, HbVg, and HbVay groups
showed that these materials produced virtually identical distri-
butions of arteriolar microvascular Po, (arterioles averaged
49.5 mmHg), although HbV; tended to be higher {(Fig. 7). The
decrease of RBC from level 2 to level 3 did not decrease the
arteriolar Po,. Venular Po; after level 3 was significantly lower
than at leve! 2 exchange in all cases (fHSA, 7.2 + 3.2 mmHg;
HbVg, 15.1 = 3.7 mmHg; HbVag, 9.6 * 4.2 mmHg).

Tissue Po, values at level 3 exchange were consistently
lower than those at level 2 exchange (20.1 % 2.2 mmHg), with
the difference being statistically significant. The highest was
attained by the HbVg group, being 14.0 + 2.2 mmHg. By
comparison, tissue Po; for the HbVao group was 9.2 * 2.7
mmHg and for the tHSA group, 2.6 = 1.4 mmHg, which was
significantly lower compared with the HbV3 and HbV2s groups
(Fig. 7).

Oxygen delivery and extraction. Figure 8 shows the results
of the analysis for delivery and release of oxygen by the

& HbV;g

Fig. 4. Changes relative to baseline in arteriolar and
venular hemodynamics at the level 1, level 2, and level 3

(.05 relative to baseline. Arteriolar (A} and venular (B)
diameters (um, means * SD, n = no. of vessels studied)
in each animal group were as follows. Baseline: arte-
ricles {A), 61.2 * 10.2, n = 80; venules (V), 62.0 *
12.3, n = 80. Level 1 with THSA: A, 656 £ 124, V,
61.1 £ 124, Level 2 with rHSA: A, 66.1 = 146; V,

[ exchanges. Dashed lines represent baseline level. 1P <

' 643 £ 15.2. Level 3 withtHSA: A, 63.7 £ 144, n = 20;
V,61.0 * 167, n = 20. Level 3 with HbVg: A, 649 *+
157, n = 20, V, 64.6 = 182, n = 20, Level 3 with
HbVag: A, 66.1 = 162, n =20, V,63.1 *+ 18.0,n=20.
Arteriolar (C) and venular {D} RBC velocities (mm/s,
means = 8D) in each animal group were as follows.
Baseline: A, 4.9 = 1.3, V, 1.7 £ 0.5. Level I with tHSA:
A63*14:V,20=0.7 Level 2 withtHSA: A, 79 +
1.5; V, 2.6 £ 09. Level 3rHSA: A, 52 £ 2.0,n = 20;
V,19* 1.1, n = 20. Level 3 with HbVg: A, 7.2 = 1.8,

n=20,V,33 * 1.0, n = 20. Level 3 with HbVas: A,
70+ 17, n=20;V,30 09 n =20,
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Fig.5. Arteriolar and venular flow (nl's, means = SD,n= 22 2.0 t LE g +§ t ¥V HbV,
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follows. Baseline: arterioles (A), 14.8 = 7.1, n = 76: -9.§ oﬂ ] t
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microcirculation. It is apparent that exchanging RBC for HbV,
maintains oxygen delivery to the tissue, whereas HbVag re-
duces this by ~20%, and continued hemodilution with a
non-oxygen-carrying material significantly depresses oxygen
delivery to the tissue, reducing this to half of that attained at the
level 2 hemodilution.

DISCUSSION

The principal finding of this study is that under identical
extreme hemodilution conditions, with the use of vesicles
encapsulating Hb with normal Psg (HbV2s = 29 mmHg) and
low Psy (HbVg = 8 mmHg), tissue Po, is statistically signifi-
cantly higher when the high oxygen affinity material is used,
namely, 140 £ 2.2 vs. 9.2 * 2.7 mmHg. The significantly
increased tissue Po, attained with HbVg appears to be due to a
series of incremental improvements in microvascular and ma-
crovascular hemodynamics comprising the increase of arterio-
lar blood flow and mean arterial blood pressure, which was
significantly higher (P < 0.05) for HbVy than for HbV .

In the hemodilution procedures of this study, blood was
exchanged with a rHSA solution as a colloidal plasma ex-
pander, which was the same suspending medium used for the
Hb vesicles. Therefore, in these experiments, we can make a
direct comparison between an oxygen-carrying and non-oxy-

1.0 1
£ t
Q
3 _
g ;g: 084 ¢
=i | 4t
Qs 1
'E -
55 | 14
Q =084 L M rHSA
=
& A HbVg
A HbVyg
0.4 T y T T |
10 30

20
Hematocrit, %

Fig. 6. Functional capillary density after the level I, level 2, and level 3
exchanges for the different test fluids. All values are relative to baseline levels.
+P < 0.05 relative to baseline.

gen-carrying blood substitute, uncomplicated by the presence
of additional materials. Qur results show that the level 2
hemodilution with rHSA leads to maintained functional capil-
lary density and significantly improved arteriolar and venular
blood flow, although somewhat lowered central blood pressure.
The latter finding is not necessarily negative and may reflect a
lowered overall peripheral vascular resistance due to the de-
crease of blood viscosity after hemodilution. The fact that
microvascular flow is significantly increased indicates that the
level 2 hemodilution with rHSA provides the tissue with
adequate microvascular perfusion and that this colloid is an
adequate plasma expander.

Average oxygen delivery and extraction were somewhat
greater for HbVy than for HbV,e. These are calculated values
and are not statistically significantly different; however, the
same difference was found in all micro and macro parameters
measured in this study.

The level 2 hemodilution and the succeeding leve! 3 hemodi-
lution with either HbVy and HbVa9 resulted in the same total
Hb concentration in the circulation (5.7 and 5.8 g Hb/dl);
however, oxygen delivery was lower with HbV29 and lowest
with rHSA, as might be expected due to the low Hb content
(3.7 g Hb/d]) in the absence of plasma Hb for the rtHSA group.
Therefore, because all groups had the same Hct at the Jevel 3
hemodilution, the sustained oxygen consumption and tissue
Po, relative to the rHSA group clearly demonstrate that Hb
vesicles release oxygen. However, the vesicles with the lowest
Pso provide an oxygen delivery capacity identical to that of
blood at level 2 hemodilution, whereas vesicles with a high Psg
lower oxygen delivery at the microcirculatory level, an effect
probably caused by the decreased blood flow associated with
HbVs.

The differences in tissue Po,, mean arterial blood pressure,
and arteriolar blood flow between HbVy and Hb V4o show that
in designing a blood substitute, it is not sufficient to provide
adequate oxygen-carrying capacity. Once a suitable oxygen
carrier is available, it also must be able to maintain or enhance
other circulatory transport parameters, particularly flow. The
Hb vesicles used in this study are vasoinactive, and the differ-
ence in Psy appears to be a factor in improving flow condition
that is not related to vasoactivity. An explanation for this may
be related to the inherent variability of tissue Po, shown in this
and other studies (4, 22), which may be enhanced in extreme
hemodilution, This variability determines that if average tissue
Po, is low, portions of the tissue may become anoxic. Intro-
ducing a small quantity of a low-Pso Hb oxygen carrier into the
circulation will deliver oxygen only to those parts of the tissue
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where the anoxic threshold is passed, thus eliminating the
inherent variability of oxygen delivery shown by the variability
of tissue Po,.

Considering the significantly improved blood pressure and
the trend toward higher flow for HbV;y (in the absence of
vasoconstriction and changes in the rheological properties of
blood), it is possible that in conditions of extreme hemodilution
the cardiac function should be improved because of the pro-
posed more homogenous heart tissue oxygenation using HbVs
vs. HbVag.

In summary, the present results show that either HbVy or
HbVys are efficient oxygen carriers that do not cause vasoac-
tivity. The experiments were carried out using rHSA as a
hemodiluent, and this material was adequate as a plasma
volume substitute. Oxygen extraction was similar for both
oxygen carriers; however, HbV; appeared to be beneficial at
the systemic level, because base excess remained at baseline
levels, whereas it was decreased for HbV,e. This finding
suggests that improved tissue Po, and microcirculatory oxygen
delivery may be efficient in other tissues. The improvement
obtained may be specific to the conditions of these experiments
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in which the vesicles were tested for their capacity to restore
tissue Po,, FCD, and oxygen extraction in the microcirculation
during extreme hemedilution. The significant differences in the
tissue oxygen parameters produced by the presence of low-Psg
Hbs vs. an identical oxygen carrier with normal Pso suggests
that small amounts of Hbs with high oxygen affinity may have
therapeutic effects in the treatment of ischemic conditions (6).
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Title: New generation of hemoglobin-based oxygen carriers evaluated for
oxygenation of critically ischemic hamster flap tissue

Author(s): Claudio Contaldo MD; Jan Plock MD; Hiromi Sakai PhD; Shinji
Takeoka PhD; Eishun Tsuchida PhD; Michael Leunig MD; Andrej Banic MD,
PhD; Dominique Erni MD

Objectives: The aim of this study was to investigate and compare the
effects of a traditionally formulated, low-viscosity, right-shifted polymerized
bovine hemoglobin solution and a highly viscous, left-shifted hemoglobin
vesicle solution (HbV-HES) on the oxygenation of critically ischemic
peripheral tissue.

Design: Randomized, prospective study.
Setting: University laboratory.
Subject: A total of 40 male golden Syrian hamsters.

Interventions: Island flaps were dissected from the back skin of
anesthetized hamsters. The flap included a critically ischemic, hypoxic area
that was perfused via a collateralized vasculature. One hour after completion
of the preparation, the animals received a 33&percnt; blood exchange with
B&percnt; hydroxyethyl starch 200/0.5 (HES, n &equals; 9), HbV suspended
in HES (HbV-HES, n &equals; 8), or polymerized bovine hemoglobin
solution (n &equals; 9).

Measurements and Main Results: Three hours after the blood exchange,
microcirculatory blood flow (laser-Doppler flowmetry) was increased to
262&percnt; of baseline for HbV-HES (p <.01) and 197&percnt; for
polymerized bovine hemoglobin solution (p < .05 vs. baseline and HbV-
HES). Partial tissue oxygen tension (bare fiber probes) was only improved
after HbV-HES (9.4 torr to 14.2 torr, p < .01 vs. baseline and other groups).
The tissue lactate/pyruvate ratio (microdialysis) was elevated to 51 in the
untreated control animals, and to 34 x 8 after HbV-HES (p < .05 vs. control)
and 38 * 11 after polymerized bovine hemoglobin solution (not significant).

Conclusions: Our study suggests that in critically ischemic and hypoxic
collateralized peripheral tissue, oxygenation may be improved by
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normovolemic hemodilution with HbV-HES. We attributed this improvement
to a better restoration of the microcirculation and oxygen delivery due to the
formulation of the solution.
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The simple one-pot reaction of protoporphyrin EX and w-(N-imidazolyDalkylamine or O-methyl-L-histidyl-glycine
with benzotriazol-1-yl-oxytris(dimethylamino)phosphonium hexafluorophosphate at room temperature produced a
series of protoporphyrin IX species with a covalently linked proximal base at the propionate side-chain. The central
iron was inserted by the general FeCl, method, converting the free-base porphyrins to the corresponding protoheme
IX derivatives. Mesoporphyrin IX and diacetyldeuteroporphyrin IX analogues were also prepared by the same
procedure, The Fe(in) complexes formed dioxygen (0,) adducts in dimethylformamide at 25 °C. Some of them were
incorporated into the hydrephobic domain of recombinant human serum albumin (fHSA), providing albumin-heme
hybrids (rHSA-heme), which can bind and release O, in aqueous media (pH 7.3, 25 °C). The oxidation process of
converting the dioxygenated heme in rHSA to the inactive Fe(11) state obeyed first-order kinetics, indicating that the
u-oxo dimer formation was prevented by the immobilization of heme in the albumin scaffold. The rHSA-heme, in
which the histidylglycil tail coordinates to the Fe(m) center, showed the most stable 0, adduct complexes.

Introduction

Numerous model compounds of hemoglobin (Hb) and myo-
globin (Mb) have already been prepared and their O,-binding
equilibria and kinetics were extensively studied.! In particular,
synthetic hemes having a sterically encumbered porphyrin
platform can form stable O, adducts in organic solvent at room
temperature, If we are to reproduce or mimic any biochemical
reaction, the aqueous medium is particularly important. The
dioxygenated complexes of highly-modified hemes are unfortu-
nately oxidizeéd to the ferric state in water. Human serum albumin
(HSA) is the most abundant plasma protein in our circulatory
system and solubilizes hydrophobic small molecules.? We have
found that synthetic hemes are also spontaneously incorporated
into HSA, which provides unique albumin-heme hybrids (HSA-
hemes) and allows their Fe(11) states to remain stable in aquecus
solution.? Actually, recombinant HSA* (tHSA) including
tetrakis(a,o,0,0-0-pivalamidophenyl)porphinatoiron(ir) with a
covalently linked proximal base can reversibly bind and release
O, under physiological conditions, and acts as an artificial O,
transporter in the blood stream.® Our next target is to realize
O, coordination to rHSA-heme involving protoheme IX in
the same manner as natural Hb and Mb. The dioxygenation of
protoheme IX has several advantages. (1) Synthetic procedures
are rather simplified with respect to the highly modified tetra-
phenylporphyrin. (2) It has the same structure and thus the same
spectra as do hemoproteins; this makes possible the study of
subtle changes in the protein nanostructure. (3) Its metabolism
process has been clarified,® which is an advantage for medical
use as an artificial O, carrier.

We report herein the simple synthetic methodology of
protoheme IX derivatives with a covalently-linked proximal
imidazolyl arm and the O,-binding properties of the obtained
rHSA-hemes.

Results and discussion
Synthesis

The free-base porphyrins with a covalently linked proximal
base (1a-8a, Scheme 1)} were synthesized by the one-pot
reaction of protoporphyrin IX, w@-(N-imidazolyl)alkylamine

[R.H; 3-(N-imidazolyl)propylamine, 4-(N-(2-methylimidazolyl))-
butylamine or O-methyl-L-histidyl-glycine] for one propionic
acid group, and a capping alcohol or amine on the other side
(R,H; MeOH, EtOH or MeNH,) in the presence of benzotriazol-
1-yl-oxytris(dimethylaminc)phosphonium hexafluorophosphate
(BOP) at 25°C in pyridine [or dimethylformamide (DMF)
(Scheme 2). The carbonyl attachment was made through
either an ester or an amide function. After the reaction, the
mixture was poured into 10% NaCl solution, which led to the
precipitation of the crude porphyrin. Centrifugation at 7000 g
for 30 min gave a purple pellet. The pyridine (or DMF), BOP,
R,H and R;H in the supernatant were all discarded at this point.
The obtained precipitate was dissolved in CHCI; and showed
several spots on a thin layer chromatograph. The anpolar band
correspends to the double R;-substituted component (ex. proto-
porphyrin IX diethyl ester in the cases of 2, 5, 6) and the second
band is the desired porphyrin, which is purified by a silica gel
chromatographic separation (yield: 20-30%). The iron was then
inserted by the general FeCl, method with 2,6-lutidine in DMF
solution, giving the corresponding hemins. Mesoporphyrin X
and diacetyldeuteroporphyrin IX also gave similar analogues
(7b and 8b). We obtained a mixture of two isomeric compounds
that we were unable to separate.

Traylor and co-workers reported many pioneering studies
on “chelated hemes”.” They synthesized compound 1b, for
instance, using an acid anhydride procedure directly from
protohemin chloride.® First, the protohemin dimethyl ester
was partially hydrolyzed and, after purification, the mono acid
was coupled to a 3-(N-imidazolyl)propylamine by the pivaloyl
chloride method. Nevertheless, reaction mixtures involving the
diacid and monoacid are normally insoluble in common organic
solvents, therefore, the yield of this reaction largely depends on
the separation techniques. In contrast, our simple procedure
makes it possible to synthesize a series of new protoporphyrins
with a wide variety of proximal bases and end-capping groups
of the other propionic acid.

Dioxygenation of heme in DMF solution

The obtained hemin complexes 1b—8b in DMF solution were
reduced to the corresponding Fe(11) complexes using a solution
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