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WO 95/05397 PCT/US94/09246

COMPOSITION AND METHODS USING NITROXIDES TO AVOID OXYGEN TOXICITY.

TECHNICAL FIELD

This invention relates to the use of nitroxide compounds
that are used with macromolecules, including hemoglobin,
albumin, immunoglobulins and liposomes to alleviate the toxic
effects of oxygen-related species in a living organism. In
particular, this invention discloses compounds and methods
featuring nitroxides associated with physiologically compati-
ble cell-free and encapsulated hemoglobin solutions for use
as a red cell substitute and nitroxides associated with other
physiologically compatiblé macromolecules for alleviation and
prevention of damage and oxidative stress caused by free
radicals.

BACKGROUND ART
Although the physiological mechanisms of oxygen metabo-

lism have been known for many years, an understanding of the
role played by oxidative stress in physiology and medicine is
not well understood. The mechanism by which free radicals
contribute to a variety of types of physiological damage has
also been studied in connection with oxidative stress and its
toxic effects. However, the development of methods and
compounds to combat oxidative stress or toxicity associated
with oxygen-related species has enjoyed limited success. The
difficulties encountered in creating a blood substitute and
are an acute example of the difficulty in preventing or
alleviating oxygen toxicity. '

Scientists and physicians have struggled for decades to
produce a blood substitute that could be safely transfused
into humans. Persistent blood shortages and the problems of
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incompatible blood types, cross-matching, and the communica-
tion of disease have led to a broad-based effort by private
industry, universities, and governments to discover a
formulation that would allow a large volume of a blood
substitute to be safely transfused without significant
physiological side effects. At present, several companies
are conducting clinical trials on experimental blood substi-
tutes. However, unexpected adverse physiological reactions
and the inherent complexity of the research and development
process have impeded progress through the regﬁlatory approval
stage and have prevented the introduction of a clinically
useful blood substitute.

A Research Advisory Committee of the United States Navy
issued a report in August 1992 outlining the efforts by
several groups to produce a blood substitute, assessing the
status of those efforts, and generally describing the
toxicity problems encountered. The Naval Research Advisory
Committee Report reflects the current consensus in the
scientific community that even though the existing blood
substitute products, often termed "hemoglobin-based oxygen
carriers" (HBOC), have demonstrated efficacy in oxygen
transport, certain toxicity issues are unresolved. The
adverse transfusion reactions that have been observed in
clinical studies of existing hemoglobin-based oxygen carriers
(HBOC) include systemic hypertension and vasoconstriction.
These adverse reactions have forced a number of pharmaceuti-
cal companies to abandon their clinical trials or to proceed
at low dosage levels.

The toxicity problem in the existing hemoglobin-based
blood substitutes has been given a high priority by the
United States Government. The Naval Research Committee
recommendation has been implemented by the National Institute
of Health in the form of a Request For Proposal (PA-93-23) on

the subject of "Hemoglobin-Based Oxygen Carriers: Mechanism
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of Toxicity." Therefore, the medical and scientific communi-
ty suffers from an acute and pressing need for a blood
substitute that may be infused without the side effects
observed with the existing hemoglobin-based oxygen carriers.

The red blood cells are the major component of blood and
contain the body’s oxygen transport system. It has long been
recognized that the most important characteristic of a blood
substitute is the ability to carry oxygen. The red blood
cells are able to carry oxygen because the primary component
of the red cells is hemoglobin, which functions as the oxygen
carrier. Most of the products undergoing clinical testing as
blood substitutes contain hemoglobin that has been separated
from the red blood cell membranes and the remaining constitu-
ents of the red blood cells and has been purified to remove
essentially all contaminants. However, when hemoglobin is
removed from the red cells and placed in solution in its
native form, it is unstable and rapidly dissociates into its
constituent subunits. For this reason, the hemoglobin used
in a hemoglobin-based oxygen carrier (HBOC) must be stabi-
lized to prevent dissociation in solution. Substantial
expenditures in scientific labor and capital were necessary
to develop hemoglobin-based products that are stable in
solution, and which are stabilized in such a way that the
oxygen transport function is not impaired. The ability of
the existing hemoglobin-based oxygen carriers to transport
oxygen has been well established (See United States Patent
Nos. 3,925,344; 4,001,200; 4,001,401; 4,053,590; 4,061,736;
4,136,093; 4,301,144; 4,336,248; 4,376,095; 4,377,512;
4,401,652; 4,473,494; 4,473,496; 4,600,531; 4,584,130;
4,857,636; 4,826,811; 4,911,929 and 5,061,688).

In the body,‘hemoglobin in the red cells binds oxygen
molecules as the blood passes through the lungs and delivers
the oxygen molecules throughout the body to meet the demands
of the body’s normal metabolic function. However, the
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atmospheric oxygen that most living beings must breathe to
survive is a scientific and medical paradox. On the one
hand, almost all living organisms require oxygen for life.
On the other hand, a variety of toxic oxygen-related chemical
 species are produced during normal oxygen metabolism.

With respect to oxidative stress resulting from the
transportation of oxygen by hemoglobin, it is known that in
the process of transporting oxygen, the hemoglobin (Hb)
molecule can itself be oxidized by the oxygen (0,) molecule
it is carrying. This auto-oxidation reaction produces two
undesirable products: met-hemoglobin (met-Hb) and the
superoxide anion (:03;). The chemical reaction may be written
as follows:.

Hb + 4 0, ----> met-Hb + 4 -0; [1]

The superoxide anion (-0;) is an oxygen molecule that carries
an additioﬁal electron aﬁd a negative charge. The superoxide
anion is highly reactive and toxic. In the case of oxygen
transport by hemoglobin, potentially damaging oxidative
stress originates with the superoxide anion being generated
by the auto-oxidation of hemoglobin and results from the
subsequent conversion of the superoxide anion to toxic
hydrogen peroxide in the presence of the enzyme superoxide

dismutase (SOD) by the following reaction:
2 -0, + 2H*  ------- > 20, + H,0, (2]

The presence of the superoxide anion and hydrogen peroxide in
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the red blood cells is believed to be the major source of
oxidative stress to the red cells.

Apart from oxygen.transport by the hemoglobin continued
therein, a less recognized characteristic of the red cells is
that they contain a specific set of enzymes which are capable
of detoxifying oxygen-related chemical species produced as
by-products of oxygen metabolism. Without the protection of
these specific enzyme systems, autoxidation of hemoglobin
would lead to deterioration and destruction of the red cells.
In the body, however, the reserve capacity of the enzyme
systems in the red cells protects the body from oxygen
toxicity by converting the superoxide anion generated during
normal metabolism to non-toxic species and thereby controls
the level of oxidative stress. However, if this enzyme
system breaks down, the integrity of the red cells will be
damaged. A lesion of the gene that produces one of the
enzymes in the protective system in the red blood cells will
cause an observable pathological condition. For example,
glucose-6-phosphate dehydrogenase deficiency, a genetic
disorder of red cells, is responsible for hydrogen peroxide
induced hemolytic anemia. This disorder is due to the
inability of the affected cells to maintain NAD(P)H levels
sufficient for the reduction of oxidized glutathione result-
ing in inadequate detoxification of hydrogen peroxide through
glutathione peroxidase (P. Hochstein, Free Radical Biology &

Medicine, 5:387 (1988)).
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The protective enzyme system of the red blood cells
converts the toxic superoxide anion molecule to a non-toxic
form in a two-step chemical pathway. The first step of the
pathway is the conversion of the superoxide anion to hydrogen
peroxide by the enzyme superoxide dismutase (SOD) (See
Equation (2]). Because hydrogen peroxide is also toxic to
cells, the red cells contain another enzyme, catalase, which
converts hydrogen peroxide to water as the second step of the

pathway (See Equation [3]).
2 HzOz bttt -» 2 H20 + 02 [3]

Red cells are also capable of detoxifying hydrogen peroxide
and other toxic organoperoxides using the enzymé glutathione
peroxidase which reacts with glutathione to convert hydrogen
peroxide and organoperoxides to water. Red cells also
contain an enzyme to prevent the build up of the met -hemoglo-
bin produced by the auto-oxidation of hemoglobin. The enzyme
met-hemoglobin reductase converts met-hemoglobin back to the
native form of hemoglobin. Therefore, in the body, the toxic
effects of the auto-oxidation of hemoglobin are prevented by
specific enzyme-based reaction pathways that eliminate the
unwanted by-products of oxygen metabolism.

The enzymatic oxygen detoxification functions of superox-
ide dismutase, catalase, and glutathione peroxidase that

protect red blood cells from oxygen toxicity during normal
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oxygen transport do not exist in the hemoglobin-based oxygen
carriers (HBOC) developed to date. Without the oxygen
detoxification function, the safety of the existing HBOC
solutions will suffer due to the presence of toxic oxygen-
related species.

The principle method by which the existing HBOC solutions
are manufactured is through the removal of hemoglobin from
the red cells and subsequent purification to remove all non-
hemoglobin proteins and other impurities that may cause an
adverse reaction during transfusion (See United States Patent
Nos. 4,780,210; 4,831,012; and 4,925,574). The substantial
destruction or removal of the oxygen detoxification enzyme
systems is an unavoidable result of the existing isolation
and purification processes that yield the purified hemoglobin
used in most HBOCs. Alternatively, instead of isolating and
purifying hemoglobin from red cells, pure hemoglobin has been
produced using recombinant techniques. However, recombinant
human hemoglobin is also highly purified and does not contain
the oxygen detoxification systems found in the red cells.
Thus, the development of sophisticated techniques to create
a highly purified hemoglobin solution is a mixed blessing
because the purification processes remove the detrimental
impurities and the beneficial oxygen detoxification enzymes
normally present in the red cells and ultimately contributes
to oxygen-related toxicity.

One of the observed toxic side effects of the existing
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HBOCs is vasoconstriction or hypertension. It is well known

that the enzyme superoxide dismutase (SOD) in yvitro will

rapidly scavenge the superoxide anion and prolong the
vasorelaxant effect of nitric oxide (NO). Nitric oxide is a
molecule that has recently been discovered to be the sub-
stance préviously known only as the "endothelium-derived
relaxing factor" (EDRF). The prolongation of the vasorelax-
ant effect of nitric oxide by SOD has been ascribed to the
ability of SOD to prevent the reéction between the superoxide
anion and nitric oxide. (M.E. Murphy et. al., Proc. Natl.
Acad. Sci. USA 88:10860 (1991); Ignarro et.al. J. Pharmacol.
Exp. Ther. 244: 81 (1988); Rubanyi Am. J. Physiol. 250: H822
(1986) ; Gryglewski et.al. Nature 320: 454 (1986)).

However, in vivo, the inactivation of EDRF by the

superoxide anion has not been observed and is generally not
thought to be likely. Nevertheless, certain pathophysiologi-
cal conditions that impair SOD activity could result in toxic
effects caused by the superoxide anion (Ignarro L.J. Annu.
Rev. Pharmacol. Toxicol. 30:535 (1990)). The hypertensive
effect observed in preclinical animal studies of the existing
HBOC solutions suggests that the concentration of superoxide
anion in large volume transfusions of the existing HBOCs is
the cause for the destruction of EDRF and the observed
vasoconstriction and systemic hypertension.

It is, therefore, important to delineate the hypertensive

effect resulting from the reaction of the superoxide anion
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with nitric oxide (NO) from that resulting from extravasation
and the binding of NO‘by hemoglobin. Upon transfusion of an
HBOC, the hemoglobin can also depress the vasorelaxant action
of nitric oxide by reacting with nitric oxide to yield the
corresponding nitrosyl-heme (NO-heme) adduct. In particular,
deoxy-hemoglobin is known to bind nitric oxide with an
affinity which is several orders of magnitude higher than
that of carbon monoxide. These hemoglobin-NO interactions
have been used to assay for nitric oxide and to study the
biological -activity of nitric oxide. For example, the
antagonism of the vasorelaxant effect of nitric oxide by
hemoglobin appears to be dependent on the cell membrane
permeability of hemoglobin. In intact platelets, hemoglobin
did not reverse the effect of L-arginine which is the
precursor of nitric oxide. In contrast, in the cytosol of
lysed platelets, hemoglobin is the most effective inhibitor
of L-arginine induced cyclic-GMP formation mediated by nitric
oxide. These experiments demonstrated that the hemoglobin
did not penetrate the platelet membrane effectively.
(Radomski et.al. Br. J. Pharmacol. 101:325 (1990)).
Therefore, one of the desired characteristics of the HBOCs is
to eliminate the interaction of nitric oxide with hemoglobin.
Hemoglobin is also known to antagonize both endothelium-
dependent vascular relaxation ( Martin W. et. al. J. Pharma-
col. Exp. Ther. 232: 708 (1985)) as well as NO-elicited

vascular smooth muscle relaxation (Grueter C.A. et. al. J.
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Cyclic. Nucleotide Res. 5:211 (1979)). Attempts have been
made to limit the extravasation and hypertensive effect of
hemoglobin by chemicélly stabilizing, polymerizing, encapsu-
lating, or cohjugating the hemoglobin in the HBOCs to pfolong
the circulation time. Therefore, although the current HBOCs
are relatively membrane impermeable and able to transport
oxygen, the HBOC solutions do not have the capability of
preventing the reaction between superoxide anion and nitric
oxide when transfused.

An ideal solution to the toxicity problems of the
existing blood substitutes would be a hemoglobin-based
formulation that combines the oxygen-transport function of
the existing HBOCs with the oxygen detoxification function of
the red cells. However, a simple addition of the enzyme
superoxide dismutase (SOD) into an existing HBOC solution
would not be desirable because, by reducing the concentration
of superoxide anion, the reaction whereby hemoglobin is
oxidized to met-hemoglobin would be encouraged, leading to an
undesirable build-up of met-hemoglobin (See Equation [1]).
Also, it is not desirable to encourage the conversion of the
superoxide anion to hydrogen peroxide in a hemoglobin
solution because the hydrogen peroxide is toxic and reactive
and wiil decompose to toﬁic hydroxyl radicals or form other
toxic organoperoxides during storage.

This invention contemplates the use of stable nitroxide

free radicals, hereafter referred to as "nitroxide(s)", to



WO 95/05397 PCT/US94/09246

11
provide the axygen detoxification function of the red cells
to hemoglobin-based blon substitutes and to alleviate
oxidative stress to aﬁoid biological damage associated with
free radical toxicity, including infiammation, post-ischemic
reperfusion injury, ionizing radiation, and the aging
process. Nitroxides are stable free radicals that are shown
to have antioxidant catalytic activities which mimic those of
superoxide dismﬁtaéef(SOD), and which whenbe#isting in vivo,
can interact with other substances to perform qatalase-mimic
activity. In the past, nitroxides have been used in electron
spin resonance spectroscopy as "spin labels" for studying
conformational and motional characteristics of biomacromole-
cules. Nitroxides have also been used to detect reactive
free radical intermediates because their chemical structure
provides a stable unpaired electron with well defined
hyperfine interactions. In addition, nitroxides have been
observed to act as enzyme mimics; certain low molecular
weight nitroxides have been identified to mimic the activity
of superoxide dismutase (SOD). (A. Samuni et. al. J. Biol.
Chem. 263:17921 (1988)) and catalase (R.J. Mehlhorn et. al.,
Free Rad. Res. Comm., 17:157 (1992)). Numerous studies also
show that nitroxides that are permeable to cell membranes are
capable of short-term protection of mammalian cells against
cytotoxicity from superoxide anion generated by hypoxan-
thine/xanthine oxidase and from hydrogen peroxide exposure.

With regard to safety in vivo, relatively high levels of
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nitroxide are expected to be well tolerated aé nitroxides are
known to be relatively safe: for examﬁle, the maximum
tolerated intraperitoneal dose of TEMPO .in micefiS'27§wmg[kg
and the LD,, is 341 mg/kg. Further, a macfomoleculédeﬁnd
nitroxide will be safer than a free nitroxide. 'The dtility
of nitroxide-labelled macromolecule as an antioxidant enzyme
mimic, therefore, lies in the possibility of achieving high
nitroxide levels (and hence activity) with acceptable safety.

Most of the nitroxides studied to date in living organ-
isms have been relatively low molecular weight compounds.
which can easily permeate across cell membranes into body
tissues. The nitroxides used as enzyme mimics, pursuant to
this invention, are associated with biological and synthetic
macromolecules which may be infused and may remain confined
to the vascular compartment. In the preferred embodiments of
this invention, nitroxides are covalently attached to

macromolecules to alleviate free radical toxicity while

confining the nitroxide to the location, i.e., the vascular
compartment, where their utility in reacting with free
radicals is optimized.

A variety of techniques have been described to covalently
attach a nitroxide to biomacromolecules, including hemoglo-
bin, albumin, immunoglobulins, and liposomes. See e.g.,
McConnell et. al., Quart. Rev. Biophys. 3:p.91 (1970);
Hamilton et. al., "Structural Chemistry and Molecular

Biology" A. Rich et. al., eds. W.H. Freeman, San Francisco,
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p.115 (1968); Griffith et. al., Acc. Chem. Res. 2:p.17
(1969); Smith I.C.P. "Biological Applications of Electron
Spin Resonance Spectfoscopy" Swartz, H.M. et. al., eds.,
Wiley/Interscience, New York p.483 (1972). Although selected
nitroxides have been covalently bound to hemoglobin molecules
for the purpose of studying cooperative oxygen binding
mechanisms of hemoglobin, nitroxides have not been used in
connection with hemoglobin that is specially formulated for
use with blood substitutes. . Experimental results are
presented below to demonstrate that nitroxides may be
attached to stabilized, polymerized, conjugated and encapsu-
lated hemoglobin for use as a blood substitute because the
nitroxide reacts with free radicals. The interaction of
nitroxide-labelled hemoglobin with free radicals also
suggests that other biologically compatible macromoiecules
with a substantial plasma half-life may be labelled with
nitroxides to advantageously provide resistance to or
protection from oxidative stress or toxicity caused by free
radical chemical species.

As noted above, it is known that nitroxides can be
chemically bound to biological macromolecules, including
hemoglobin, serum albumin, immunoglobuliné, and liposomes.
However, this work has generally used nitroxides simply as
molecular probes for biophysical research; nitroxide-labeled
macromolecules have not been specially formulated for use as

therapeutic substances.
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With respect to the macromolecules described here, two
techniques fof binding the nitroxides to a macromolecule,
often known as "labelling strategies" are bossible. The
significance of specific labelling lies in the micro-environ-
ment in which the nitroxide is bound to the macromolecule and
the nitroxide’s resulting catalytic activity. Specific
labelling at a particular ligan@ binding site or sites will
yield a homogeneous product with a more consistent binding
site micro-environment and thus a more reliable compound in
terms of the catalytic specificity and activity of the
nitroxide.'

Baséd on the experimental results presented here involv-
ing the infusion of nitroxide-labelled HBOC, the reaction of
small and large molecular weight nitroxides with free
radicals has been observed in vitro and in vivo in the
vascular compartment. Based on these studies, the reaction
mechanism whereby nitroxide-labelled HBOC participates in the
oxidation/reduction reaction of free radicals demonstrates
the capability to formulate novel HBOC compounds and other

nitroxide-labelled macromolecules to detoxify free radicals.

DISCLOSURE OF INVENTION

This invention discloses compositions and methods using
stable nitroxides in connection with biological macromole-
cules and, in particular, with hemoglobin-containing solu-

tions. In particular embodiments, stable nitroxides are used
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with hemoglobin-containing solutions to create several
formulations for a blood substitute that will possess the
oxygen detoxification function of the fed cells. These
formulations may be described herein as hemoglobin-based red
cell substitutes (HRCs) because the oxygen transport capabil-
ity of the hemoglobin-based oxygen carriers (HBOC) is
enhanced by providing the oxygen detoxification function of
the body’'s red cells. The nitroxide-labelled albumin and
nitroxide-labelled immunoglobﬁlins also provide oxygen
detoxification by providing a nitroxide covalently attached
to a macromolecule possessing a variety of characterized
ligand binding sites that is both stable and non-toxic in
vivo, and which has a substantial plasma half-life.

In addition, this invention describes nitroxides that are
covalently attached to the inner surface of a container or
are attached to an insoluble matrix housed in a filter to be
used with an existing HBOC to scavenge toxic oxygen-related
compounds before infusion into a patient. The HRCS formula-
tions described herein will alleviate the oxidative stress
originating from the generation of the superoxide anion in
the existing HBOC solutions, and upon transfusion, will
diminish the destruction of nitric oxide, the endothelium-
derived relaxing factor (EDRF). If the destruction of EDRF
is prevented, the problem of vasoconstriction and systemic
hypertension that are observed when the existing HBOC

solutions are infused into a patient will be substantially
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alleviated.

The HRCS formulations and nitroxide-labelled macromole-
cules described below retard the formation of toxic oxygen-
related species by causing a nitroxide to function as a
"superoxide oxidase," an enzyme-like reaction not known to
occur in the red cells. In these HRCS formulations, the
nitroxide prevents the accumulation of the undesirable
superoxide anion generated from the auto-oxidation of
hemoglobin (See Equation [1]). The nitroxide-labelled
albumin and immunoglobulins similarly function as antioxidant
enzyme mimics whose function remains 1localized in the
vascular and interstitial compartments.

In the "superoxide oxidase" reaction, the superoxide
anion is oxidized back into molecular oxygen without proceed-
ing to the formation of hydrogen peroxide. This is accom-
plished in part by creating a storage condition wherein the
concentration of nitroxide greatly exceeds that of oxygen.
Used in the manner disclosed herein, the nitroxide pre#ents
the cascade of undesirable oxidative reactions that begin
with the formation of the superoxide anion. Furthermore, the
physiologically compatible HRCS solutions described here will
offer advantages over the existing HBOC solutions because the
nitroxide will mimic the enzymatic activity of superoxide
dismutase and catalase after the formulations described
herein are infused into a patient.

Preferred compositions using nitroxide in connection with
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a physiologically compatible hemoglobin solutions include:
1) pitroxide attached to a storage container or covalently
attached to an insoluble matrix used as a filter, 2) nit-
roxide covalently linked to hemoglobin that is stabilized by
chemical or recombinant cross-linking, 3) nitroxide covalent-
ly linked to polymerized hemoglobin, in particular, in 2, 4,
and 8 molar equivalents of nitroxide, 4) nitroxide co-
encapsulated with hemoglobin inside a liposome or intercalat-
ed into a liposome membrane,.(S) nitroxide covalently bound
to conjugated hemoglobin, (6) nitroxide covalently bound to
albumin, and (7) nitroxide covalently bound to immunoglob-
ulins.

Also, HRCS based on the co-encapsulation of a membrane-
impermeable nitroxide with hehoglobin is disélosed. The
methods of preparing the above formulations are described as
are methods for producing nitroxide-containing filters and
containers for the storage and detoxification of an existing
HBOC.

Preferred compositions using nitroxide in connection with
human serum albumin or recombinant albumin include:

1) non-specific labelling of albumin with nitroxide
(e.g., 4-(2-bromocacetamido)-TEMPO at high nitroxide to
albumin ratios; and

2) specific labelling of albumin at specific ligand
binding sites.

Preferred compositions using nitroxide in connection with
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immunoglobulins include a nitroxide labelled hapten or
antigen bound to an immunoglobulin specific for the hapten or

antigen.

BRIEF DESCRIPTION OF DRAWINGS

Figures 1A and 1B show the electron spin resonance
spectra of 4-amino-TEMPO labelled o-raffinose polymerized
hemoglobin recorded on (A) day 1 and (B) day 30 (TEMPO:
2,2,6,6 tetramethylpiperidine-1-oxyl) . Figure 1C is the
spectra of the sample in Figure 1A diluted with equal volume
of unlabelied hemoglobin recorded on day 1. Figure 1D is the
sample in Figure 1C recorded on day 30.

Figures 2A and 2B are, respectively, the electron spin
resonance spectra demonstrating covalent attachment of 4-(2-
bromoaceﬁamido)—TEMPQ to w-aminohexyl-agarose and 4-amino-
TEMPO to 1,4-bis(2:3-EpoXypropoxy) butane-activated agarose.

Figures 3A and 3B, respectively, are electron spin
resonance spectra demonstrating successful covalent attach-
ment of 4- (2-Bromoacetamido)-TEMPO and 3-maleimido-PROXYL to
3,5-bis-bromosilicyl—bisfumarate (DBBF) <cross-linked or
diaspirin cross-linked human hemoglobin.

Figure 4A is an ESR spectra of 4-(2-bromoacetamido) -
TEMPO. Figure 4B is an ESR spectra of 4- (2-bromoacetamido) -
TEMPO-labelled HBOC. Figure 4C is an ESR spectra of ¥ND,,
TEMPOL in Lactated Ringer’s solution recorded at room

temperature.
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Figure 5 is an ESR spectra of 4-(2-bromoacetamido) -TEMPO-
labelled HBOC with different molar ratios of nitroxides to
Hb; Fig. S5A 2:1, Fig; 5B 4:1 and Fig. 5C 8:1. The instrument
sensitivity were decreased proportionately from Fig. 5A to
Fig. 5B to Fig. 5C to record the spectra so that the center
peak (Mo) would be shown to have similar peak height.

Figure 6 is an ESR spectrum of a mixture of 4-(2-bromo-
acetamido) -TEMPO labelled HBOC and *ND,, -TEMPOL wherein the
center peak (see down arrow) of the former and the high field
peak (see up-arrow) of the latter were adjusted to similar
intensity. This is a superimposition of ESR spectrum from
Fig. 4B and Fig. 4C.

Figure 7 is a plasma half-life of 4-(2-bromoacetamido) -
TEMPO-labelled HBOC in mouse. Fig. 7A is the ESR spectrum of
the nitroxide signal recorded from the mouse tail approxi-
mately 10 minutes after i.v. infusion of 0.5 ml of the sample
shown in Fig. 6. Fig. 7B is the time dependent (scan time 30
minutes) decrease in the center peak (Mo) signal intensity of
Fig. 7A recorded at 10 times of the instrument sensitivity.
Fig. 7C is a continuation of Fig. 7B at the end of its scan.

Figure 8 is a plasma half-life of a mixture of 4-(2-
bromoacetamido) -TEMPO-labelled HBOC (8g/dl of Hb and 8:1
TEMPO to Hb) and '*ND,, TEMPOL (0.5 ml in a 32 g. mouse)
recorded from the mouse tail with a cannula for immediate
recording of the infused nitroxides. The ESR spectrum of the

sample prior to injection is shown in Fig. 6. Fig. 8A is a
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series of 5 ESR spectrum recorded at 0.5 minute intervals,
the magnetic field strength was increased by 2 Gauss in
between each scan to display the decrease in signal intensity
as a function of time. Fig. 8B is the continuation from Fig.
8A of repeated :ecording of a series of 6 ESR spectrum at the
same time intervals except that the magnetic field strength
was decreased by 2 Gauss in between each scan.

Figures 9A and 9B, respectively, are electron spin
resonance spectra demonstrating 4-amino-TEMPO labelled and o-
raffinose cross-linked and polymerized human hemoglobin and
3-maleimido-PROXYL l#belled DBBF-hemoglobin polymerized with
glutaldehyde.

Figures 10A, 10B, and 10C respectively, are electron spin
resonance spectra of liposome encapsulated human hemoglobin
containing (A) 3-DOXYL-cholestane (B) 16-DOXYL-stearic acid
and (C) both 3-DOXYL-cholestane and 16-DOXYL-stearate.

Figure 11 is the electron spin resonance spectrum of
nitroxide-labelled hemoglobin labelled with 4-amino-TEMPO and
conjugated with dextran.

Figure 12 is an embodiment of a filter cartridge that
contains a solid matrix to which a nitroxide is bound and

through which a hemoglobin-containing solution may be passed.

INDUSTRIAL APPLICABILITY

The term "hemoglobin" is wused generally herein to

describe oxy-, carboxy-, carbonmonoxy-, and deoxy-hemoglobin
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except as otherwise noted by the context of the description.
The hemoglobin used with this invention may be human,
recombinant or animal in origin and is obtained and purified
by known techniques. The hemoglobin may be covalently bound
to pyridoxal groups oflpyridoxal-S'-phosphate or ring opened
adenosine triphosphate (o-ATP) by reaction with the aldehyde
groups and cross-linked derivatives of hemoglobin. The
cross-linked derivatives may include polyfunctional, hetero-
bifunctional and homobifunctioﬁal cross-linking regents such
as dialdehyde, polyaldehyde, diepoxide, polyepoxide, activat-
ed polycarboxyl and dicarboxyl groups, for example, 3,5-bis-
bromosilicyl-bisfumarate, and TEMPO succinate or TOPS See
(U.S. Patent No. 4,240,797) cyclodextrans and their anionic
(e.g., sulfate) cross-linked hemoglobin as well as polymer-
ized hemoglobin. All hemoglobin solutions described herein
for use with this invention are physiologically compatible.
The hemoglobin solutions are cell-free to remove pyrogens,
endotoxins, and other contaminants. «

The term "nitroxide" is used herein to describe stable
nitroxide free radicals, their precursors, and their deriva-
tives thereof including the corresponding hydroxylamine
derivative where the oxygen atoms are replaced with a
hydroxyl group and exist in hydrogen halide form. For the
purposes of this invention, the chloride salt form of the
hydroxylamine derivatives are preferred.

In the nitroxides described here, the unpaired electron
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of a nitroxide is stable in part because the nitrogen nucleus
is attached to two carbon atoms which are substituted with
strong electron donors. With the partial negative charge on
the oxygen of the N-0 bond, the two adjacent carbon atoms
together localize the unpaired electron on the nitrogen
nucleus.

Nitroxides may have either a heterocyclic or linear
structure. The fundamental criterion is a stable free
radical. Structurally, nitroxides of the following formula
are preferred where R, - R, are electron donors and A is the

remaining members of a heterocyclic ring.

o)

jo

c C
Rz/ \A/\Q4

In these heterocyclic structures, "A" represents the
remaining carbon atoms of a S5-membered (pyrrolidinyl or

PROXYL with one double bond, i.e., pyrroline) or a 6-membered

(piperidinyl or TEMPO) heterocyclic structure and in which
one carbon atoms may be substituted with an oxygen atom
(oxazolinyl or DOXYL) and certain hydrogen atoms may be
substituted with up to two bromine atoms. In such heterocy-

clic structures, stable isotopes may be utilized (e.g., N,
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deuterium). Substitution at the a carbons should be such
that the unpaired electron is maintained substantially in a
mp orbital configuration. R; through R, are alkyls (straight
and branched chain) or aryl groups but are preferred to be
methyl or ethyl groups. The substituent groups on the alpha
carbons in any nitroxide should be strong electron donors to
enhance stability, thus methyl (CH,) groups or ethyl (C,H;)
groups are preferred although other longer carbon chain
species could be used. 1In praétice, stearic considerations
may limit the scope of the nitroxide compounds that are
practical and economical. The preferred nitroxides used with

this invention include nitroxides having the £following

structure:
o) 0
Nl . I ]
CH, A CH, ) CH,
CH, CHy |2 N
3 4
0
oxrL PROXYL TEMPO
{4,4-Dimathyt-3. {2.2.5,5-Tetramethy. 1. {2,2,6.6-Tewrametyt1-
wbmmmaon 223 o Hoasinion
4 yioxazolidine- 12,9, 5-Tetramethypyrrolidine- idi
o o (2,2.6.6»70"::::!’?) idine:

As is apparent from the above, most suitable nitroxide
compounds may be represented basically by the structural

formula

P
R N-0
\/
assuming that the R group is selected from among the configu-

rations which preserve the stability of the free radical.
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The nitroxides which can be employed in this invention
are structurally diverse because the requisite property of
the nitroxides is their ability to influence the course of
the superoxide anion cascade in HRCS by mimicking the
superoxide oxidase, superoxide dismutasé, and catalase
activities without substantially being  consumed in the
process. Although a wide variety of nitroxides may be used
with this invention, the nitroxide should be physiologically
acceptable at a minimum concenﬁration required to alleviate
oxygen toxicity in the HRCS. In assessing an operative
species, it is noteworthy that the relatively low toxicity of
nitroxides has encouraged their development as contrasting
agent in NMR imaging (See U.S. Patent Nos. 4,834,964;
4,863,717; 5,104,641).

A number of methods for isolating and purifying hemoglo-
bin solutions such that they are physiologically compatible
are known to those skilled in the art. Typically, purified
hemoglobin compositions contain at least 99% hemoglobin by
weight of total protein, a total phospholipid content of less
than about 3ug/ml, less than lug/ml of either phosphatidyl-
serine or phosphatidylethanolémine and an inactive heme
pigment of less than 6%. The purified hemoglobin solutions
which are useful in this invention can be prepared using a
variety of conventional techniques, including but are not
limited to, those disclosed in Cheung et. al., Anal Biochem

137:481-484 (1984), De Venuto et. al., J. Lab. Clin. fled.
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89:509-516 (1977), and Lee, et. al., Vith International
Symposium on Blood Substitutes, San Diego, CA Mar. 17-20
Abstract H51 (1993).‘

The purified hemoglobin solutions used in this invention
should be essentially free of oxygen. Hemoglobin in solution
may be deoxygenated by admixture with a chemical reducing
agent which causes the hemoglobin to release oxygeﬁ and to be
maintained in a substantially deoxygenated state. A pre-
ferred method for deoxygenatihg a hemoglobin solution is
performed by exposing a hemoglobin solution to an inert,
essentially oxygen-free gas, such as nitrogen or carbon
monoxide to cause removal of bound oxygen from the hemoglobin
and conversion of the hemoglobin in solution to a form such
as deoxy-hemoglobin or carbonmonoxy-hemoglobin that lacks
oxygen. Alternatively, hemoglobiﬂ may be exposed to a vacuum
or gas through a membrane that is permeable to oxygen yet
impermeable to hemoglobin. For example, a hemoglobin
solution may be passed through a diffusion cell having a
membrane wall along which hemoglobin flows and through which
oxygen is capable of passing, but hemoglobin is not. Inert
gas 1s circulated along the side of the membrane wall
opposite the hemoglobin solution causing the removal of
oxygen and the conversion of the hemoglobin in solution to
the deoxygenated state. Preferably, the deoxy-hemoglobin is
maintained in an essentially oxygen-free environment during

nitroxide 1labelling, cross-linking, polymerization, or
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conjugation.

After removal of any bound oxygen, a nitroxide is
covalently attached.to the hemoglobin. Normally at least
one, and preferably more than one, nitroxide will be cova-
lently attached to a single hemoglobin molecule. The
nitroxide may be covalently attached to the hemoglobin at any
of several sites on the hemoglobin molecule including:

(a) at one or more of the free sulfhydro (-SH) groups,

for example, at the B - 93 site;
(b) at any reactive amino (-NH,) groups, for example, in
the DPG site at Val-1 of the B-chain and/or lysine-
82 of the B-chain and/or lysine-99 of the a-chain;

(¢) at any non-specific surface amino (-NH,) or carboxyl
(-COOH) group;

A nitroxide may also be bound to any residual aldehyde,
epoxy, or activated carboxyl groups of a divalent- or a
multivalent-cross-linker involved in the cross-linking and
polymerizatiod of hemoglobin or at any residual reactive
groups on an agent such as dextran (Dx) or hydroxylethyl-
starch (HES) or polyoxyethylene (POE) used to conjugate
hemoglobin.

As described in Equation [1], above, during the storage
period, the hemoglobin in an HBOC solution is slowly auto-
oxidized by oxygen to form met-hemoglobin and the superoxide
anion. However, during the storage of the HRCS that are the

subject of this invention, the superoxide anion thus formed
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will reduce the nitroxide to a hydroxylamine derivative, and
the superoxide anion will be oxidized to form molecular

oxygen by the following reaction.

m - N\
H + R NO 4+ +0; =----- - R N-OH + 0, [4]
\ V4 A\

The conversion of superoxide anion to molecular oxygen
described in Equation [4] prevents the accumulation of
superoxide anion and the subséquent formation of hydrogen
peroxide. This activity, described herein as a "superoxide
oxidase" activity, will be most effective when the initial
oxygen content in the composition is kept to a minimum, the
composition is stored in an essentially oxygen free environ-
ment and the nitroxide concentration is sufficient to prevent
the formation of superoxide anion and hydrogen peroxide.
Therefore, storage of the HRCS in an essentially oxygen-free
container is preferred.

Container systems that permit a solution to be stored in
an oxygen free environment are well known because many non-
hemoglobin based intravenous solutions are sensitive to
oxygen. For example, a glass container that is purged of
oxygen during the £filling and sealing process may be used.
Also, flexible plastic containers are available that may be
enclosed in an overwrap to seal against oxygen. Basically,
any container that prevents oxygen from interacting with

hemoglobin in solution may be used.
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To demonstrate the "superoxide oxidase" activity of a
nitroxide, samples of nitroxide-labelled hemoglobin in
solution are kept in an accelerated oxidative storage
condition and the redox state of the nitroxide is studied
over time by electron spin resonance spectroscopy. For
example, an o-raffinose polymerized hemoglobin solution that
has been labelled with 4-amino-TEMPO is( stored in its
oxygenated state in a sealed glass container (Figure 1A). In
such a state, the rate of superéxide anion and met-hemoglobin
formation in solution is sufficiently rapid that the conver-
sion of the nitroxide to its hydroxylamine derivatives may be
conveniently monitored (See Equation [4] and compare Figures
1A and 1B). Equation 4 represents that the conversion of
nitroxide to its diamagnetic hydroxyl derivative is coﬁpled
to the conversion of the superoxide anion back to molecular
oxygen. The experimental evidence in support of such a
conversion is shown in Figures 1A and 1B. The electron spin
resonance spectrum of TEMPO covalently attached to the
hemoglobin (Figure 1A) was converted to its diamagnetic
derivatives which result in the complete disappearance of the
resonance peaks after storage of the sample for 30 days at
4°C (Figure 1B). The nitroxide is considered to have per-
formed a ‘"superoxide oxidase"-like activity when it is
converted to its hydroxylamine derivative in the presence of
hemoglobin.

The "superoxide dismutase" activity of a nitroxide in an
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HBOC solution is demonstrated by showing the reconversion of
the hydroxylamine derivative back to a nitroxide (See
Equation [5] together with Equation [4]). Knowing that under
the experimental conditions described in Figures 1A and 1B
the nitroxide is fully converted to hydroxylamine (See
Equation [4]), the nitroxide may be regenerated by simply
providing more superoxide anion as shown in Equation 5. To
demonstrate this reaction mechanism, the relative concentra-
tion of hemoglobin (and thus superoxide anion) to the
nitroxide is increased by diluting the sample in Figure 1A
with an equal volume of unlabelled hemoglobin. A comparison
of Figures 1A and 1C shows an approximate 50% reduction of
the signal intensity of the nitroxide due to the dilution
effect. On the other hand, after 30 days of cold storage at
4°C, the nitroxide was partially fegenerated (See Figure 1D)
as predicted by Equation [Sj. This observation is consistent
with the reconversion of the hydroxylamine derivative to
nitroxide coupled with the formation of hydrogen peroxide

from superoxide anion.

D
D)

H + -0; + R N-OH ------ > HO, + R N-O (5]
\/

C

Summing equations [4] and [5] results in:

2 :0; + 2H ------ > 0, + HO0,
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which demonstrates that the nitroxide acts as a low molecular
weight, metal-free, SOD mimic in "HBOC" solutions. The
detection of electrdn spin resonancevspectfum of the nitrox-
ide (in Figure 1D) 1is consistent with the reaction of

. m™
superoxide anion with the hydroxylamine (R N-OH) resulting

P v

in the formation of nitroxide (R N-O) and hydrogen peroxide
W/ :

(H,0,) . Recently, oxoammonium cation has been proposed to be

involved as one intermediate in the nitroxide catalyzed
dismutation of superoxide. (Krishna et al., Proc. Nat. Acad.
Sci. USA 89 5537-5541 (1992)).

The number of nitroxide molecules per hemoglobin molecule
may be in the range of approximately 1-40 and for specific
labelling is most preferably about 2. However, the nitr-
oxide-hemoglobin ratio should be kept to a minimum due to
pharmacokinetic, toxicological and immunological consider-
ations. For example, a nitroxide such as 3-maleimido-PROXYL
is covalently bound to hemoglobin in solution by first
preparing a 100mM solution of the nitroxide in ethanol as the
carrier solvent. Two(2) molar equivalents of the nitroxide to
hemoglobin was added directly with mixing to a DCL-Hb
(8g/dl) in Lactated Ringers. The reaction mixture was allowed
to react at 22°C with agitation until greater than 90% of the
nitroxide was covalently linked to the DCL-Hb,usually within
one hour. The unreacted nitroxide was then removed with a
cross-flow membrane filtration system having a molecular-

weight cut-off of 30,000 daltons by washing three(3) times
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with 10 volumes of Lactated Ringers. The retantate hemoglo-
bin concentration is adjusted to between 7-14 g/dl, sterile
filtered, and stored at 4°C. After transfusion, when the
HRCS is fully oxygenated, the nitroxide is expected to
function as a SOD-mimic and secondly as a catalase-mimic. As
an SOD-mimic it dismutates the superoxide anion to hydrogen
peroxide (See Equation [2]) and consequently protect against
the destruction of nitric oxide in the endothelium to prevent
vasoconstriction. As a catalase-mimic it prevents hydrogen
peroxide toxicity by converting the latter to harmless water
(See Equation [3]).

As noted above, nitroxides have been covalently bound to
hemoglobin to study the cooperative oxygen binding properties
of the hemoglobin molecule itself. However, nitroxides have
not been used with stabilized, i.e., cross-linked, or
polymerized, encapsulated, or conjugated hemoglobin solution
that are physiologically compatible. The known chemistry of
hemoglobin and nitroxides suggests that it is possible to
perform similar nitroxide-labelling of hemoglobin that has
been chemically cross-linked or cross-linked through recombi-
nant techniques by selecting an available site on the
heméglobin molecule that is not blocked by the particular
compound used to stabilize, polymerize, or conjugate the
hemoglobin molecule(s). Because certain of the stabilized
and polymerized forms of hemoglobin described below are

currently involved in clinical trials, the attachment of
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nitroxides to these stabilized and polymerized hemoglobin-
based oxygen éarriers is described below in the context of
the second, third, and fifth preferred embodiments to demon-
strate that the oxygen detoxification function of this
invention is applicable to the existing hemoglobin solutions.

The nitroxide-labeling technology demonstrated here in
the example of nitroxide-HBOC is readily applied to the
production of other nitroxide-labelled macromolecules with
useful antioxidant enzyme-mimetic activities, for example
nitroxide-labelled serum albumin and nitroxide-labelled
immunoglobﬁlin. Forms of serum albumin which can readily be
labelled by nitroxide by this technology are monomeric
(normal) albumin, and albumin homodimers, oligomers, and
aggregates (microspheres) .

The antioxidant enzyme mimic effect of a nitroxide-
labelled macromolecule, hemoglobin, or the other appropriate
macromolecules described here, has utility in other applica-
tions, medical or otherwise, where antioxidant catalysis is
useful.

MODES_FOR_CARRYING OUT THE INVENTION

I. First Preferred Embodiment -- Nitroxide Labelled Con-

tainers and Filters for HBOC

It is possible to provide the oxygen-detoxification
function of this invention to existing HBOC solutions without
chemically modifying the hemoglobin in these formulations.

By covalently attaching nitroxides to a surface inside the
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vessel in which the HBOC is stored, this invention may
alleviate the adverse physiological effects caused by oxygen
toxicity that are observed with the existing formulations.

The container used with the hemoglobin-containing
solutions that are the subject of this invention should be
physiologically compatible having similar characteristics as
any container to be used with intravenous fluids. Typically,
glass or a biocompatible plastic is suitable. For the
embodiments of the invention -where a solution containing
hemoglobin is placed in a container for any length of time,
the container should be oxygen free and capable of being
sealed to exclude oxygen. With a glass container, a tradi-
tional stopper and closure means is sufficient. However,
some of the flexible plastic containers currently available
are oxygen permeable. In this case, a foil overwrap or other
sealing mechanism may be used to prevent oxygen from contact-
ing the hemoglobin in solution.

To apply a nitroxide to an inner surface of aAcontéiner,
a non-leaching layer of a nitroxide polymer or a nitroxide-
doped copolymer is coated directly on the inner surface.
Nitroxide-containing polymers can be created by a number of
techniques based on generally known principles of polymeriza-
tion as long as the stability of the free radical is main-
tained in the polymerization process.

Also, the interior surface of an HBOC container may be

modified to contain a coating layer of a substance that can
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bind a nitroxide, such as hydrophilic hydrazide groups which
will react with the ketone or the aldehyde group of a
nitroxide to form stable hydrazone derivativgs. The coating
reaction is straight forward. For example, the nitroxide
(100mM) in acetate buffer at pH 5.0 is added to a hydrazide
activated plastic container to facilitate the formation of a
hydrazone linkage.

Once the container is prepared, a physiologically com-
patible solution is added. This solution may be a stabilized
and purified HBOC or the HRCS disclosed herein, but could
also incluae any intravenous colloid or crystalloid solution
that is desirable to co-infuse with hemoglobin. The solution
is then maintained in an essentially oxygen-free environment.

In addition to treating a surface inside a container, a
filter-type cartridge, with a luer lock inlet and outlet,
containing a gel or solid matrix upon which a nitroxide is
immobilized may be used to remove reactive oxygen-derived
reactive species while the hemoglobin solution passes ﬁhrough
the cartridge. In these applications, the nitroxide is bound
to a soft- or hard-gel matrix through which the HBOC passes,
functioning essentially as a sterile in-line filter, prior to
infusion. A variety of methods to attach small ligands, such
as nitroxide, to a solid matrix are well known in the art of
affinity chromatography, as are the techniques to chemically
modify glass and plastic surfaces. Several types of matrices

that are compatible with sterile solutions are known includ
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ing agarose gel, polysulfone-based material, latex, and
others.

In the filter cartridge approach, the solid matrix is
covalently linked with a nitroxide.and contained in a filter
housing or other such apparatus such that a hemoglobin
solution can flow through the apparatus and be brought -into
contact with a nitroxide while being infused into a patient.
A practical approach is to use a commonly available activated
agarose gel as the matrix and.contain the gel in a sterile
luer lock cartridge. The cartridge is then simply inserted
in the fluid administration»line during the transfusion of a
solution containing hemoglobin. In practice, the structure
that comprises the filter housing in which the nitroxide and
through which hemoglobin is passed can be provided by a
variety of known structures. Referring now to Figure 12,
housing 1 contains a nitroxide-labelled agarose gel. For
example, a 4-bromoacetamido-TEMPO labelled w-aminohexyl-
agarose (See Figure 2A) a 1,4-bis (2, 3-epoxypropoxy)butane
agarose coupled with 4-amino-TEMPO (See Figure 2B).

During the transfusion, the intravendus transfusion line
containing a hemoglobin solution would be connected to the
luer inlet 2 allowed to enter the housing 1 wherein the
hemoglobin solution would encounter the nitroxide bound to
the matrix 4 to remove the toxic oxygen-related species. The
hemoglobin solution would then pass out of the cartridge

througﬁ the luer outlet 3 and would be directly transfused
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into a patient. The electron resonance spectrum of 4-amino-
TEMPO labelled epoxy-agarose is shown in Figure 2A. Alterna-
tively, an w-aminohéxyl-agarose may be reacted with 4-(2-
bromoacetamido) -TEMPO to form TEMPO labelled agarose. The
electron spin resonance spectrum is shown in Figure 2B. An
alternative would be to couple the 4-carboxyl-TEMPO to the
amino-agarose with carbodiimide via a carboamide linkage.
Conversely, the 4-amino-TEMPO is readily' coupled to the
carboxyl group on an agarose gel using carbodiimide, for
example, l1-ethyl-3- (3-dimethylamino-propyl)carbodiimide.

The cartridge labelled with 4-amino-TEMPO prepared by
circulating a 100mM 4-amino-TEMPO (Sigma Chem. Co.) in a
Lactated Ringers solution through an aldehyde AvidChrom
Cartridge (Unisyn Tech. Inc.) at room temperature for one
hour followed by the reduction with sodium cyanoborohydride
for six (6) hours. The interior of the cartridge housing is
thoroughly washed with Lactated Ringers.

The cartridge labelled with 3-amino-PROXYL may be simi-
larly prepared by substituting 4-amino-TEMPO with 3-amino-
PROXYL according to the procedure described above.

II. Second Preferred Embodiment -- Nitroxide-Labelled

Stabilized Hemoglobin

To prevent dissociation of hemoglobin into its con-
stituent subunits, hemoglobin is intramolecularly stabilized
by chemical or recombinant cross-linking of its subunits.

"Stabilized" hemoglobin is referred herein to describe
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hemoglobin monomers that are stabilized by chemical or
recombinant éross—linking and also to describe dimers,
trimers, and larger oligomers whose constituent hemoglobin
molecules are stabilized by cross-linking with cyclodextrans
and their sulfated derivatives.

A preferred technique and best mode for attaching
nitroxide to stabilized hemoglobin is by the covalent
attachment of the nitroxide to the B-93 sulfhydryl groups of
the two B-chains of stabilized hemoglobin. Although specific
labelling at the B-93 site has been demonstrated on native
human hemdglobin for conformational studies (See review by
McConnell et. al., Quart. Rev. Biophys. 3:91 (1970)), such a
specific labelling of cross-linked hemoglobin has not been
reported. As noted aﬁove, several types of hemoglobin-based
oxygen carriers have been developed that are stabilized
through chemical cross-linking with DBBF, diaspirin cross-
linked hemoglobin and hemoglobin that is stabilized and
oligomerized with o-raffinose. -

The ring opened sugars described in my United States
Patent No. 4,857,636 yield polyvalent aldehydes derived from
disaccharides, oligosaccharides, or, preferably, tri-
saccharides such as o-réffinose. These compounds function
both to provide intramolecular stabilization (cross-1linking)
and intermolecular polymerization. By controlling the
reaction disclosed in my earlier patent, the polyvalent

aldehydes may be used to produce "stabilized" hemoglobin as
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defined above without polymerization. In another case, a
nitroxide may be covalently bound to the stabilized hemoglo-
bin or the polymerized hemoglobin. Therefore, the hemoglo-
bin-based solutions that are stabilized using the polyvalent
aldehydes are considered in the present embodiment as a
"gtabilized" hemoglobin and in the subsequent embodiment as
a polymerized hemoglobin.

To demonstrate, that the [-93 site of the chemically
modified hemoglobin has not been rendered sterically inacces-
sible for nitroxide attachment, results are presented to
confirm that a nitroxide may be covalently bound to the £-93
site of DBBF-HDb.

In this embodiment, DBBF-Hb is reacted with two types of
nitroxides (TEMPO and PROXYL) which contain two types of
sulfhydro group specific functional groups and have the

following structural formula:

0
'c
N
1

(I) (I1)

4-(2—Bromoacetaﬁido)-TEMPO 3-Maleimido-PROXYL
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DBBF-Hb is‘prep'ared by cfoss-linking purified deoxygenat-
ed hemoglobin in solution with bis (3,5 dibromosalicyl) fuma-
rate by known techniques, and the resulting product is
purified by column chromatography. The covalent attachment
of 3-maleimido (2,2,5,5 -tetramethyl pyrrolidine-N-Oxyl) [3-
maleimido-PROXYL] is accomplished by adding 2 molar equiva-
lents of this nitroxide using methanol as the carrier solvent
at a concentration of approximately 100mM of 3-maleimido-
PROXYL to 1ml of DBBF-Hb at a concentration of approximately
8 g/dl in Lactate Ringers. The DBBF-Hb is allowed to react
at 22-23°C for approximately 30 minutes with mixing. The
extent of cross-linking is estimated from the percent
disappearance of the electron spin resonance signal intensity
of the unreacted nitroxide. To remove the unreacted nitrox-
ide, the reaction mixture was washed three (3) times with a
10 volume excess of Lactated Ringers using a Filtron stire
cell with a 30 kilodalton cut-off nominal molecular weight
limits (NMWL) polyethylene sulfone (PES) membrane (Filtron
Technology Co.). The electron spin resonance measurements
of the nitroxide-labelled hemoglobin was recorded with a
Bruker ESR spectrometer. Figure 3A shows the electron spin
resonance spectra of 4 - (2-bromoacetamido) - TEMPO labelled
DBBF-Hb. The electron spin resonance spectrum of DBBF-HDb
that is similarly labelled with 3-maleimido-PROXYL is shown
in Figure 3B.

In this embodiment, the nitroxide is covalently linked to
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the lone sulfhydro group on the two pg-globin chains of
hemoglobin. Thus, the nitroxide to hemoglobin-bound oxygen
ratio is approximately 200 to 1 at 99.00% deoxy-hemoglobin
because there are two nitroxides attached to the two f-globin
chains of the hemoglobin. After transfusion, however, the
deoxygenated HRCS picks up oxygen in the lung and the
nitroxide to hemoglobin-bound oxygen ratio becomes approxi-
mately 1 to 2 at 100% oxygenation because there are four
oxygen molecules bound to thé four globin chains of the
hemoglobin with the two nitroxides remaining on the B-globin
chains. |

Using a hemoglobin-to-nitroxide ratio of 1:2, greater
than 90% of the nitroxide is covalently attached to the DBBF-
Hb. DBBF-Hb may also be covalently labelled ﬁith a spacer
group (e.g., an extra methyl group) between the maleimido and
PROXYL moieties (i.e., 3-maleimidomethyl-PROXYL) which would
exhibit a resonance spectrum similar to that of Figure 3B.
It is noteworthy that other nitroxides may be covalently at-
tached to specific amino-groups in the DPG binding site
(e.g., B-Val-1 B-Lys-82 and «-Lys-99) or may be attached to
the remaining 40-plus surface lysine €-amino groups on
hemoglobin. Isothiocyanate derivatives of the TEMPO and
PROXYL nitroxides are also reactive with the amino group.
For example, 4-isothiocyanate-TEMPO may be added to hemoglo-
bin at a molar ratio of approximately 10:1. Resonance

spectrum (not shown) of hemoglobin labelled with this
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nitroxide at other sites is similar to that shown in Figure
3A.

The ability to attach nitroxides at several sites of
DBBF-Hb suggests that recombinant hemoglobin that is stabi-
lized with alpha-globin dimers (D. Looker et.al. NATURE
356:258 (1992)) may be similarly labelled with a nitroxide.
It is also possible to prepare a DBBF analogue of a nitroxide
labelled cross-linking agent such as a- TEMPO labelled
succinate (See U.S. Patent No. 4,240,797).

Figure 4 is ESR spectra of (A) 2-(bromoacetamido) -TEMPO,
(B) 2-(bromoacetamido)-TEMPO-labelled HBOC and (C) *ND,,
TEMPOL (TEMPOL: 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-
oxyl) in Lactated Ringer’s solution recorded at room tempera-
ture. The difference in Figure 4A and 4B represents the
difference in the mobility of a small molecular weight
nitroxide to that of a nitroxide covalently attached to a
macromolecule such as hemoglobin. Figure 4C shows that a
stable isotope nitrogen !*N with a nuclear spin of 1/2 yields
two resonance peaks and that natural-isotopic N with a
nuclear spin of 1 yields three resonance peaks (compare (4A
to 4C). In the set of experiments described here the separa-
tion of these resonance peaks is used to demonstrate the
enzyme-mimic and in vivo and in vitro oxidation/reduction
reactions of small and macromolecular weight nitroxides.

Nitroxide labelled HBOC with different molar ratios of

nitroxide to hemoglobin are prepared as follows. 2, 4, and
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8 molar equivalents of 4- (2-bromoacetamido) - TEMPO, were added
as solid powder directly into three separate 15 ml Vacutain-
ers in a clean hood. After replacing the rubber septum, 4-
(2-bromoacetamido) -TEMPO was subsequently dissolved in 200 ul
chloroform. The Vacutainers were then connected to high
vacuum (5 mm Hg) via a 27 gauge needle through the rubber
septum and the chloroform was removed leaving a thin film of
4-(2-bromoacetamido) -TEMPO coating the lower half of the
Vacutainer. After introducing the appropriate amount of HBOC
via sterile_transfer through the rubber septum, the solutions
were allowed to react at room temperature with intermittent
vortex mixing at approximately 5 minute intervals for 1/2
hour (not all solids were dissolved in the 4 and 8 molar
ratios of nitroxide to hemoglobin), the Vacutainers were then
left at 4 degrees C in a refrigerator over night. Vortex
mixing at room temperature was resumed the next morning for
another 1/2 hour until all'solids of 4-(2-bromoacetamido) -
TEMPO had visually disappeared from the surface of the
Vacutainer.

The reaction mixtures and the control, were then trans-
ferred to a sterile dialyzing tube and dialyzed against
Lactated Ringers until no unlabelled free 4-(2-bromoacet-
amido) -TEMPO electron spin resonance (ESR) signals could be
detected. The ESR spectra of 4-(2-bromoacetamido)-TEMPO-
labelled HROC at 2, 4, and 8 molar equivalents 4-(2-bromo-

acetamido) -TEMPO to Hb are shown in Figures 5A-5C respective-
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ly. At 2 molar equivalents of 4-(2-bromoacetamido)-TEMPO to
hemoglobin, the ESR spectra are esséntially the same with or
without dialysis indicating the covalent labeling is quanti-
tative. The two SH- groups on the beta globulin chains
appear to be the site of covalent attachment in the case of
HBOC (this can be confirmed by selective blocking of 4—(2;
bromoacetamido) -TEMPO labeling with N-ethyl-maleimide or
globulin chain analysis by reverse phasé HPLC) . It is
noteworthy that the ESR signal 'intensity (peak Mo) ratios for
2, 4, and 8 are in approximately the same ratio as the
spectra wefe recorded at proportionately decreasing instru-
ment sensitivity.

Furthermore, it is expected that more 4-(2-bromoaceta- .
mido) -TEMPO could be attached to Hb at even higher molar
ratios, for example as radiation-protective agents in vivo.

The preferred molar of nitroxide to hemoglobin in the
blood substitute formulations is 8:1 as described belqw.

Referring to Figure 6, an ESR spectrum of a mixture of 4-
(2-bromoacetamide) -TEMPO-labelled HBOC and !°ND,,-TEMPOL
wherein the center peak of the 4-(2-bromoacetamido)-TEMPO
(indicated by down arrow) and the high field peak of *ND,,-
TEMPOL (indicated by the up-arrow) were adjusted to similar
intensity.

The separation of the resonance peaks permits the simul-
taneous monitoring of free radical or enzyme mimic activities

involving the small molecular weight nitroxide (TEMPOL) and
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its macromolecular conjugate in both in vitro and in vivo
(murine) reactions. For example, the in vivo plasma half-
life of the two nitroxides was compared by referring to the
unique spectral characteristicé of the different nitroxides.
Specifically, the in vivo ESR studies of hemoglobin-based
solutions, on the mouse were performed using a nitroxide to
hemogleobin ratio of 8:1 (gee Fig. 5C) to take advantage of
its high ESR signal intensity. First, the approximate plasma
half-life of a small molecular weight nitroxide (**ND,,-TEMPOL
see Fig. 4C) and a large molecular weight 4-(2-bromoaceta-
mido) -TEMPOL-labelled HBOC (see Fig. 4B) are determined by
preparing a mixture of the two and adjusting the ESR signal
intensity to be approximately the same (gee Fig. 6). 0.5 ml
of the mixture was injected under anesthesia into a distended
mouse tail vein under a heat lamp. The mouse tail was
inserted into an ESR cavity and the spectrum was recorded
within 10 min. after injection (see Fig. 7A).

Referring to Figure 7A, 7B, and 7C the ?*ND,,-TEMPOL
signal could not be detected, however, the 4- (2-bromoacet-
amido) -TEMPO-labelled HBOC was clearly resolved (see Fig. 7B
and 7C for plasma half-life studies where 7C is a continua-
tion of 7B). Since the vasoconstrictive effect of HBOC is
reported to be fully developed during the first 5-15 min. of
bolus injection of an HBOC in rats, the participation of the
nitroxide-labelled HBOC in free radical redox-reactions

immediately after transfusion in a mouse was measured. The
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tail vein of female CH3 mouse was cannulated under anesthesia
with 80% nitrous oxide, 20% oxygen, and 3% isofluorane.
Under a heat lamp the mouse tail vein became visibly distend-
ed, a cannula consisting of a 30 gauge hypodermic needle
attached to a one foot length of polyethylene tubing was
inserted into the tail vein and held in place by cyanocacry-
late glue. For in vivo ESR measurements, the cannulated
mouse was transferred under anesthesia to a 50 ml conical
centrifuge tube modified to allow the tail to protrude from
the conical end and to allow a continuous flow of anesthetic
gas from thé opening end of the tube. The tail was inserted
into a plastic tube which was then fitted into a TE 102
cavity. The cannula was flushed periodically with heparin
(100 unit/ml) to ensure patency. The cannula was near the
root of the tail and was kept outside of the ESR cavity so
that a pure signal from the tail could be measured immediate-
ly after bolus injection. 0.5 ml of samples (gee Fig. 8)
were injected via the cannula and the spectrometer was set
for a repeat scanning mode at 1/2 min. intervals (gee Figs.
8A and 8B). In Fig. 8A the magnetic field was increased by
two Gauss, and in Fig. 8B the magnetic field was decreased by
two Gauss, to superimpose the resonance spectra. The 15ND, , -
TEMPOL signal disappeared within 2.5 minutes after injection.
During the same time period the 4-(2-bromoacetamido) -TEMPOL-
labelled HBOC also decreased at a similar rate.

However, the nitroxide-HBOC signal were shown to be
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stable in plasma (Fig. 8B). Therefore, Fig. 8B together with

results from Fig. 7 show that the nitroxide-labelled to

macromolecules such as HBOC has considerably longer plasma

half-life as compared to small molecular weight nitroxide

(e.g., SND,,-TEMPOL) .

The observed nature of the free radical reaction involves

two pathways:

1.

the rapid phase appears to involve the free radical
(e.g. superoxide) oxidation of the nitroxide to its
oxoammonium cation intermediate followed by the
réduction of the oxoammonium cation to its stable
hydroxylamine derivative of the nitroxide. Such
reduction involves the participation of either one
or two reducing equivalents (e.g. NADH) present in
the vascular compartment. The reduction of nitro-
xide to its hydroxylamine would lead to a rapid
reduction in ESR signal intensity, in the case of
8:1 molar ratio of 4-(2-bromoacetamido)-TEMPO-
labelled HBOC represents approximately 25% of the
4-(2-bromoacetamido) -TEMPO on the HBOC. This phase
involves both small molecule and macromolecular
nitroxide.

the slow phase appears (see Figure 8B) to represent
the antioxidant enzyme-mimic activities of the
remaining 75% of 4-(2-bromoacetamido)-TEMPO on the

HBOC in accordance with the reaction mechanism
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wherein the nitroxide is involved in the cyclic-
free radical reactions for example the SOD-mimic
reaction. Where the nitroxide free radical is
essentially unconsumed as a SOD-mimic, the slow
rate of decrease of the ESR signal intensity can be
attributable primarily to the reaction mechanism
described above and secondarily to the decrease in
HBOC concentration as it is slowly eliminated from
the vascular compartment as a function of its
plasma half-life.

This result demonstrates the utility of nitroxide
labelled HBOC in detoxifying free radicals in vivo. This
utility is defined in terms of providing short term (in
minutes) scavenging of free radicals and persistent (in
hours) protection against oxidant reactions by nitroxides
acting as enzyme mimics in vivo.

Based on the analysis of the spectra in Figure 8, the
oxidation/reduction (redox) cycling reactions involve
approximately 73% of 4- (2-bromoacetamido) -TEMPO-labelled HBOC
remaining in its free radical state. This indicates that
TEMPOL participates in in vivo redox-reactions within the

confines of the vascular space.

III. Third Preferred Embodiment -- Nitroxide-Labelled

Polymers of Stabilized Hemoglobin

While it is possible to produce dimers of stabilized

hemoglobin from cross-linked monomers, it is also possible to
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produce hemoglobin polymers from stabilized or native
hemoglobin. Solutions of hemoglobin polymers contain a
mixture of monomers, difners, trimers, tetramers, and other
oligomers. Solutions containing polymerized hemoglobins used
as an HBOC generally have longer plasma circulation times and
higher oxygen carrying capacities as compared to stabilized
monomeric hemoglobin. Such polymerized hemoglobin may be
prepared by a number of pathways using several different
polymerizing agents. (See,- U.S. Pat. Nos. 4,001,200,
4,857,636, and 4,826,811). The preferred method of introduc-
ing a nitrbxide to a solution of polymerized hemoglobin is
again by covalently attaching a nitroxide to the [B-93
sulfhydryl groups of the two B-globin chains of hemoglobin.
These sulfhydryl groups are not known to be involved in the
stabilization or polymerization processes. Consequently, the
nitroxide is preferably covalently attached to hemoglobin
before the stabilization and polymerization of the hemoglobin
monomers.

For example, nitroxide is covalently attached to DBBF-Hb
according to the procedure described in the second embodiment
above, followed by polymerization w';th glutaldehyde according
to the procedure described in Sehgal et. al. U. S. Patent No.
4,826,811. Figure 4B is an electron spin resonance spectra
of the DBBF-Hb labelled with 3-maleimido-PROXYL and polymer-
ized with glutaldehyde. Similarly, DBBF-Hb that is polymer-

ized with glutaldehyde may be labelled with 4-(2-bromo-
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acetamido)-TEMPO by the same method.

Using a similar approach, a polymerized hemoglobin
intermediate, such as} a glutaldehyde-polymerized, an o-
raffinose-polymerized, or an o-cyclodextran-polymerized
hemoglobin intermediate that contains unreacted aldehyde
groups, may be used for covalent attachment of either 4-
amino-TEMPO or 3-amino-PROXYL via reductive amination to
yield a nitroxide-labelled hemoglobin polYmer. With reduc-
tive amination, the sequence and timing of the reaction are
important. The 4-amino-TEMPO is added to glutaldehyde-
polymerized hemoglobin after completion of polymerization,
but prior to the reduction reaction that results in covalent
attachment of the nitroxide to the polymerized hemoglobin.
Likewise, the nitroxide labelling of a o-raffinose poly-
merized hemoglobin may be accomplished by the addition of
either 4-amino-TEMPO or 3-amino-PROXYL prior to reductive
amination. For example, 4-amino-TEMPO labelled o-raffinose
polymerized hemoglobin is prepared according to the procedure
described in my United States Patent No. 4,857,636 except
that 6 molar equivalents of 4-amino-TEMPO is added after the
completion of the polymerization and prior to the reduction
with 20 molar excess of borane dimethylamine complex. As
described therein, hemoglobin may be cross-linked and
polymerized using polyvalent aldehydes derived from disaccha-
rides or ring-opened sugars including, oligosaccharides, or

preferably, trisaccharides such as o-raffinose. Likewise,
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monosaccharides may be used to stabilize and polymerize
hemoglobin although the higher molecular weight sugars are
preferred. The resoﬁance spectrum of a dialyzed and washed
o-raffinose polymerized hemoglobin labelled with 4-amino-
TEMPO was shown in Figure I9A.

To increase the yield of hemogiobin oligomers (Hb, where
n=2-4) of the polymerized hemoglobin, it is desirable to
increase the valance of the polyaldehyde of ﬁhe cross-linker,
with the use of a-cyclodextfan, B-cyclodextran, and vy-
cyclodextran, as well as theif sulfate derivatives which
represents 6-, 7-, and 8-cyclized glucose molecules, the ring
opened a-cyclodextran, B-cyclodextran, and v-cyclodextran
have 12, 14, and 16 reactive aldehyde groups respectively.
These ring-opened cross-linkers can be used to cross-link and
polymerize hemoglobin to produce polymerized hemoglobin which
ig rich in oligomers. The unreacted aldehyde, as described
above, may be utilized to covalently attached to an amino-
nitroxide, for example, 4-amino-TEMPO or 3-amino-PROXYL.

Furthermore, the ring-opened sulfate derivatives, for
example, the sulfated a-cyclodextran will be an effective
cross-linker for two additional reasons: (1) the sulfate
groups will mimic the activity of DPG in lowering the oxygen
affinity of the cross-linked hemoglobin, thus improving
oxygen transport properties, and (2) the sulfate groups will
serve as affinity labels.which will complex multiple (e.g.,

n=2-4) hemoglobins to initially form a "cluster." Once the
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"cluster" complex is formed, the aldehyde groups on the
cyclodextran will be brought to close proximity with the NH,
groups within the DPG binding sites, thus promoting the
covalent intra-subunit and inter-molecular cross-linking of
hemoglobin resulting in an increased yield of hemoglobin
oligomers. In addition to antioxidant enzyme-mimic activi-
ties, the ring-opened cyclodextran polymerized and nitroxide-
labelled hemoglobin will also have impfoved yield and
composition as compared to oO-raffinose and glutaldehyde

polymerized hemoglobin.

IV. Fourth Preferred Embodiment -- Nitroxide-Labelled Lipo-
some-Encapsulated Hemoglobin

Liposomes are particles which are formed from the
aggregation of amphophilic molecules to form a bilayer
structure in a hollow spherical shape with the polar sides
facing an internal water compartment and external bulk water.
Several acceptable methods for forming liposomes are known in
the art. Typically, molecules form liposomes in aqueous
solution like dipalmitoyl phosphatidylcholine. Liposomes may
be formulated with cholesterol for added stability and may
include other materials such as neutral lipids, and surface
modifiers such as positively or negatively charged compounds.
The preferred liposomes are small unilamellar-bilayered
spherical shells.

A method for encapsulating hemoglobin in a liposome is

also known (See Farmer et. al., United States Patent No.
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4,911,921). For the purpose of this invention, a number of
approaches may be used to introduce the nitroxide-based
oxygen detoxification function to a solution of liposome-
encapsulated hemoglobin. For example, it is possible to use
nitroxide-labelled native hemoglobin, or a nitroxide-labelled
stabilized hemoglobin as disclosed above, as the starting
material and then performing the process of liposome encapsu-
lation of the nitroxide-labelled hemoglbbih by known tech-
niques. In the present embodiment, purified hemoglobin may
also be coencapsulated with a membrane impermeable nitroxide
such as TEMfo-choline chloride disclosed for a spin membrane
immunoassay in Hsia et. al. United States Patent No.
4,235,792.

Also, any purified hemoglobin may be encapsulated with a
liposome comprised of nitroxide-labelled fatty acids (e.g.,
7-DOXYL-stearate, 12-DOXYL-stearic acid, and 16-DOXYL-
stearate), cholestane, an analogue of cholesterol (§;g+, 3-
DOXYL-cholestane), or phospholipid (e.g., 12-DOXYL-stearate-
labelled phosphatidylcholine). The preparation of hemoglobin
encapsulated in a liposome comprised of 3-DOXYL-cholestane
labelled may be prepared by a method analogous to that
described in Tabushi et. al., (J. Am. Chem. Soc. 106: 219
(1984)). A sml chloroform solution containing lipid composi-
tions, including DOXYL labelled stearic acid and/or chol-
estane, as specified below were first dried in a stream of

nitrogen to remove the solvent. Next, the residues were



WO 95/05397 PCT/US94/09246

53

dried in vacuo and the resulting film was suspended in 2ml of
hemoglobin (24g/dl) in a Lactated Ringers solution. The
lipid concentration in the dispersion is 100 mM. The
liposome encapsulated hemoglobin is then rotated and incubat-
ed preferably at 37°C until all lipids are dispersed to form
multilamellar vesicles. The resulting solution containing
multilamellar liposome encapsulated hemoglobin and free
unencapsulated hemoglobin is then forced‘through a micro-
fluidizer to form 0.2 micron liposomes according to the
procedure of Cook et.al. (See U.S. Pat.4,533,254). The molar
ratio of | dipalmitoyl phosphatidylcoline: cholesterol:
dipalmitidyl phosphatidic acid: 3-DOXYL-cholestane in the
liposome is 0.5:0.4:0.02:0.07. The resonance spectrum of the
resulting 3-DOXYL-cholestane labelled liposome-encapsulated
hemoglobin is shown in Figure 10A. 1In this configuration,
the nitroxide is intercalated into the liposome membrﬁne and
can be found at both the inner and outer surface of the lipid
bilayer water interface. Substituting the 3-DOXYL-choiestane
with 16-DOXYL-stearic acid in the lipid composition shown in
Figure 10A results in an electron resonance spectrum shown in
Figure 10B. The mobility of the nitroxide as reflected from
the resonance spectrum is consistent with the interpretation
that the DOXYL-moiety of the stearic acid is located predomi-
nately in the hydrophobic interior of the lipid bilayer.
With the addition of both the 3-DOXYL-cholestane and 16-

DOXYL-stearate to the lipid composition at the same molar
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ratio, the resonance spectrum of the double nitroxide
labelled liposome encapsulated hemoglobin is shown in Figure
10C. The resonance spectrum of Figure 10C is a composite ofl
Figures 10A and 10B because the nitroxides in this embodiment
are located at both the membrane-water interface and its
hydrophobic lipid bilayer interior. By placing the nitroxide
in both locations, this embodiment provides the oxygen
detoxification function at both the lipid.bilayer hydrophobic
interior and the membrane-water interface thus providing the
added benefit of an additional reserve of oxygen-detoxifica-
tion capacity for the encapsulated hemoglobin.

V. Fifth Preferred Embodiment -- Nitroxide-Labelled Conju-

gated Hemoglobin

A physiologically compatible solution of conjugated
hemoglobin is produced by forming a conjugate of hemoglobin
and a biocompatible macromolecule used as a plasma expander.
Plasma expanders, such as dextran (Dx), polyoxyethylene
(POE), hydroxylethyl starch (HES), are used to increase the
circulation half life of hemoglobin in the body. In this
state, the hemoglobin molecules together with the bio-
compatible macromolecule are collectively referred to as a
hemoglobin conjugate. There are a number of convenient
methods to incorporate a nitroxide into a'hemoglobin conju-
gate. For example, one may simply substitute the hemoglobin
to be conjugated with a nitroxide-labelled hemoglobin such as

TEMPO labelled DBBF-Hb. This can be accomplished by substi-
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tuting hemoglobin or pyridoxylated hemoglobin with 3-malei-
mido-PROXYL-DBBF-Hb or 4- (2-bromoacetamido) -TEMPO-DBBF-Hb in
the preparation of conjugated hemoglobin.

4-Amino-TEMPO labelled dextran conjugated hemoglobin is
prepared in accord with the procedure described by Tam et.
al. (Proc. Natl. Acad. Sci., 73:2128 (1976)). Initially, an
8% hemoglobin solution in 0.15 M NaCl and 5 mM phosphate
buffer, pH 7.4 is conjugated to periodate—oxidized dextran to
form a Schiff-base intermediate. Twenty molar equivalents of
4 -amino-TEMPO is added to hemoglobin to form the Schiff-base
between the nitroxide and the remaining reactive aldehyde
groups on the dextran. After a 30 minute of incubation at
4°C, a 50 molar equivalent of dimethylamine borane in water
is added. The solution is incubated for a further 2 hours at
a4°C. Afterwards, the solution is dialyzed, reconstituted
with Lactate Ringers buffer and sterile filtered with Filtron
membrane filtration units (Filtron Technology Co.). The
electron spin resonance spectrum of the 4 -amino-TEMPO
labelled dextran-conjugated hemoglobin is a.sharp asymmetric
triplet reflecting a high degree of motional freedom (See
Figure 11). The increased mobility of the TEMPO covalently
attached to the Dextran is consistent with the nitroxide
linked to a flexible polysaccharide dextran chain as compared
to that of a tightly folded hemoglobin molecule (See Figures
3A and 3B). Thus, resonance spectrum in Figure 11 demon-

strates that a novel nitroxide labelled dextran conjugated
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hemoglobin has been prepared.

VI. Sixth Preferred Embodiment -- Enzyme-Mimetic Activity of

Nitroxide-Tabelled Albumin

As noted above, nitroxides (e.g., TEMPOL) have been shown
to have catalytic activity which mimics that of SOD, the
metalloenzyme which dismutes superoxide to hydrogen peroxide
Furthermore, in biological systems nitroxides can interact
with peroxidases and pseudoperoxidases to achieve an activity
mimicking that of catalase, the enzyme which converts
hydrogen péroxide to oxygen. The biological effects of
nitroxide include contributing to protection against cytotox-
icity of reactive oxygen species, apparently by reducing
oxidative stress, for example, nitroxides protect against
damage by ionizing radiation in vivo and in vitro. Thus,
nitroxides when administered in vivo, display complex
antioxidant enzyme-mimetic activities.

When injected intravenously, TEMPOL has been shown to
have very short plasma half-life. Due to its molecular size
and charge characteristics, it readily leaves the vascular
space. In certain medical applications, other than those
involving HBOC or HRCS, however, it may be desirable to have
an antioxidant enzyme mimic which persists in the vascular
space. This may be achieved by attaching a nitroxide
compound to a macromolecule other than hemoglobin and which

is biologically safe and has a desirable plasma half-life.
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An example of such a desirable macromolecules is human serum
albumin (HSA).

Serum albumin is a plasma protein with multiple ligand-
binding sites and is the transport protein for many ligands
in the blood. Nitroxides can bind specifically to human
serum albumin at a number of specific ligand binding sites,
or non-specifically.

Nitroxide-labelled albumin may be used in vivo to provide
protection against cellular  damage by reactive oxygen
species. Nitroxide-albumin may be used either alone or in
combinatioh with a low molecular weight nitroxide compound,
e.g., TEMPOL. Nitroxide-labelled albumin is also available

as an "improved" version of albumin (i.e., improved by having

antioxidant activity) with utility in any application where
albumin is now conventionally used, including as a parenteral
colloid solution, in biomaterials, in biocompatible surface
coatings, etc.

The albumin may be obtained from plasma or may be
produced by recombinant genetic means. HSA may be used in a
variety of forms, including monomers (normal plasma form),
homodimers, oligomers, and aggregétes (microspheres) .
Specific labelling of the albumin with a nitroxide may be
achieved at several binding sites, including bilirubin, FFA,
indole, or Cu** binding site by using nitroxide compounds
which have been activated in order to confer upon them

binding specificity of the relevant site on the protein. A
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preferred example is 2, 2, 6, 6-tetramethyl-l-oxyl-4-piperi-
dylidene succinate (TOPS) nitroxide covalently bound to the
primary bilirubin-binding site of HSA. Non-specific label-
ling of albumin may be achieved at approximately 50 accessi-
ble amino groups.
VII. Seventh Preferred Embodiment -- Nitroxide-Labelled
Immunoglobulin

As in the above embodiments, certain nitroxides have been
shown to have very short plasma half-life when injected
‘intravenously. Due to the desire to have an antioxidant
enzyme mimic with a long plasma half-life, a nitroxide
compound may be attached to an immunoglobulin to provide
long-lasting antioxidant enzyme mimic activity.

Immunoglobulins are a class of plasma proteins produced
in the B-cells of the immune system and which are character-
ized by two specific ligand binding sites (the antigen-
binding sites). Nitroxides have been used in the past as
probes in research on hapten-binding specificity and affinity
of immunoglobulins during the primary and secondary immune
response.

As with the above-embodiment describing nitroxide-
labelled albumin, the nitroxide-labelling technology demon-
strated above in the example of nitroxide-HBOC is readily
applied to the production of nitroxide-labelled immunoglob-
ulins.

Nitroxide-labelled immunoglobulins may be used in vivo to
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provide proteqtion against cellular damage by reactive oxygen
species. Nitroxide-immunoglobulin may be used eithef alone
or in combination with a low molecular weight nitroxide
compound to provide extended antioxidant activity with an
extended plasma half-life.

Nitroxide-labelled immunoglobulin may be prepared by
specific labelling of the immunoglobulin itself or by
covalently 1labelling at a hapten-binding‘site. To avoid
clearance of the nitroxide-labelled immunoglobulin as part of
the body’s natural immune response, one may use immuno-
globulin fragments, for example, (Fab), produced by cleaving
the immunoglobulin according to known techniques with non-
specific-labelling, a preferred molar ratio of nitroxide:-
immunoglobulin is up to 60:1.

Although the invention has been illustrated by the
specific embodiments described above, due to variety of forms
of physiologically compatible hemoglobin and the struqtural
diversity of the stable nitroxide-free radicals, a number of
variations on the above embodiments are possible without
departing from the basic spirit of the invention as described

by the following claims.



WO 95/05397

10

15

PCT/US94/09246

60

I Claim as follows:

1. A physiologically compatible hemoglobin-based solution
characterized by

stabilized hemoglobin, and

a nitroxide covalently bound to the stabilized hemo-

globin.

2. The hemoglobin-based soiution of Claim 1 wherein the

hemoglobin is stabilized by cross-linking.

3. The hemoglobin-based solution of Claim 1 wherein the
hemoglobin is recombinant and stabilized with.alpha-globin

dimers.

4. The hemoglobin-based solution of Claim 2 wherein the
hemoglobin is cross-linked using a polyvalent aldehyde

derived from a ring-opened linear sugar.

5. The hemoglobin-based solution of Claim 2 wherein the
hemoglobin is cross-linked using a polyvalent aldehyde

derived from a ring-opened cyclic sugar.

SUBSTITUTE SHEET (RULE 26)
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6. The hemoglobin-based solution of Claims 1, 2, 3, 4, or

5, wherein the nitroxide has the structure

o, /C\s_ArJ

where R, - R, are alkyl groups of 1-4 carbon atoms and

A is the remaining members of a S5-membered ring.

5 7. The hemoglobin-based solution of Claim 6 wherein the

nitroxide is 2,2,5,5-tetramethylpyrrolidine-N-oxyl.

8. The hemoglobin-based solution of Claim 1, 2, 3, 4, or

5 wherein the nitroxide has the structure

O

‘I
S
c” TClp
R, an’t "

where R, - R, are alkyl groups of 1-4 carbon atoms and

10 A is the remaining members of a 6-membered ring.

SUBSTITUTE SHEET (RULE 26)
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9. The hemoglobin-based solution of Claim 8 wherein the

nitroxide is 2,2,6,6-tetramethylpiperdine-N-oxyl.

10. A physiologically compatible hemoglobin-based solution
characterized by

a polymer hemoglobin, and

a nitroxide covalently bound to the polymerized

hemoglobin.

11. The hemoglobin-based solution of Claim 10 wherein the
hemoglobin polymer comprises a polyvalent aldehyde derived

from a ring-opened linear sugar.

12. The hemoglobin-based solution of Claim 11 wherein the
hemogleobin polymer comprises a polyvalent aldehyde derived

from a ring-opened cyclic sugar.

13. The hemoglobin-based solution of Claims 10, 11, or 12

wherein the nitroxide has the structure

©

.
RN R
i \C\/ﬁ
Ri™ —naJ 7

SUBSTITUTE SHEET (RULE 26)
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where R, - R, are alkyl groups of 1-4 carbon atoms and

A is the remaining members of a 5-membered ring.

14. The hemoglobin-based colution of Claim 13 wherein the

nitroxide is 2,2,5,5-tetramethylpyrrolidine-N-oxyl.

5 15. The hemoglobin-based solution of Claims 10, 11, or 12

wherein the nitroxide has the structure

O
l'
R. N 24
\C_/ \O\ RH
R, " —A~7

where R, - R, are alkyl groups of 1-4 carbon atoms and

A is the remaining members of a 6-membered ring.

16. The hemoglobin-based solution of Claim 15 wherein the

10 nitroxide is 2,2,6,6-tetramethylpiperdine-N-oxyl.

17. A physiologically compatible hemoglobin-based solution
characterized by

a physiologically compatible liposome,
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hemoglobin encapsulated in the liposome, and

a nitroxide encapsulated in the liposome.

18. The hemoglobin-based solution of Claim 17 wherein the

nitroxide is intercalated in the liposome membrane.

19. The hemoglobin-based solution of Claim 18 wherein the
hemoglobin is stabilized by cross-linking or polymeriza-

tion.

20. The hemoglobin-based solution of Claim 17 wherein the
liposome is comprised'of nitroxide-labelled fatty acids,

cholestone, or phospholipids.

21. The hemoglobin-based solution of Claims 17, 18, 19, or

20 wherein the nitroxide has the structure

&)
PN R

N 7 N -
- s
/2~; . \“7Q_~/ ) IEV

where R, - R, are alkyl groups of 1-4 carbon atoms and

A is the remaining members of a 5-membered ring.
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22. The hemoglobin-based solution of Claim 21 wherein the

nitroxide is 2,2,5,5-tetramethylpyrrolidine-N-oxyl.

23. The hemoglobin-based solution of Claims 17, 18, 19, or

20 wherein the nitroxide has the structure

c CC Ry
R. ’ — A
a
5 where R, - R, are alkyl groups of 1-4 carbon atoms and

A is the remaining members of a 6-membered ring.

24. The hemoglobin-based solution of Claim 23 wherein the

nitroxide is 2,2,6,6-tetramethylpiperdine-N-oxyl.

25. A physiologically compatible hemoglobin-based solution

10 comprising
stabilized hemoglobin covalently bound to a nitroxide
and forming a conjugate with albumin, dextran, poly-

oxyethylene, or hydroxyethyl starch.
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26. The conjugated hemoglobin-based solution of Claim 25

wherein the nitroxide has the structure

2; A.|) ‘ 2’

\ / N -~
c coR
’ S Ky
d21 \__./;-/

where R, - R, are alkyl groups of 1-4 carbon atoms and

A is the remaining members of a 5-membered ring.

5 27. The conjugated hemoglobin-based solution of Claim 26
wherein the nitroxide is 2,2,5,5, -tetramethylpyrrolidine-

N-oxyl.

28. The conjugated hemoglobin-based solution of Claim 25

wherein the nitroxide has the structure

R N R,

N, N L7

C C . Fz
7’ v
2. 7 — A
10 where R, - R, are alkyl groups of 1-4 carbon atoms and

A is the remaining members of a 6-membered ring.

29. The hemoglobin conjugate of Claim 28 wherein the

nitroxide is 2,2,6,6-tetramethylpiperdine-N-oxyl.
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30. A method to produce a physiologically compatible
solution containing stabilized hemoglobin characterized by
the steps of:
covalently binding a nitroxide to stabilized hemoglo-
5 bin, and
containing the stabilized hemoglobin solution in an

environment that is substantially free of oxygen.

31. The method of Claim 30 wherein the nitroxide is
covalently bound to a site on the stabilized hemoglobin
10 comprising a sulfhydro group, a B93 site, or a reactive

amino group.

32. A method to produce a physiologically compatible
solution containing a biologically compatible macromole-
cule characterized by:

15 providing a physiologically compatible solution
containing a biologically lcompatible macromolecule
covalently bound to a nitroxide where the nitroxide is
reactive with free radical species in the vascular

compartment of an organism.

20 33. The method of Claim 32 wherein the macromolecule is
selected from among the group consisting of hemoglobin,

albumin, or immunoglobulin.
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34. The method of Claim 33 wherein the macromolecule is

stabilized hemoglobin.

35. The method of Claim 33 wherein the macromolecule is

polymerized hemoglobin.

36. A method to produce a liposome-encapsulated hemoglobin
solution characterized by
encapsulating a nitroxide and hemoglobin inside a

liposome.

37. The method of Claim 36 wherein the nitroxide is

covalently bound to the hemoglobin.

38. A container for physiologically compatible hemoglobin
solutions characterized by

a nitroxide coated on a surface inside the container.

39. The container of Claim 38 wherein the nitroxide is
coated on the surface of a matrix located inside the

container.
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40. The container of Claims 38 or 329 wherein the nitroxide

has the structure

RN pl
AN C: / ‘\C::, 3

‘2.1 ’ K\._/*_‘/ ~ GEU

where R, - R, are alkyl groups of 1-4 carbon atoms and

A is the remaining members of a 5-membered ring.

5 41. The container of Claim 40 wherein the nitroxide is

2,2,5,5-tetramethylpyrrolidine-N-oxyl.

42. The container of Claim 38 or 39 wherein the nitroxide

has the structure

o
> )
N /’/&)\~ ~ 12’
c

C
g~ el B

where R, - R, are alkyl groups of 1-4 carbon atoms and

10 A is the remaining memhers of a 6-membered ring.
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43. The container of Claim 42 wherein the nitroxide is

2,2,6,6-tetramethylpiperdine-N-oxyl.

44, A filter having a housing for physiologically compati-
ble hemoglobin-based solutions characterized by
5 a nitroxide bound to a matrix contained within the

housing.
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