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[. Introduction

After several decades of intensive efforts, safe
injectable preparations capable of effectively deliver-
ing O, to tissues and removing CO., i.e., so-called
blood substitutes, appear to be within reach of
approval by the health authorities. “Artificial blood”
has been on man’s wish list for over a century;
however, the undertaking turned out to be substan-
tially more complex and arduous than expected.
Numerous approaches have been explored. Major
advances have alternated with setbacks and disap-
pointments. Several promising products have met
with ill fate. Two polymerized human hemoglobin
(Hb) products, one polymerized bovine Hb and one
perfluorocarbon (PFC) emulsion, are currently com-
pleting the last stages (Phase I1l) of clinical evalu-
ation or have entered the regulatory review process
for marketing approval. There is, therefore, hope that
safe and effective commercial products will become
available within the next few years.

The term “blood substitute” is clearly a misnomer,
since the products under development only transport
the respiratory gases, O, and CO,, and for only a
limited period of time at that. These products provide
none of the complex and interrelated metabolic,
regulatory, hemostatic, and host defense functions of
blood. Oxygen carriers are nevertheless expected to
play a pivotal role in easing the increasingly frequent
blood shortages, solve some transfusion-related safety
issues, and in the process, profoundly change patient
care and the practice of transfusion medicine. Fur-
ther, these carriers may find therapeutic value in
situations where blood is no longer capable of ad-
equately delivering O, to tissues, as in myocardial
infarction or stroke. The present products are, there-
fore, more accurately described as temporary O,
carriers, anti-hypoxic agents or, if need be, temporary
red blood cell substitutes. In some cases, therapeutic
value may rely on physiologic actions other than O,
delivery.

Much of the research on blood substitutes was
initiated and driven by the medical and life sciences
research communities. While there are many thou-
sands of papers on the subject, relatively few are
published in the chemical literature. Key papers
about the preparation of certain products that even-
tually went into clinical trials are sometimes found
in Surgery or Transfusion. Reviewing this topic is
also complicated by the fact that commercial, often
venture capital-supported competition for a market
that is estimated at several billions of dollars is
intense. This means that all essential information is
not available, especially where the chemistry of the
systems under investigation is concerned. It has
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happened that extensive animal experimentation was
reported on a product or formulation that was only
identified by some undecipherable code name. It has
also happened that untoward reactions observed
during clinical trials (and their severity) were for a
time only known through hearsay (or through the
financial press; see, for example, refs 2 and 3) before
there was mention of them in the scientific literature.

This review intends to summarize, with minimal
bias, the different avenues that have been or are
being explored for the purpose of developing inject-
able O, delivery systems, identify the challenges
specific to each approach, analyze the obstacles that
have been encountered en route, discuss the solutions
that have been provided, along with their limitations,
and offer some future perspectives. Numerous re-
views have dealt with “blood substitutes”; most are
limited to one type of product or emphasize one
particular approach. Few integrate the chemistry
that underlies the products’ elaboration, character-
ization, and manufacturing. Because this area of
research has been largely driven—and constrained—
by medical, industrial, and marketing considerations,
an attempt is made to outline the background of O,
carrier development, thus alluding to questions con-
cerning blood transfusion, the physiology of O, trans-
port to tissues, clinical indications and methods of
use, regulatory aspects, and economic and manufac-
turing challenges—the purpose of section Il. Section
111 compares the principles that underlie the Hb and
PFC approaches and their consequences and high-
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lights the difference. Sections IV and V focus on Hb
and PFC products, respectively. While investigating
Hb products is a “natural” thing to do, this author
maintains the position that there are also grounds
for believing that PFCs could provide a valuable
solution to the blood substitute challenge. Finally,
section VI sketches out some possible future direc-
tions.

One ambition of this review is to assemble or
facilitate the access to a substantial part of the
information a scientist attracted to the possibility of
entering this field of research may want to have.
Research on O, carriers entails crossing the tradi-
tional boundaries of our discipline and imposes
constant dialogue with the medical community, fac-
tions of pharmaceutical development, and regulatory
institutions. Literature coverage is provided through
November 2000. The selection of references reflects
that the emphasis of this review is on the chemistry
of blood substitutes; the author is fully responsible
for any oversights, omissions, and errors.

[I. Blood, Blood Transfusion, Blood Substitutes

This section focuses on the challenges presently
facing transfusion medicine with emphasis on alter-
natives and what is expected from blood substitutes.

A. Blood, an Organ Unlike Any Other

“The blood is the life” says the book of Deuteronomy
(XI11:11). Blood possesses stronger mystical, cultural,
religious, and emotional connotations than any other
organ. It is exchanged in rituals and has been offered
to the gods as a sacrament. Blood symbolizes life,
purity, identity, and kinship (blood brothers); strength,
bravery, and violence (blood feuds); and death. It is
the seat of the soul and of moral virtues. It provides
vitality and ill fate. Among the ancient Greeks and
throughout the Middle Ages, blood was considered
one of the four fundamental humors responsible for
health and illness. For 2000 years, bleeding out the
“bad blood” has been used as a cure for all maladies.

Donating blood is an act of charity that can save a
life. However, the perception of blood donation differs
profoundly from one country to another and from one
culture to another. In most countries blood donation
is voluntary, unremunerated, and driven by altruism—
the adequacy of our blood supply depends solely upon
the generosity of a healthy public.

B. Current Issues in Blood Transfusion

Blood transfusion is surrounded by a complex
history (see, for example, refs 4—9). Its practice was
highly variable and somewhat suspect until Land-
steiner’s discovery of the ABO blood group system
in 1900%° provided the scientific basis for compatible
and safe blood transfusion. Blood banking was made
possible after it had been determined that addition
of sodium citrate prevented blood from clotting.11~13
However, the practice of transfusion developed slowly
and its scope remained rather narrow until World
War I11. A “Centre de Recherche Hématologique et de
Transfusion Sanguine” was established by Arnault
Tzanck in Paris in 1923. The first blood banks were
established in the late 1930s. Blood transfusion
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became of age when glucose was added to the citrate
solution, extending the shelf life of red blood cells
(RBC) to 21 days. The introduction of plastic storage
bags improved blood safety dramatically by reducing
the risk of bacterial contamination. More recently,
use of a modified citrate—phosphate—dextrose anti-
coagulant solution supplemented with adenine al-
lowed further extension of the permissible RBC
storage period.'* The number of transfusions in the
United States increased steadily during the 1960s
and 1970s, peaked in the mid-1980s, and has declined
slowly but steadily thereafter.1516

Today, an estimated 75—90 million units of blood
are collected each year worldwide,®'718 80% of them
in the developed countries (ca. 20% of the world’s
population). In the United States, blood collection
amounted to 11.7 million in 1997,% 12.6 million when
autologous donations are included.*®?° Blood frac-
tionation provides packed RBCs, platelet concen-
trates, plasma, and a range of important therapeutic
proteins, including albumin, antithrombin, fibrino-
gen, factor V111 (or antihemophilic factor), factor IX,
and immunoglobulins. In most cases, transfusion
actually involves administration of packed RBCs or
other components rather than whole blood. Further,
recombinant factor V111 and serum albumin are now
available and additional recombinant components
can be anticipated.

After several decades of steady progress in improv-
ing the range of components available as well as their
safety, blood banking and transfusion medicine sud-
denly came under scrutiny due to infectious safety
issues triggered by the AIDS epidemic. It became
more generally appreciated that AIDS was only one
of several infectious diseases transmitted by blood
transfusion and that transfusion was not devoid of
risk. Transfusion-transmitted hepatitis is given to
recipients far more commonly than AIDS and can
progress into cirrhosis and/or liver cancer. Parasitic
diseases take their toll in certain areas of the world.
Other as yet unknown infectious agents are likely to
emerge. Further issues concern the immunosuppres-
sant effects of transfusions and the lack of immediate
efficacy of RBCs stored more than a few days. New
legal questions have also arisen concerning, in par-
ticular, the extent of testing.?* As a consequence, the
practice of transfusion medicine has undergone pro-
found changes. This section will identify some of the
issues that oxygen carrying blood substitutes could
help relieve.

1. Transfused Blood: Safe or Not?

Trust in the safety of our blood supply and the
blood banking community has been severely damaged
by the AIDS tragedy. Acute anxiety about the safety
of transfusion has developed.?? Fortunately, the
perceived risk is out of proportion with the real risk.
More vigilant donor screening, new tests, handling
practices, and tracking systems have drastically
reduced the incidence of transfusion-related side
effects, making the blood supply of developed coun-
tries safer than it ever has been.1623-33

Blood transfusion nevertheless carries and will
always carry a certain level of risk.! (“Blood products
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should be considered potentially dangerous “drugs™;?®
“allogeneic blood remains an inherently defective raw
material”.3*) Mild allergic reactions associated with
fever, chills, pain and discomfort, and possibly urti-
caria can affect as many as 1 in 30 patients.%?
Delayed hemolytic transfusion reactions occur at an
estimated frequency of 1 in 1000 patients, transfu-
sion-related acute respiratory distress syndrome at
a frequency of at least 1 in 5000, and fatal acute
hemolytic transfusion reactions are observed for 1 in
250 000—1 000 000 transfusions,t6:32:35.36

Infectious risks have declined abruptly. In the
United States, the risk of acquiring hepatitis B is in
the range of 1 in 30 000—250 000, hepatitis C of 1 in
30 000—100 000 (prior to 1965 the combined risk for
hepatitis B and C was about 1 in 4); HIV is less than
1 in 500 000.16:24.27.28.32 Transmission by transfusion
of malaria, leishmania, and Chagas’ disease (caused
by Trypanosoma cruzi) raise serious concerns in
certain geographic areas.®” Septic shock from bacte-
rial contamination, although rare, does occur in
certain regions.32383% Whether and to which extent
some forms of Creutzfeldt—Jakob disease (CJD) and
other degenerative encephalopathies are transmis-
sible by transfusion is being debated.*°~*? Bovine
spongiform encephalopathy (BSE) is transmissible to
other species, including mice, sheep, domestic cat,
and macaque, by inoculation or ingestion of infected
tissues.**~*®> The recent occurrence of a new variant
of human Creutzfeldt—Jakob disease (nvCJD), dis-
tinct from previously known CJD and closely resem-
bling BSE,**8 is a serious concern. Compelling
evidence for transmission of BSE prions to humans
has recently been inferred from experiments in which
prions from bovines with BSE and from nvCJD were
inoculated to transgenic mice expressing bovine prion
protein (hence susceptible to foreign prions).*® The
nvCJD was readily transmitted to the mice; the
incubation times for nvCJD and BSE were remark-
ably similar; clinical signs and neural damage were
indistinguishable. Transmission of BSE by blood
transfusion in sheep has recently been demon-
strated.*®

Finally, administrative errors (with an incidence
of 1:12 000—30 000) remain one of the main causes
of transfusion-related morbidity and mortality.?3335051

Whatever the level of risk associated with a unit
of blood, this risk is cumulative with the number of
units transfused; conversely, each unit spared to a
patient reduces the exposed risk.

2. Transfusion-Mediated Immunosuppressive Effects

There is increasing evidence that allogeneic blood
transfusion alters the host immune system and
reduces the immune responsiveness (or immunocom-
petence) of the organism, thus predisposing a trans-
fusion recipient to bacterial or viral infection,38:52-6565a
Transient blockade of the reticuloendothelial system
(RES, also known as the mononuclear phagocyte
system; in charge, among others, of clearing the
circulation of foreign particulate matter) by trans-
fused material may result in decreased clearance of
bacteria by phagocytic cells. A significantly increased,
dose-dependent incidence of infectious complications
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and septicemia was found in transfused versus non-
transfused surgical patients.’67%8 A single unit of
transfused allogeneic blood increased postoperative
infections.®® A recent prospective study in patients
undergoing cardiac surgery demonstrated that in-
traoperative blood transfusion was associated with
an enhanced inflammatory response, increased con-
centrations of inflammatory mediators, and increased
postoperative morbidity.? Fewer infections were
observed in patients receiving autologous rather than
allogeneic blood,>*°7° and lower mortality was ob-
served in cardiac surgery patients when leukocyte-
depleted RBCs were used.”* A retrospective study
indicated that mortality in patients with sepsis is
associated with the age of the RBCs transfused’
(standard practice of blood banks is to release their
oldest units first to avoid outdating). Blood transfu-
sion has been identified as an independent consistent
risk factor for postinjury multiple organ failure in
trauma patients.” It has also been determined that
packed RBC units contain substances that mediate
inflammatory responses, including bactericidal per-
meability-increasing proteins (in amounts that in-
crease with storage time), and that these substances
are then transfused in the circulation along with
RBCs.?

Various studies suggest that blood transfusions
increase the risks of recurrence and spread of certain
cancers.55~57.5967.74-78 perjoperative blood transfusions
were found to reduce long-term survival following
surgery for colorectal patients.” This risk may be
lower when autologous is used.g On the other hand,
transfusion-induced downregulation of the immune
system has been used advantageously to improve the
survival of kidney and heart transplants or to reduce
the risk of recurrent spontaneous abortion.557.81-84
A further safety issue with allogeneic blood is iron
overload (requiring iron-chelating therapy), which
can represent a serious complication for chronically
transfused individuals such as sickle cell anemia and
thalassemia patients.8®

3. Efficacy of Stored Blood

Refrigeration and storage of RBCs results in so-
called “storage lesions”, which include changes in the
affinity of Hb for O,, a decrease in pH, hemolysis,
changes in RBC deformability, formation of micro-
aggregates, release of vasoactive substances, and
denaturation of proteins.?># Under normal circum-
stances, O, release and delivery to tissues is facili-
tated by the presence of an allosteric effector, 2,3-
diphosphoglycerate (2,3-DPG, 2.1) (section I11). In

COOH
CHOPOH,
|

CH,OPOH,

2.1 (2,3-DPG)

stored human RBCs, the concentration of 2,3-DPG
decreases over time and little is left after 2 weeks.®’
This is why transfusion of stored blood is not im-
mediately effective in delivering O, (Figure 1). It
takes about 24 h for banked RBCs to restore their
2,3-DPG level to about one-half of normal.®” During
storage, RBCs also loose cellular adenosine triphos-
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Blood stored for 14 days

1| /A~

'~ Fresh l')Iood
50 4+ -F - ; '

% Saturation

0 » 40 80 120
pO, (torr)

Figure 1. Capacity for banked blood to release O, dimin-
ishes over time as the O, binding isotherm of Hb shifts to
the left and the affinity of Hb for O, increases due to loss
of 2,3-DPG. After 2 weeks, release of O, between arterial
blood and tissue drops from ~25% to ~5% of O, content at
37 °C. (Reprinted with permission from ref 1943. Copyright
1998 Karger Landes Systems.)

phate (ATP), resulting in loss of cell deformability,8
which can impede on blood flow in the microcircula-
tion.®° One obvious use for an artificial O, carrier
would be to serve, in case of emergency, as a bridge
during the time required for the administered stored
blood to reconstitute enough 2,3-DPG to deliver O,
effectively.

An increasing number of studies have indicated
that transfusion does not necessarily augment O,
delivery and tissue oxygenation in critical care
patients or improve outcome and that blood transfu-
sions may be overused.®°~%8 For example, one recent
prospective, randomized clinical trial compared criti-
cally ill patients whose Hb levels were maintained
either between 10 and 12 g/dL (liberal transfusion
strategy) or between 7 and 9 g/dL (restrictive strat-
egy). The results indicated that transfusion of fewer
units of blood improved the patient’'s chances of
survival.®® Another study found no evidence that
allogeneic transfusion improved survival in a cohort
of elderly hip-fracture patients with Hb levels greater
than 8 g/dL.%® A low hematocrit (volume % of RBCs
in blood, Hct) (<24%) at the conclusion of coronary
artery bypass graft surgery was associated with a
lesser incidence of myocardial infarction than a high
Hct (=34%).%” No improvement in O, uptake was seen
following transfusion of patients with sepsis having
Hb levels around 9.0 g/dL; moreover, the patients
who had received “old” blood (stored for over 2 weeks)
developed evidence of gastrointestinal ischemia, pos-
sibly as a consequence of loss of RBC membrane
deformability.®* A carefully designed experimental
study demonstrated that, in contrast to fresh RBCs,
28-day-old RBCs failed to improve tissue oxygenation
in severely hemodiluted rats.®® A new important
awareness is thus emerging: banked blood (including
predonated autologous blood) is not equivalent to
fresh blood.

4. Supply Shortages and Cost Issues

Because of the intense efforts devoted to improving
blood safety, the cost of blood collection, testing,
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storage, and distribution has escalated. In some
countries, leukocyte (white blood cell) depletion has
become mandatory. Leukodepletion removes about
99% of the leukocytes, which are considered respon-
sible for certain transfusion reactions and immuno-
suppressive complications,” including a graft-versus-
host response, cytomegalovirus infection,?® and pos-
sibly the transmission of Creutzfeldt—Jakob encepha-
litis.*°=42 It is unlikely that this trend will reverse.
Yet, achieving absolutely zero risk is illusory, what-
ever the expense. Past a certain point, additional
testing and manipulation may actually increase the
risk of errors.?3

a. Blood Shortage: How Soon, How Serious?
In developed countries, blood collection is declining'®
while its cost is increasing.’® The demand for blood
is likely to increase further with the aging of the
populations, the development of aggressive new
therapies, and the increase in the number of patients
undergoing elective surgery. Baby boomers have now
reached the age where the likelihood of their needing
blood increases while their tendency to donate blood
diminishes.1925191 In the United States, for example,
over 50% of transfusion recipients are over the age
of 65, a segment of the population which will double
in the next 30 years, while the prime donor age
population will shrink in proportion. Seasonal short-
ages, especially of certain blood types, already occur,
including the most frequently needed, universally
compatible Group O blood. A recent survey indicated
that the number of blood transfusions had increased
by about 4% in the United States between 1994 and
1997 while collections decreased by 5.5% during the
same period.'®?° The margin between blood collec-
tions and transfusions has been shrinking consis-
tently over the years, resulting in increased pressure
on the blood banking system. Postponement of elec-
tive surgery due to blood shortages is increasingly
frequent. A shortage of 4 million units has been
projected by year 2030 in the United States.102.103

Blood availability and blood safety are interrelated.
As our screening techniques become more sensitive,
new agents, with yet unknown pathogenicity, are
likely to be identified. Any further step to improve
safety will invariably result in deferral of donors,
hence directly impact blood availability. As an ex-
ample, the discovery of the nvCJD, first described in
1996 in the United Kingdom, led the FDA to defer
donors who have spend more than six months in
Europe or 3 months in the United Kingdom since
1980. This policy could reduce blood collection by as
much as 1.4 million units.1%* If safety increases at
the expense of availability, people will eventually die
from lack of blood. Finally, “the most unsafe unit of
blood is the unit that is not there when you need
it”.1% Here again, a blood substitute that does not
rely on human blood collection could obviously play
a considerable role in helping to relieve this blood
supply shortage issue.

b. Developing versus Developed Countries.
Transfusion recipients have very different profiles in
developed relative to developing countries. Whereas
in the former they tend to be patients undergoing
surgery or older patients with malignancies, the vast
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majority of the recipients in developing countries are
women or children who require urgent transfusion.1%

In the emerging countries, blood is chronically
short due, among other things, to the limited number
of suitable or/and willing donors.1%607 Viral or para-
sitic infection with blood-borne diseases (HIV, hepa-
titis B, syphilis, malaria, and Chagas disease) can
lead to the rejection of as much as 25% of the units
collected.'% In addition, the infrastructure and train-
ing required to collect, store, and deliver the available
supply are sometimes lacking. Finally, if the present
U.S. rate of transfusion was extended to the world’s
population, the shortfall would probably exceed 200
million units per year.1%” For developing countries,
the availability of a blood substitute may be the best
hope to meet future health care needs.

C. Trends and Alternatives to Transfusion
1. Transfusion Criteria

The infectious risks of blood transfusion have led
to a drastic revision of transfusion practice. The
trends are presently to transfuse only when there
remains no other option, to lower transfusion “trig-
gers”, use autologous transfusion (one’s own blood),
and develop blood substitutes. In its clinical guide-
lines for RBC transfusion, the American College of
Physicians clearly recommends to “regard elective
transfusion with homologous blood (i.e., donor blood)
as an outcome to be avoided”.1%® Transfusion triggers
or criteria (i.e., physiological or laboratory indicators
of the need for transfusion) are being heavily
debated.®”19°-121 While in the recent past patients
would commonly receive blood as soon as their Hb
levels fell below 10 g/dL, transfusion has now become
uncommon above 8 or 9 g/dL. Unnecessary exposure
to blood products may generate blame or even legal
liability for any adverse outcomes.

Transfusion triggers are, unfortunately, far from
being clear-cut physiological signals. They can be
elusive and are highly patient- and indication-de-
pendent, and there is no consensus on when RBC
transfusions become necessary. Guidelines for trans-
fusion have been issued,108109.117.122 byt these guide-
lines all state that the ultimate decision to transfuse
relies on the practitioner’s experience and judgment
on an individual patient basis. A practice parameter
for the use of RBC transfusions has been developed
with the view of assisting the physician in his
decision.’?® While the general trend is to reduce the
use of RBC transfusion, the need for preserving a
sufficient safety margin and the risk of “undertrans-
fusing” are recognized as well.1?#7126 Transfusion
indeed needs to be administered before a certain
critical O, level is reached where O, consumption
becomes supply dependent and an O, debt develops
that can jeopardize vital tissues such as heart, brain,
and guts. Such dilemma and risks could be signifi-
cantly reduced, depletion of the O, reserve could be
prevented, and an adequate safety margin could be
preserved by recourse to an O, carrier other than
RBCs. Such a carrier may possibly be used more
liberally for comfort and safety, i.e., for preventing—
rather than correcting—tissue hypoxia.
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2. Autologous Blood and Blood Substitutes

Diverse alternatives to allogeneic (donor) blood
transfusion are being used, and new ones are being
actively developed. These alternatives include au-
tologous blood predonation, acute normovolemic he-
modilution (ANH, also called intraoperative autolo-
gous donation, 1AD, especially by the cardiac surgeon
community), intra- and postoperative blood salvage,
use of hematopoietic growth factors such as eryth-
ropoietin (EPO, a glycoprotein that stimulates the
production of RBCs), use of artificial O, carriers, and
combinations of such techniques. Autologous trans-
fusions eliminate the risk of infectious disease trans-
mission, transfusion reactions, and alloimmuniza-
tion, reduce the demand on allogeneic blood supply,
and give the patients the psychological benefit of
actively participating in their treatment. However,
these alternatives have their own limitations,?6-132
and there is still today no autologous strategy avail-
able that is safe, effective, and widely applicable.
Blood salvage is often not applicable, for example,
in cancer and sepsis patients and is ineffective when
only a limited amount of blood can be collected. It
can also result in reinfusion of damaged RBCs and
cell-free Hb, possible bacterial contamination, and
infusion of microbubbles of air that can cause emboli.
Use of predonated autologous blood, although it has
had the favor of the public,'3313 is logistically cum-
bersome, cannot be used in emergency procedures,
and cannot be applied to small children, cancer
patients, and other populations; certain associated
risks, such as clerical error, may be comparable or
superior to those of donor blood due to more complex
handling and shipping.3?13513¢ Recent analysis even
concluded that this procedure is inefficient37138 or
not cost-effective.'®® Its practice is actually declin-
ing.?° It should also be noted that predonated blood,
by the time of surgery, is no longer fresh blood. Too
frequent predonation or overhemodilution can cause
anemia, which may not be appropriate for surgical
patients with certain conditions, such as coronary
artery disease.'?¢

Acute normovolemic hemodilution4°~148 consists of
withdrawing part of the blood from a patient (typi-
cally two units) shortly before undergoing surgery.
This blood is replaced by an isoosmotic saline or
isooncotic colloidal volume-expanding solution to
maintain constant circulatory volume. The blood that
is withdrawn is anticoagulated, set aside within the
operating theater, and returned to the patient as
needed during or after surgery. This procedure can
be practiced on the day of surgery and is suitable for
both emergency and elective surgery. Compared to
other blood conservation strategies, ANH is logisti-
cally simpler and relatively inexpensive. Its main
benefit lies in the reduction of RBC losses by de-
creasing the concentration of RBCs in the blood shed
during surgery. An important advantage of ANH is
that it also increases blood fluidity, which results in
increased cardiac output, hence in increased systemic
O, delivery. A further advantage is that the patient’s
room-temperature-stored fresh blood is immediately
effective in O, delivery and conserves full functional-
ity of fragile platelets and labile clotting factors.
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Figure 2. Schematic representation of the augmented
acute normovolemic hemodilution (A-ANH) procedure as
compared with standard ANH: 3—4 units of blood are
withdrawn from the patient just before he/she undergoes
surgery and are replaced by a volume-expanding saline or
colloidal solution. When, during surgery, the need for
transfusion is determined, an O, carrier is administered
in lieu of blood, which prevents tissue hypoxia. When the
Hb concentration reaches a level that is considered unsafe
or at the end of surgery, the patient receives his/her own
blood back. The A-ANH method is expected to avoid or
reduce the patient’s exposure to allogeneic blood; in addi-
tion, it should help relieve blood shortages. See also ref 166.

However, hemodilution needs to be relatively aggres-
sive in order to provide clinically significant blood
sparing,'3>149150 which cannot always be practiced for
fear of exposing the patient to ischemia.

This is one of the opportunities where O, carriers
could be valuable. An “augmented” ANH procedure
(A-ANH) that combines the use of an RBC substitute
with ANH would allow more profound hemodilution,
hence more effective reduction in allogeneic blood
transfusion, while offsetting the risk of tissue hypoxia
and cardiac ischemia during surgery.'®>-15 In the
A-ANH procedure (Figure 2) a larger portion of the
patient’s blood (typically four units) is collected than
in the standard ANH procedure. When during the
surgery the physician would normally administer a
transfusion, he gives the O, carrier instead, thus
delaying use of the precious fresh autologous blood
while keeping the hemodiluted patient’s tissue oxy-
genation in safe control. By operating at a lower Hb
level, fewer precious RBCs are lost during surgical
bleeding. If Hb reaches a level that is deemed too low
or at the end of the procedure, the patient gets his
own fresh, whole, and fully functional stored blood
back. By allowing more profound hemodilution, the
A-ANH procedure would result in reduced exposure
to allogeneic blood transfusion. Mathematical model-
ing has indicated that substantial reduction in allo-
geneic blood exposure could indeed be achieved.*%6:157
These expectations were recently confirmed by Phase
111 clinical trials, which demonstrated statistically
significant avoidance or reduction in allogeneic blood
transfusion in surgical patients when using the
A-ANH procedure (see sections IV and V). Because
the O, carrier enables the physician to perform ANH
in a safer and more effective way, it should help ANH
to become available to a broad population of surgical
patients. This technique also has the potential to
relieve banked blood shortages. How profound hemo-
dilution can be has, however, not be determined and
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is expected to be highly dependent on patient condi-
tion.

D. Ideal and Real “Blood Substitutes”

For in vivo transport, O, can be chemically bound
to the carrier (as in Hb) or dissolved in the carrier
(as in PFCs). Use of a cell-free Hb solution as an
artificial blood emerged over a century ago (see, for
example ref 158). Between 1916 and 1978, at least
16 clinical trials of such solutions were reported;
however, the results were disappointing.'>® Better
understanding of the observed toxicities and signifi-
cant modification of the Hb molecule led to improved
preparations, several of which are now in Phase Il1
clinical trials (section 1V). Perfluorocarbon emulsions
were proposed as an alternative approach to in vivo
O, delivery in the late 1960s.2%° One such product,
Fluosol (Green Cross Corp., Osaka, Japan), entered
clinical trials a decade later and was licensed by the
regulatory authorities of several countries, albeit for
a rather limited indication, in 1989.%6% A similar
product, Perftoran (Perftoran Co, Pushshino, Russia),
has been approved in Russia.'6? A second-generation
emulsion is presently in advanced clinical trials
(section V). As noted earlier, these products are all
very significantly different from blood, with advan-
tages over RBCs in certain circumstances and limita-
tions that may reduce the extent of their applications
in others.

Injectable O, carriers need to be able to load O,
rapidly during passage through the pulmonary capil-
lary bed, reach the tissues and organs at risk of
ischemia, and deliver their O, load rapidly and
maximally to all organs. They should not increase
0O, demand and need to transport CO; as well. Blood
substitutes should preferably be devoid of physiologi-
cal activities other than O, delivery. They should not
impair the cardiovascular compensatory mechanisms
that normally prevent tissue hypoxia and should
preserve the advantages of hemodilution. Ideally,
they should have prolonged circulation lives. They
must be free of bacteria, viruses, and endotoxins and
should not promote the development of pathogens.
They must be devoid of antigenic effects, and their
side effects must be clinically minimal. They should
not interfere with coagulation, immune system, and
other organ functions. Being universal, i.e., free of
blood type-specific antigens, these products would be
useful in emergencies, e.g., on the site of an accident
or disaster. It is essential that they be ready for use,
easy to handle, and immediately effective. Shorter
hospitalization and reduced cost of care are also
desirable. Oxygen carriers must be manufacturable
in any desired amount and stable enough to allow
long-term storage in standard conditions. Finally,
they need to be cost-effective and their price needs
likely to remain in the neighborhood of that of blood.

The products under development meet several of
these requirements. Devoid of blood group antigens,
they require no compatibility testing, hence can be
used without delay, and carry no risk of hemolytic
reactions. They also eliminate the risk of clerical
errors. They all consist in particles smaller than
RBCs. Their ability to deliver O to tissues in certain
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circumstances has generally been established. The
significance of the adverse effects observed with some
of the products is, however, not yet clear. One
limitation of all the present O, carriers is related to
their short intravascular persistence (typical half-life
of 6—24 h in the circulation) as compared to RBCs
(several weeks). Therefore, these products can usu-
ally not be used as a direct replacement for blood.
On the other hand, this limitation is clearly not an
issue when coping with an acute transfusion need,
as a bridge to transfusion, or for the duration of a
surgical procedure. For these situations new strate-
gies for use in combination with blood are being
developed. The circulation half-life limitation does not
apply to tissue or organ preservation. However, it
excludes the use of such products when long-term O,
delivery supplementation is needed, such as for the
treatment of chronic anemia. Altogether, there is
little doubt that “an effective, safe and stable oxygen
carrier would provide a major advance in transfusion
therapy”.163

E. Principal Applications and Foreseeable Impact
of an Oxygen Carrier

1. General Surgery

As indicated earlier, O, carriers may find major
applications in the elective surgery setting where the
carrier would, for example, be used in conjunction
with autologous blood, as in the A-ANH procedure
and other combination blood saving strategies. Three
out of four transfusion recipients are surgical pa-
tients, and these patients receive about 60% of all
blood products transfused.32103109 ANH is increas-
ingly advocated as being central to future blood-con-
servation Strategies_117,136,1417143,145,1477149,151,152,157,1647167
The availability of an O, carrier should allow ANH
to be performed both more effectively and more safely
and contribute to promoting the use of acute autolo-
gous transfusion practices in general. Strategies that
combine the sustained action of EPO%8-171 with the
immediate but transient action of an O, carrier
should also be valuable.

Augmented-ANH is thus expected to reduce net
blood loss during surgery, provide the patient with
fresh, fully functional RBCs, preserve functional
platelets and clotting factors that are his own, and
eliminate clerical errors as well.

2. Cardiopulmonary Bypass Surgery—Neuroprotection

Coronary artery bypass graft surgery is being
increasingly practiced and uses hemodilution rou-
tinely, often under hypothermic conditions. A saline
solution is commonly used in order to prime the
pump/oxygenator circuit. Oxygen carriers, combined
with ANH (or IAD), should reduce transfusion needs
in patients (more than 800 000 a year worldwide!"?)
on cardiopulmonary bypass (CPB) circuits. One par-
ticular advantage of using O, carriers during cardiac
surgery is that the harvested blood is protected from
exposure to the bypass circuit and pump, which can
activate white cells and is detrimental to platelet
function and the clotting mechanism."3

Neurological dysfunction is a relatively common
and potentially devastating complication of CPB
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surgery. Incidence of stroke and severe deterioration
of intellectual function is around 6%.272 In a recent
study, the incidence of cognitive decline after coro-
nary artery bypass surgery was 53% at discharge
from the hospital and 42% at 5 years.'™ Such
complications are a concern for the cardiac surgeon
and entail a high societal cost. They appear to result,
at least in part, from the formation of tiny air bubbles
in the bypass circuit, which, once introduced in the
circulation, may provoke air embolism. A product
capable of simultaneously delivering O, and dissolv-
ing the air bubbles (primarily nitrogen) would, there-
fore, be extremely valuable.

3. Emergency—Trauma

A ready-for-use, immediately effective O, carrier
should also be extremely valuable as part of the
initial resuscitation stage of acute trauma patients,
especially during the prehospital “golden hour” pe-
riod, which largely determines the outcome for the
patient. An O, carrier would provide a unique means
of stabilizing the patient waiting for a transfusion,
which becomes possible usually only after the victim
has reached the hospital. Oxygen carriers should
therefore find their place in any ambulance or rescue
vehicle. By delaying the decision to transfuse, an O,
carrier can also potentially reduce the number of one-
unit RBC transfusions.

Storage-stable O, carriers would help respond to
unforeseen needs, cope with a shortfall in available
blood in case of disaster, seasonal or geographic
temporary shortage, and bridge the gap until blood
collection can be augmented. The military should be
interested in O,-carrying resuscitation fluids that
would allow field use and bridging to transfusion.
Hemorrhagic shock is the most serious and frequent
complication of battlefield injury.t”> Artificial O,
carriers should have advantages over the fragile and
poorly stable “fresh” blood and RBCs and dispense
with the need for their frequent and perpetual
replacement. The products need, however, to fulfill
specific requirements, such as long-term storage
capabilities, low weight and volume, immediate
availability, readiness for use, immediate effective-
ness, universal compatibility, and sterility. The mili-
tary tend to balk at the idea of using pure O, on the
battlefield; this inconvenience no longer exists in the
field hospital, where O, is available in the surgical/
critical care units. Those patients who refuse blood
transfusion on religious grounds should also eagerly
accept O, carriers not derived from blood.

Further potential uses of O, carriers, often different
from those of blood, as for treatment of ischemic
states not related to anemia, such as stroke, myo-
cardial infarction, coronary angioplasty, septic shock,
cancer therapy, sickle cell anemia, and organ and
tissue preservation, will be discussed in sections 1V
and V.

4. Impact on Blood Use and Blood Banking—Managing
Our Own Blood

Speculating on the impact that O, carriers may
have on blood banking!® is a perilous exercise. One
would expect blood bankers to easily accept new
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products and procedures that could reduce the pres-
sure on their inventory. Also, given the present
intolerance of risk, even a relatively modest increase
in safety margin, in particular during and after
surgery, might provide a decisive market advantage
for such products.’® In developing countries lower
cost and simpler logistics should prevail in decision
making. The pace at which new products and proce-
dures will penetrate the market is difficult to predict.
In the current context of medical care expense
control, the extent of use of O, carriers and of new
allogeneic blood avoidance strategies in western
countries will largely be determined by blood avail-
ability and cost considerations, second only to safety.
Together, O, carriers and novel strategies for blood
utilization could provide a solution in the face of
several weighty, interrelated challenges with which
blood banking is presently confronted: demand from
the public for ever increasing safety, need for high-
quality blood, and blood shortages. Effective O,
carriers and appropriate methods of use could further
improve blood management and dramatically in-
crease the donor pool by allowing many surgical
patients to safely become their own donor. The
objective is eventually to make the best possible use
of that most precious source of blood, our own. There
is also increasingly powerful evidence that advocates
the use of fresh autologous blood. Among the new
blood-saving/blood-providing strategies, A-ANH should
be able to satisfy these needs best. It is also one of
the easiest and least expensive to implement and one
of the most universally applicable. Combination with
use of recombinant EPO could further reduce the
need for transfusion in the post-operative period.
How high the cost of a substitute can be is a matter
of debate. A recent study indicates that in the United
States the total cost of transfusing a unit of blood
can reach $500, of which the product itself represents
20%, the rest of it being overhead and labor.1% In
this era of cost consciousness, it is unlikely that the
cost of using an O, carrier can be significantly higher.

F. Regulatory Aspects

Blood substitutes present unique problems from a
regulatory standpoint.'5%17®¢ Regulatory agencies in
charge of licensing new products include the Euro-
pean Medicines Evaluation Agency (EMEA) and the
Food and Drug Administration (FDA) in the United
States.? (At the FDA the unit that handles blood
substitutes is the Center for Biologics Research and
Review; Hb-based products are classified as biologics
and PFC emulsions as drugs. Conducting clinical
trials with a new product requires filing an Investi-
gational New Drug Application (IND); marketing this
product supposes the approval of a Product License
Application (PLA) in the case of a biologic product
or of a New Drug Application (NDA) in the case of a
drug or a Marketing Authorization Application (MMA)
in Europe.) These agencies are responsible for ensur-
ing that biologics and drugs are safe and efficacious.
Both safety and efficacy need, therefore, to be dem-
onstrated prior to approval. In addition, the agencies
inspect production facilities and verify process vali-
dation to ensure product quality and consistency.
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One major handicap concerning the evaluation of
injectable O, carriers comes from the absence of a
standard with which to compare them. Red cells (or
blood) have never been subjected to a controlled
clinical trial for the purpose of demonstrating their
efficacy and have never been formally approved by a
regulatory agency.”” The same holds for the autolo-
gous transfusion alternatives, including preoperative
donation and normovolemic hemodilution. The opin-
ion has been expressed that it is highly unlikely that
clinical trials large enough to give a statistically valid
comparison of outcomes of these techniques with
allogeneic blood transfusion will ever be carried
out.12°173 Defining proper clinical endpoint(s), i.e., the
clinical trial variable(s) that allow determining
whether administration of O; carriers translates into
clinical benefit for the patient, turns out to be difficult
due, among others, to insufficient knowledge of O,
transport physiology.

The first application for clinical investigation of a
blood substitute was filed in 1970 and concerned a
stroma-free Hb preparation.’’® The Phase | safety
trials, however, uncovered major renal toxicity.1”®
Several INDs have subsequently been granted for
improved Hb products (section 1V). So far the only
O, carrier that has been licensed for use in humans
is Fluosol in 1989, for use in conjunction with high-
risk percutaneous transluminal coronary angioplas-
ty.179.180 This followed an initial rejection, in 1983, of
the same product, when submitted as a treatment
for chronic anemia, a logical decision in view of the
product’s intravascular persistence, too short for such
an indication. A new PFC product is currently being
evaluated for use in surgery (section V).

Unexpected adverse events with certain modified
Hb products led the FDA to convene a panel of
experts in 1990 to discuss these events and to issue
a “Points to Consider” document on “the safety
evaluation of Hb-based oxygen carriers”.18 Another
“Points to Consider” was published in 1994, regarding
the “efficacy criteria for Hb- and PFC-based O,
carriers”.*®2 These documents are intended to offer
guidance and suggestions to companies and clinical
investigators on difficult product assessment issues.
Clinical evaluation of O, carriers does indeed present
unprecedented challenges. Concerns about product
safety are important because of the unusually large
doses of material that need to be administered (as
compared with usual drugs), which amplifies the
potential toxic effect of not only the carrier itself, but
also of any trace contaminant it may contain. Disap-
pointing results with certain products led to the
requirement of Phase Ill populations larger than
anticipated.

Demonstrating the product's efficacy is by no
means easier. It is complicated by the existence of a
significant O, reserve in man and of diverse compen-
satory mechanisms that set in place in case of
anemia, including a rise in cardiac output and
increased O, extraction by the tissues.!12151.183.184 |n
addition, the actual clinical situations are extremely
diverse, complex, and highly patient-dependent. Most
importantly, it does not suffice to demonstrate physi-
ological activity, as, for example, a significant in-
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crease in mixed venous O, tension (PvO,) or in tissue
O, tension, there must also be a clinical benefit such
as a decrease in mortality or morbidity. Hence, the
need for well controlled trials involving a significant
number of patients as well as the interest in sur-
rogate endpoints, i.e., measurable parameters other
than direct clinical benefit. This supposes, however,
that the relation between the surrogate endpoint and
clinical benefit is firmly established. The endpoint-
(s) selected for clinical trials may depend on which
indication is pursued. A consensus appears to have
developed that demonstration of avoidance or reduc-
tion of exposure to transfusion of donor blood would
be a valid surrogate endpoint for perioperative use
(as in elective surgery).18 Other logical endpoints are
left ventricle function for angioplasty and tumor
regression for tumor sensitization. No agreement on
a realistic endpoint appears to have been found yet
were resuscitation from hemorrhagic shock (as in
trauma) is concerned.

Combination of perioperative hemodilution with
use of an O, carrier may offer an effective model for
demonstrating efficacy. It should be emphasized in
this respect that each unit of transfused blood carries
the same risk. Therefore, each unit spared to the
patient is equally worth the effort. In other words,
reduction of the number of units given is not a minor
gain as compared to avoidance of transfusion. Re-
versal of transfusion triggers may also provide a valid
surrogate clinical endpoint, as it indicates removal
of risk of tissue hypoxia. Improvement of neurological
outcome following CPB surgery, although it may
prove more difficult to demonstrate, could also pro-
vide a valuable endpoint.

G. The Chemists’ Role in Developing a “Blood
Substitute”

Chemists are expected to design and provide the
carrier molecule, to formulate it into a stable, inject-
able, scalable preparation, to properly characterize
the product and its physical and chemical properties,
and to contribute to the assessment and understand-
ing of its in vivo behavior. Most importantly, chemists
are expected to abide by the multiple requirements
and constraints that govern the development of
pharmaceuticals, as well as by countless manufac-
turing, regulatory, pharmaco-economic, and market-
ing considerations. This supposes a complex blend of
synthetic chemistry, colloid chemistry, physical chem-
istry, biochemistry, and effective interactions with
colleagues from the life sciences, process engineering,
and medical worlds.’® Finally, the importance of
basic research in preparing the ground for new
discoveries, as well as in the resolution of practical
development issues, cannot be overstated.

The chemist in charge of developing an injectable
O, carrier can call upon two fundamentally different
principles depending on whether the O, molecule is
covalently bound to the carrier or physically dissolved
in it (section I11). The first approach led to a large
variety of products derived from modified and/or
encapsulated Hbs from various sources (section 1V).
The second approach exploits the exceptional gas-
dissolving capacity and biological inertness of PFCs,
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leading to the development of diverse injectable PFC
emulsions (section V).

lll. Fluorocarbon- versus Hemoglobin-Based
Oxygen Carriers: Shifting the Paradigm of
Oxygen Delivery

Cell-free Hb was logical to explore as a substitute
for blood. Use of cell-free Hb solutions for this
purpose has been disclosed for over a century (see,
for example, ref 158). About a dozen human studies
of such solutions were documented during the first
half of the last century.%°'8 However, these studies
uncovered a number of unexpected difficulties. Where
efficacy was concerned, the increase in O, carrying
capacity provided by cell-free Hb was short-lived and
O, delivery was hindered by a right shift of the O,
dissociation isotherm and further compromised by
unexpected vasoconstrictive effects. Untoward reac-
tions included kidney and liver toxicity, neurotoxicity,
immune system activation, coagulation defects, per-
oxidative activity, and bacterial infection potentiali-
zation.159187-1%0 Extensive efforts were devoted to
improving our understanding of these effects, and
numerous avenues were explored in order to resolve
or mitigate their consequences. This led to an array
of products that involved substantial structural
modification and/or re-encapsulation of the native
protein.191-198 Several such products are currently in
advanced clinical trials (section 1V).

Also based on the coordination of O, on a metal-
centered complex is a range of synthetic iron chelates
intended to mimic heme. This approach has inspired
superb chemistry involving molecular “picket-fence”,
“basket-handle”, and “capped” and “strapped” por-
phyrins,®9=204 polymer-bound chelates?®>~2%7 and,
more recently, lipid-embedded amphiphilic chelate
self-assemblies?%82%° and semisynthetic heme—albu-
min conjugates.?%21 Only the latter conjugates ap-
pear to have provided a workable solution to in vivo
O, delivery and will be briefly reviewed in section
V.

Exploration of a fundamentally different approach
to blood substitutes, which relies on the use of
perfluorocarbons, i.e., synthetic inert O, solvents
rather than on coordination complexes for in vivo O,
transport, was initiated in the late 1960s.21>7214 The
principal difficulties of this approach included the
identification of appropriate, biocompatible, and
readily excretable PFCs and emulsifiers, the engi-
neering of stable biocompatible emulsions, and the
understanding of PFC “physiology”. The first product
to have been licensed by the FDA for clinical use as
an O; carrier was a PFC emulsion, Fluosol (Green
Cross Corp., Osaka, Japan). Fluosol, however, did not
achieve commercial success, largely because of the
cumbersome reconstitution procedure required prior
to administration, consequent to poor emulsion sta-
bility. A substantially improved PFC product is now
in the final stages of clinical trials (section V).155215-220

The purpose of this section is to outline and
compare briefly the specific characteristics and key
differences that exist between the Hb- and PFC-
based approaches to in vivo delivery of O, (and
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Figure 3. Schematic representation, on approximately the
same scale, of the HbA tetramer with its two o and two j
chains (Reprinted with permission from Nature (http://
www.nature.com), ref 327. Copyright 1970 Macmillan
Magazines Ltd.) and of two representative PFCs used for
in vivo O, delivery, perfluorodecalin and perfluorooctyl
bromide.

uptake of COy), with reference, when appropriate, to
blood and red blood cells. Comparison of different O,
delivery systems is far from straightforward; it
requires great care and the willingness to consider
concepts that are not part of our traditional under-
standing of O, transport physiology. Any comparative
assessment of PFC- and Hb-based products, whether
from the standpoint of efficacy, safety, or manufac-
turing, must consider the paradigmatic differences
that exist between these two types of carrier systems
and their implications. It is essential also that the
requirements and limitations of the products and the
envisaged therapeutic indications and methods of use
be taken into account. Failing to do so could result
in erroneous conclusions.

A. Biomimetic or “Abiotic”?

The modified or encapsulated Hb approaches clearly
follow nature’'s way of delivering O, to tissues in
warm-blooded animals. They rely on the ability of
certain metal-centered coordination complexes to
reversibly bind the dioxygen ligand. The PFC ap-
proach differs from the above from every conceivable
standpoint. Fluorocarbons cannot mimic Hb nor are
they intended to. The two types of molecules could
not be more dissimilar in terms of occurrence, struc-
ture (Figure 3), chemical reactivity, and biochemistry.
The same can be said for the way they are formulated
for injection (i.e., emulsions versus solutions or
liposomes), their O, (and CO,) uptake profiles (Figure
4) and mechanisms, the parameters that govern the
delivery of O, to the tissues, their fate in vivo, and
their possible interferences with normal physiology.
Also radically different are raw material procure-
ment, manufacturing procedures, and cost-effective-
ness.

Hemoglobin is natural; fluorocarbons are synthetic.
Is “natural” an advantage? However, does Hb, when
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Figure 4. Total O, content of whole blood (Hb in the RBC)
and cell-free Hb (i.e., in the absence of 2,3-DPG; dotted line)
as compared to PFC emulsions of different concentrations,
as a function of O, partial pressure.

stripped from its natural environment, still behave
as the natural product? How far from natural is a
modified (cross-linked, polymerized, conjugated, or
genetically engineered) Hb product? These questions,
as legitimate as they are, tend to be overlooked or
the answers tend to be taken for granted. So far no
PFC, or even CF3 group, has been found in nature;
they are so unnatural that nature does not seem to
recognize them (no receptors) or “know” how to
process them (PFCs, including Teflon, can stay in
living tissues for years without causing inflammation
or rejection reaction.?2%.222)

It should be kept in mind that the objective of this
research is not to deliver Hb and mimic Hb’s physiol-
ogy but to deliver O; to tissues.

1. Different Molecular Entities

Normal adult human hemoglobin (HbA,, Figure 3),
which constitutes over 90% of the Hb present in the
RBC, has a molecular weight (MW, atomic mass
units) of about 64 500.223224 |ts structure has been
elucidated, primarily by Perutz and co-workers, using
high-resolution X-ray crystallography.??22¢ It is made
of four polypeptidic globin subunits (two o and two
B, comprising 141 and 146 amino acid residues,
respectively), arranged around a central water-filled
cavity. The molecule has an almost spherical, slightly
tetrahedron-like shape, about 5.5 nm in size, with a
2-fold axis of symmetry. Each subunit is centered on
an iron(ll) protoporphyrin IX (or heme) prosthetic
group (Figure 5) that lies in a hydrophobic cleft
between two helices within each globin polypeptide.
The heme is held in place by several hydrogen bonds
and numerous hydrophobic interactions with the
globin and by coordination of its iron atom in axial
position to the imidazole moiety of a histidine residue
(His-870 or His-9243, depending on subunit) present
in the hydrophobic cleft. The heme’s nonpolar vinyl
groups are buried deep into the hydrophobic interior
of the cleft, while its propionic acid groups are located
near the protein’s more hydrophilic surface. The a
and f subunits form tight o/ dimers through numer-
ous van der Waals and hydrogen-bonding interac-
tions, while the o dimers are more loosely bonded.
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Figure 5. Iron(ll) protoporphyrin IX (or heme) prosthetic
group. The iron is coordinated to the His-87a or His-92p
residues (depending on subunit) of the globin.

This structure is remarkably constant throughout the
animal world. However, small variations in protein
composition can have important physiological con-
sequences. Sickle cell disease, for example, is caused
by the substitution of one single amino acid (Glu-
65—Val).?>® The affinity of the hemes for O, and the
cooperativity among the four hemes are regulated by
subtle changes in the globin’s structure.??7.228

The molecular structure of PFCs has obviously
little resemblance to any protein-embedded metal
porphyrin. The PFCs used for O, transport are
exceedingly simple small molecules with no specific
structural requirements where O, transport and
delivery are concerned. Examples of PFCs investi-
gated in the course of the development of injectable
O, carriers may be found in Chart 5. These PFCs are
linear, branched, or cyclic and may contain hetero-
atoms, including oxygen, nitrogen, halogens other
than fluorine, and hydrogen. The selection of PFC
candidates for in vivo O; delivery eventually relied
on excretion rate, emulsion stability, and ease of
manufacture (section V.D).

Again, these man-made compounds have nothing
in common with the complex, subtle, and environ-
ment-sensitive molecular machinery of Hb, which
results from millions of years of evolutionary adapta-
tion to the earth’s atmosphere, and led to precisely
defined primary, secondary, tertiary, and quaternary
structural arrangements. However, it should also be
clear that pyridoxalated, fumaroyl-cross-linked, glu-
taraldehyde-polymerized, dextran-conjugated, pegy-
lated, or genetically cross-linked mutant Hbs (Figure
7) are no longer the natural molecule. Such modifica-
tions are intended to restore the O,-delivery capacity
and biocompatibility that are lost when the protein
is extracted from the RBC. The physiological, im-
munological, or clinical consequences (including O,
delivery) of these modifications obviously need to be
determined. While the presently utilized PFCs are
well defined pure molecular entities, this is never the
case with the chemically modified Hb products.

2. Active and Labile versus Passive and Inert

Hemoglobin is a fragile biologic molecule. Any free
Hb present in the circulation is normally disposed of
rapidly. Oxidation and reduction of the protein take
place continuously. Oxidation of Hb leads to meth-
emoglobin (metHb, or ferrihemoglobin, the iron(l11)-
based oxidation product of Hb). MetHb levels nor-
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mally do not exceed about 1—3% in the circulation
due to effective reducing systems present in the RBC.
Subsequent catabolism provides hemin, biliverdin,
bilirubin, and eventually free iron. Hemoglobin and
its breakdown products react with O,, producing
superoxide, hydrogen peroxide, and hydroxyl radicals
which, in turn, can lead to a variety of peroxidation
products. Is it possible to prevent Hb from being
irreversibly oxidized to metHb (which is no longer
able to bind O, reversibly) in the absence of a
protective container membrane and appropriate re-
duction systems? Are the normal plasma antioxidant
systems sufficient to protect large amounts of extra-
cellular Hb from such oxidation? The reactivity of Hb
is illustrated here by some aspects of its redox
chemistry and by its reactions with nitric oxide, an
ubiquitous molecule involved in various physiological
processes.

a. The Redox Chemistry of Hemoglobin. He-
moglobin participates in complex oxidation and re-
duction processes that involve iron in oxidation states
two, three, and four.189.223229-238 Aytoxidation to
metHb can occur through multiple pathways that can
likely affect one or more subunits. One prominent
mechanism involves the spontaneous dismutation of
oxyHb to metHb and the superoxide radical O,*~ (eq
3.1).

HbFe*" 0, — HbFe*" + 0, (3.1)

The latter can react with another oxyHb subunit to
produce metHb and hydrogen peroxide, H,O (eq 3.2)

0, + HbFe*'0, + 2H" — HbFe*" + H,0, + O,
(3.2)

which in turn can react with an additional oxyHb
subunit (in a Fenton-type reaction) to generate
metHb and the highly reactive hydroxyl radical, OH"
(eq 3.3).

H,0, + HbFe**0, — HbFe*" + OH" + OH™ + O,
(3.3)
The hydroxyl radical can further react with oxyHb

(Haber—Weiss reaction) to produce metHb and the
hydroxide ion (eq 3.4).

OH" + HbFe*'0, —~ HbFe*" + OH™ + 0, (3.4)

The O~ radical can also react with endogenous
NO to generate peroxynitrite, ONOO™ (eq 3.5)

0, +NO — ONOO"~ (3.5)

which is a potent oxidant and powerful cytotoxic
agent.239240 peroxynitrite has a complex chemistry.
It can rapidly oxidize free oxyHb to metHb and
appears to reduce ferryl heme to ferric.24

Both ferrous and ferric Hb can be converted into
reactive ferryl species by H,O; (eq 3.6).237.242-244

HbFe*" + H,0, — HbFe*'=0 + H,O (3.6)

FerrylHb autoreduces back to ferric. Additional H,O,
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Figure 6. Oxidation of a,a-DBBF-cross-linked Hb follow-
ing addition of H,O; to cultured bovine aortic endothelial
cells. When the culture supernatant was analyzed spec-
trophotometrically, the characteristic spectrum of ferrylHb
became detectable after 5 min. Morphologic assessment of
the cells after 6 h showed nuclear fragmentation indicative
of apoptosis. (Reprinted with permission from ref 237.
Copyright 2000 Elsevier.)

converts Hb®* back to ferrylHb, completing a catalytic
cycle.38245 H,0, is produced endogenously as a
byproduct of normal aerobic metabolism and is
involved in the electron-transport function in the cell.
It is also generated by activated macrophages and
endothelial cells, especially during inflamma-
tory processes, including reperfusion after is-
chemia.?30.236.246.247 The characteristic spectrum of
ferrylHb has been detected following addition of H,O,
to cultured bovine aortic endothelial cells (Figure
6).2%7 A globin-centered ferryl radical *HbFe*™=0 has
been detected in frozen normal human blood.?*® A
ferryl species was formed when oxyHb was treated
with ONOO™ in the presence of CO,.?*° FerrylHb
reacts rapidly with oxyHb to produce metHb (eq
3.7).242

HbFe*"'=0 + HbFe**0, — 2HbFe®*" + 3,0, (3.7)

These various active species, as well as Hb itself
and its catabolic products, can damage proteins,
carbohydrates, and nucleic acids, stimulate the per-
oxidation of unsaturated lipids, and promote the
production of a range of toxic breakdown prod-
ucts.189:230236,247,250-253 \MetHb is less stable than Hb
and readily releases heme.?®* Because heme is hy-
drophobic, it can intercalate into endothelial mem-
branes where it has the potential to catalyze the
peroxidation of lipids. Cell damage has been observed
upon exposure of endothelium to cell-free Hb prod-
ucts, especially when in their ferric and ferryl
forms.2%5-260 In an in vitro model of endothelial cells
mimicking the biological responses to ischemia and
reperfusion, the ferryl species was detected in a time
frame that corresponded closely with Hb-mediated
peroxide production and lipid peroxidation.?* Dam-
age to cultured cerebral endothelial cells by Hb has
been reported.?61:262 Incubation of ferric HbA with
liposomes resulted in lipid peroxidation, possibly
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involving a ferric/ferryl redox cycle, and increased ion
permeability of the membrane.?%® Reaction of fer-
rylHb with H,O, results in heme degradation.?%*
Release of free iron from heme can trigger Fenton
chemistry and the production of hydroxyl radical
OH"*.?% Iron can catalyze oxidative injury to neuronal
cell membranes and may participate in brain injury
consequent to trauma,265.266

The rate of autoxidation of human cell-free Hb in
a physiological salt solution reached 4% per hour at
37 °C.?57 It increased considerably with dilution as
dissociation into more reactive dimers is favored?68
and depended on storage conditions.?®® Oxidation of
unprotected free Hb to metHb during freeze-drying
can reach 40%.27° Within the RBC, metHb is reduced
back to functional Hb by enzymatic pathways involv-
ing methemoglobin reductase and by nonenzymatic
pathways involving ascorbic acid and glutathione.
The Oy~ radical and H,O, generated during the
autoxidation process are broken down by superoxide
dismutase, glutathione peroxidase, and catalase,
which are found in high concentrations in the RBC.

Excess free Hb can affect the normal balance
between reactive oxygen and nitrogen species.18%271-273
Free radicals and iron-derived reactive oxygen spe-
cies are implicated in the pathogenesis of numerous
diseases and vascular disorders, including athero-
sclerosis, arthritis, reperfusion injury, myocardial
infarction, adult respiratory distress syndrome, and
hemorrhagic shock and cancer, and may be a factor
in post-traumatic damage to the central nervous
System.189.234.236.274 |n particular, the balance between
nitric oxide and superoxide generation appears to be
a critical determinant in the ethiology of these
diseases.?’

Autoxidation of Hb decreases O, delivery for two
reasons: direct loss of receptive ferrous hemes and
higher affinity of the non-oxidized hemes caused by
oxidation of other hemes within a given Hb tet-
ramer.?’® It was noted that a random distribution of
20% ferric irons would imply that 58% of the tetram-
ers would have at least one oxidized subunit, result-
ing in a leftward shift of the O, affinity curve of the
remaining ferrous subunits. MetHb levels greater
than 10% were estimated to significantly reduce the
ability of a pegylated pyridoxalated Hb to oxygenate
tissues in a rat exchange transfusion model.?’¢

b. Ligand Coordination and Related Reac-
tions. Hemoglobin has the capability of coordinating
ligands other than O,. Of particular relevance to the
transport and delivery of the respiratory gases is the
coordination of carbon monoxide and nitric monoxide.
The toxicity of CO, because of the formation of highly
stable carbonmonoxyHb, has been known for a long
time. The physiological importance of NO as a
chemical messenger has been realized more recently
when it was identified as the endothelium-derived
relaxing factor (EDRF) that regulates blood vessel
tone and blood pressure, maintains the permeability
barrier function of the endothelium, and controls a
range of other physiological processes.?’”~2%4 Nitric
oxide has both protective and deleterious ef-
fects.?74284.285 |t js implicated in neurotransmission,
angiogenesis in limiting leukocyte adhesion, prevent-
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ing platelet adhesion, activation, and deposition, in
the cytoprotection of mucosa,?8%287 the regulation of
macrophage function, and immune response to bacte-
rial and fungal infections,?81.286.288289 gnd in gas-
trointestinal and hepatic physiology.?®® It has both
pro-oxidant and antioxidant functions,?38285291 reduc-
ing, for example, heme-associated ferryl radicals (eq
3.9) and suppresses potent cytotoxic oxidants. It may
also play a role in O, transfer from RBCs to tissues.???
Nitric oxide is formed in tissues from L-arginine, and
most of its functions are mediated through cyclic
guanosine-3,5'-monophosphate (cGMP). Elevated NO
levels are produced during certain pathological con-
ditions, including septic shock and endotoxemia.?%32%4
Microvascular dysfunction induced during reper-
fusion following ischemia appears to be attenuated
by NO.2% The formation of nitrosylHb was detected
in animals exposed to NO?% and in a rat endotoxin
shock model.?” Neurotransmitter functions similar
to those of NO and which presumably operate ac-
cording to similar mechanisms have subsequently
been recognized for endogenously produced CQO.298-300

HbFe’" 0, + NO — HbFe®" + NO*~ (3.8)
HbFe*" + NO — HbFe*" + NO,”  (3.9)

Hemoglobin is a potent inhibitor of the vasodilating
effect of NO (or EDRF).278:301-305 |t can inactivate NO
in a number of ways, the extent of each of which is
still being debated (section 1V.H). The NO ligand can
react with both ferrous and ferric Hbs. It can bind to
deoxyHb to form nitrosylHb or react with oxyHb in
a reaction similar to its reaction with O,*~. NO can
also react with Cys-937 residues to form S-nitrosoHb.
Displacement of O, from oxyHb to form nitroxylHb
is not observed.

DeoxyHb has an extremely high affinity for NO
(dissociation constant ~4 x 10712 M).396.307 However,
it is essentially the rate of reaction, rather than the
position of the equilibrium, that is relevant here.
Coordination of NO to heme in deoxyHb is only
diffusion limited, hence extremely rapid, as NO is one
of the most diffusible molecules known. The half-life
of NO in the presence of cell-free Hb, RBCs, and a
buffer alone is on the order of picoseconds, mil-
liseconds, and minutes, respectively.3°® (Direct reac-
tion of NO with O, is slow and does not limit the
diffusion of NO from the site of production to target
molecules such as guanylate cyclase in myocytes and
platelets.3%)

Substitution of O, by NO in oxyHb does not appear
to occur to any significant extent. However, NO
oxidizes oxyHb as rapidly (again in a diffusion-
controlled reaction) as it binds with deoxyHb (eq 3.8).
Unstable peroxynitrite OONO~ is formed as an
intermediate and eventually metHb and nitrate.
Because oxyHb is the predominant Hb species in
arterial blood, this reaction may actually be of greater
significance than coordination of NO with heme
iron 307308310311 The rate of reaction of NO with a
variety of recombinant oxyHbs depended linearly on
NO concentration and was independent of O, con-
centration.®®’” The nitration of tyrosine residues on
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proteins,?® including Hb,?*! has also been observed.
Tyrosine nitration is a consequence of the interaction
of NO or NO derivatives with reactive oxygen species
and is associated with diverse pathological events.312
Peroxynitrite or OONO™-derived species have been
shown to play a critical role in tissue reperfusion
injury and may be the true responsible agents for
cellular injuries that were previously believed to be
mediated by NO.23423°% The superoxide and peroxy-
nitrite anions appear to be involved in the interaction
of NO with endogenous glutathione.3'? Oxygen free
radicals appear to contribute to renal NO synthesis
and renal blood flow regulation.3!3

The reaction of NO with ferric Hb is much slower,
easily reversible, and may not play a significant part
in the Hb-elicited hemodynamic effects.305-307.314,315

Nitric oxide can also react reversibly with the SH
groups of the Cys-93p residues, yielding S-nitrosoHb,
as part of a recently identified NO transport and
blood flow control mechanism.316317 The binding of
O, to heme irons appears to promote the binding of
NO to Cys-933 while NO is released upon deoxygen-
ation, thus contributing to regulation of blood vessel
tone to tissue O, requirements. It was proposed that
contrary to conventional views, the oxidation of NO
to NO®~ by oxyHb may be of little significance under
normal physiological conditions.3!® Instead, NO is
believed by the authors to be bound to either vacant
heme or cysteines. These reactions would help main-
tain NO in a bioactive state, i.e., prevent its rapid
destruction by Hb. Other studies using mutant Hbs
indicated, on the contrary, that reaction of NO with
oxyHb and deoxyHb is the cause of the hemodynamic
effects of cell-free Hb and that S-nitrosylation is not
a key factor.3'®> The same conclusion was reached
following experiments on aortic rings with Hb de-
rivatives having either or both Cys-935 and heme
iron binding sites blocked using N-ethylmaleimide
and cyanide, respectively.3®> A further study indi-
cated that S-nitrosoHb and its metHb form also play
arole in platelet aggregation regulation.3'® Certainly,
the interplay of Hb and NO and other reactive
endogenous species is more complex than anticipated
and will require further clarification. Further com-
plexity originates from the fact that any of the above
reactions can take place in one or more subunits
within the tetramer, can affect the properties of the
other subunits, and can be affected by chemical or
genetic modification of the protein.

c. Perfluorocarbons—Inertia par Excellence.
Perfluorocarbons, as opposed to Hb, are among the
most inert organic materials chemists have ever
invented. Their initial industrial development was
for handling the extremely corrosive uranium fluo-
rides. PFCs have no coordination capability and
cannot scavenge NO or bind CO. They are not subject
to oxidation, and there is no indication that any sort
of chemical modification occurs under the conditions
of processing, storage, and use relevant to therapeutic
O, delivery. Neat PFCs can typically be heated to 300
°C and higher for several days without detectable
changes. Appropriately formulated PFC emulsions
can be terminally heat-sterilized at the standard
temperature of 121 °C.
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B. Emulsion Droplets versus Hemoglobin
Solutions or Encapsulated Hemoglobin and Red
Blood Cells

1. The Red Blood Cell Has a Purpose

Does cell-free Hb behave like RBC-enclosed Hb?
Assuredly not. The RBC allows very high blood
concentrations of Hb in the circulation, thus permit-
ting effective delivery of O, throughout large organ-
isms. Such concentrations would be impossible with
free Hb because of excessive oncotic pressure and
viscosity, rapid dissociation, escape from circulation,
and elimination. In the RBC, Hb is at an excess of
300 g/L concentration; simply diluting this Hb to a
concentration where it is isoosmotic to human plasma
(~60—80 g/L) results in dissociation of the tetramer
into o dimers which, in contrast to the tetramer,
are rapidly filtered out by the kidney.32°

Hemoglobin requires a particular environment,
different from plasma, for optimal performance.
Among the substances that accompany Hb in the
RBC is the allosteric effector 2,3-diglycerophosphate
2.1, an intermediate in glycolysis, whose role is
reducing the affinity of Hb for O,, hence facilitating
its release to tissues.3?1322 Further O, affinity regula-
tion is provided by CO, and H* and CI~ ions. The
RBC also contains large concentrations of various
enzymes, such as carbonic anhydrase, methemoglo-
bin reductase, superoxide dismutase, and catalase as
well as glutathione, adenosine triphosphate (ATP),
and phosphate ions, which participate in regulating
O, and CO; transport and pH, controlling active
oxygen species, limiting the level of metHb, and
preventing the oxidation of the cysteines. In the
absence of these cofactors, O; release to tissues is
hindered and oxidation of Hb to metHb and to free-
radical species is rapid. Further, the slightly higher
pH of blood plasma (7.4) as compared to the internal
fluid of the RBC (7.2), by reducing protonation of the
C-terminal histidine residues of the 5 chains, reduces
the aptitude of free Hb to release O, resulting in an
allosteric augmentation of the affinity of the heme
for O, (the alkaline Bohr effect).3?® Finally, the
normal relationships between Hb, peroxide and su-
peroxide species, and NO are also substantially
altered when Hb is no longer confined within the
RBC.237:324 For example, the reaction of NO with
oxyHb contained in RBCs, as it is limited by diffusion
of NO into the cell, is about 650 times slower than
with an equivalent concentration of cell-free oxyHb.3%8

The RBC, by sequestering the protein, plays a vital
role in preserving Hb against degradation and the
organism against Hb-induced toxicities. It prevents
extravasation of the protein into the interstitial
spaces. The cell's glycosylated surface ensures pro-
longed RBC circulation life, hence prolonging Hb life
and functioning. Finally, it should be kept in mind
that any cell-free Hb-based O, carrier will be used
at doses that are several orders of magnitude larger
than the amount of free Hb normally found in the
plasma.

The optimal dimension of an artificial O, carrier
is still a matter of debate. The Hb tetramers (about
6 nm in diameter) extravasate rather rapidly; par-
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ticles of 20—50 nm may still diffuse through endo-
thelial fenestra in the case of inflammation; particles
around 150—250 nm (vesicles and small-size emul-
sions) do not appear to leak out; larger particles are
taken up more readily by the RES; above ca. 5 um
capillary plugging becomes an issue.

2. A Diversity of Modifications and Formulations

Hemoglobin products have been derived from hu-
man, animal, or recombinant Hbs and have involved
an impressive diversity of structural modifications
and formulations (section 1V). The modifications and
combinations thereof can differ considerably depend-
ing on which physiological characteristics are be-
lieved most important, on raw material used, and on
the indication pursued. The final products are even-
tually formulated as solutions or as suspensions of
liposome or capsules. The Hb concentration ranges
from 4 to 14 g/dL, with limitations due to colloidal
osmotic pressure (COP, or oncotic pressure, the part
of the osmotic pressure that is generated by colloids,
normally proteins), viscosity, or encapsulation ef-
ficiency. Each product has its own unique O, delivery
characteristics and physiological responses (section
V).

3. Fluorocarbon Emulsions

Due to their virtual insolubility in water, PFCs are
formulated into emulsions for parenteral administra-
tion. The submicrometer size droplets of PFC are
coated with a thin layer of a surfactant that serves
as an emulsifier and an emulsion stabilizer. A range
of emulsion concentrations—from 20% to 100% weight/
volume (i.e., about 1152 vol %)—has been investi-
gated.192:215219.325 The present PFC emulsions use egg
yolk phospholipids (EYP) as the emulsifier. There-
fore, these emulsions have a definite similarity to the
lipid emulsions used for parenteral nutrition. Emul-
sion osmolarity is independent of PFC concentration
and is adjusted by the addition of salts or other
tonicity agents. The PFC emulsion droplets do not
normally filter out of the circulation.

C. Oxygen Coordination versus Oxygen
Dissolution

The mechanisms by which O, is taken up, trans-
ported, and released by Hb products and by PFCs
are different by essence and, consequently, so is the
availability of O, to tissues.

1. Hemoglobin: An Exquisitely Well-Adapted Oxygen
Coordination and Transport Machinery

Dioxygen coordination by Hb is accompanied by
minute adjustments of the protein from the tensed
(T-form) deoxyHb conformation to the relaxed (R-
form) oxyHb conformation in which access to the
heme pocket is more open. The deoxyHb form is
stabilized by salt bridges within subunits, between
subunits, and between subunits and 2,3-DPG (in
man) and other anionic species, primarily ATP,
inorganic phosphate and chloride ions, which serve
as allosteric effectors.??3:326-329 Upon oxygenation of
deoxyHb, these interactions are broken and 2,3-DPG,
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Cl-, and H*" are released. Release of O, is ac-
companied by changes of Hb’s conformation back
from the R to the T form. The allosteric effectors, by
stabilizing the protein’s T conformation, reduce its
affinity for O, facilitating O, off-loading.

The amount of bound O, in blood initially increases
sharply when the partial pressure of O, increases and
then levels off at about 150 Torr (the partial pressure
of O, in air) when all four iron sites become es-
sentially saturated (Figure 4). Above that pressure,
the O, content of blood increases in a linear fashion
with a very low slope corresponding to the dissolution
of O, in the plasma. Since Hb is nearly saturated
under atmospheric O, concentration and pressure, its
O, content cannot be enhanced in any significant way
by increasing O, availability.

The O, equilibrium characteristics of a given Hb
product depend not only on the product’s chemical
constitution but also on environment and tempera-
ture. These equilibrium characteristics are primarily
defined by O, affinity, cooperativity, and alkaline
Bohr effect. The product’s affinity for O,, hence its
tendency to retain or release the gas, is usually
described by the O, partial pressure, Psy, at which
50% of the Hb is saturated with O,. Psq is strongly
dependent on the presence of an appropriate allos-
teric effector (primarily 2,3-DPG for man, dog, horse,
rabbit, guinea pig, and rat,3%31 chloride for bo-
vines,3*? inositol tetraphosphate for ostrich,33 bicar-
bonate for crocodiles,3** etc.). At 37 °C, Py, for
purified, cell-free human Hb (i.e., in the absence of
2,3-DPG) is about 14 Torr, as compared to about 26—
28 Torr for Hb in the RBC. Only about 5% of the O,
transported (instead of about 25%) is then released
to tissues at the usual PvO, (the mixed venous O,
tension) of 40 Torr (cf. Figure 1).

Pso is also strongly dependent on temperature, 335336
The capacity of Hb to release O, to tissues decreases
rapidly when temperature decreases (i.e., the O,
saturation curve of Figure 4 shifts leftward), thus
reducing Hb'’s ability to oxygenate tissues in hypo-
thermic conditions. For cell-free human Hb, Psg is 14
and 4 Torr at 37 and 15 °C, respectively.3¥’

One remarkable property of Hb is its ability to bind
O, in a cooperative fashion. Cooperativity among the
four hemes allows the affinity of the protein for O,
to increase as O, binds and vice-versa, enabling Hb
to offload O, to the tissues at an O, tension lower
than that at which it loads O, in the lungs.??®
Cooperativity is responsible for the sigmoid shape of
the O, binding isotherm characteristic of Hb (Figure
4), as compared with the hyperbolic uptake curve of
myoglobin, which has only one O, coordination site.
Myoglobin provides a reserve of stored O, in red
muscle tissue for release under conditions of O,
deprivation but is unsuitable as a carrier because of
too low Pso and lack of cooperativity. Restriction of
cooperativity upon chemical modification is often
assigned to a reduction in conformational mobility.

The change in the quaternary structure of Hb that
occurs upon release of O, to tissues is accompanied
by an increase in the pK of several functional groups.
The protein is then capable of taking up several more
protons, which it releases again during uptake of O,
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in the lungs, causing an increase in pH. When pH
raises, the O, equilibrium curve shifts to the left. This
alkaline Bohr effect also contributes to regulating the
transport of CO, from the tissues to the lungs.323338
As CO; is released in the alveoli, the pH of blood
increases, which increases O, affinity and facilitates
O, uptake. Conversely, the CO, taken up by RBCs
at the tissues level, after conversion into carbonic
acid, leads to a decrease in pH within the RBCs,
hence to a decrease in O, affinity, which facilitates
O, offloading. In other words, CO, exchange facili-
tates O, exchange and vice-versa. As mentioned
earlier, another synergistic effect was recently dis-
covered between O, binding and NO uptake at the
Cys-934 sites.3t”

Oxygen affinity, cooperativity, and the Bohr effect,
stability and autoxidation rates, rates of reaction
with NO and other factors present in the blood, as
well as other functions of Hb, including CO, and NO
transport and enzyme-like functions, can be substan-
tially affected when the protein’s structure is modi-
fied (section 1V.H).

2. Fluorocarbons: Environment-Independent Passive Gas
Solvents

Fluorocarbons are passive gas carriers. Physical
dissolution of gases in PFCs obeys Henry’s law, i.e.,
is directly proportional to the partial pressure of the
gas (Figure 4). No chemical bonding is involved and
there is no saturation. Oxygen solubility in a given
PFC depends on the solubility coefficient of the PFC
for that gas (section V.B). Uptake and release of O,
by PFCs are essentially insensitive to the environ-
ment. Oxygen content can be adjusted by simply
controlling pO,. The principles that underlie O,
transport by PFC emulsions are basically the same
as those that operate for plasma. In both cases,
dissolution is proportional to pO,; simply, the solubil-
ity of O, in PFCs is typically 20 times larger than
that for the plasma.33°

Off-loading of O, from PFCs to tissues is not
subordinated to any change in conformation and does
not require the assistance of an allosteric effector. It
is easy because the van der Waals interactions
between O, and PFC molecules are an order of
magnitude weaker than the covalent O,—Fe(ll) co-
ordination bond in Hb, resulting in much higher
extraction rates and ratios. The latter typically reach
90% with PFC emulsions, as compared to about 25%
for Hb in normal conditions.?1%340 Oxygen release
from PFCs is effective at any physiologically relevant
partial pressure, rendering a cooperativity-like effect
unnecessary. Likewise, O, release by PFCs is not
dependent on pH and is not adversely affected by
temperature. Since PFCs undergo no oxidation or
other modification over time, their O, uptake and
release characteristics are not affected by storage or
during circulation.

Introducing a PFC emulsion into the circulation is
akin to increasing the O, solubility of the plasma
compartment of blood. When Hb and a PFC are
present in the circulation simultaneously, the PFC
will always release its O, load first, thus conserving
the O, bound to the Hb. Hemoglobin is exquisitely
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well adapted to supporting life in earth’s atmosphere,
but the conditions available in the operating room
or critical care unit are different and adjustable. A
valuable consequence of PFCs’ following Henry's law
is that the O, content of a PFC emulsion can be
increased severalfold by just increasing the fraction
of O in the air inspired by the patient (FiO,), which
is a simple thing to do in a rescue vehicle or critical
care or surgical setting. To achieve maximal benefit,
the PFC-treated patient will generally inspire pure
or close to pure O,.

3. Carbon Dioxide Transport

Intravascular CO; transport relies on several mech-
anisms, including physical dissolution in plasma,
carbonic anhydrase-induced transformation into bi-
carbonate (eq 3.10)

carbonic anhydrase

CO, + H,0
H,CO, =H" + HCO,™ (3.10)

and chemical binding consequent to reaction with the
N-terminal amino groups of Hb to produce labile
carbamino groups (eq 3.11).

Hb} —NH, + CO, = Hb}—NHCOO™ + H" (3.11)

About 23% of total CO, transport occurs in the
carbamino form.338 This transport mode is depressed
when the N-terminal NH; groups, which are among
the most common targets of chemical modifications,
are engaged in such modifications. Transport of CO,
is also affected by an alteration of the Bohr effect
since hydration of CO; and the formation of HCO3~
depend on pH. The physiological consequences of
reduced Bohr effect and CO, transport remain un-
certain, however. It might affect tissue acid—base
balance**' and have clinical consequences in critically
ill patients where tissue CO; build up can be high.338

As for any gas, PFCs transport CO; in the dissolved
form. Solubilities for CO, are typically in the 120—
250 vol % range, i.e., 3—5 times larger than for 0,.3%°
There is no indication that transport of CO, by PFCs
interferes with the CO; transport mechanisms by Hb
and plasma.

4. Dissolution and Transport of Nitrogen and Other Gases

The capacity for PFCs to dissolve nitrogen (and air)
may find applications in the treatment of decompres-
sion sickness®#27346 and for protection from neurologic
damage caused by air microemboli during cardio-
pulmonary bypass surgery (section V.I). The solubil-
ity of xenon in PFCs can be exploited for magnetic
resonance imaging (MRI).34 Both Hb and PFCs
transport NO but by different mechanisms, which
changes the availability of the gas.

D. Oxygen Delivery to Tissues

Assessing the relative contributions of Hb and PFC
products to O, delivery and consumption requires
consideration of an unconventional situation. One
commonly encountered error is to compare such
products on the sole basis of their static O,-binding
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or Oz-dissolving capacities on a gram-per-gram basis
in air. Such an approach ignores the possibility of
increasing O, dissolution in PFCs by a factor of
almost five simply by giving the patient pure O to
breathe instead of air, i.e., ignores the actual condi-
tions in which PFC emulsions are to be utilized. It
also overlooks the ca. 4-fold higher tissue O, extrac-
tion ratio that is seen with PFCs under normal
conditions. In addition, when normovolemic hemo-
dilution is performed, there is normally a substantial
increase in cardiac output (the volume of blood
ejected from the heart in a given period of time) as a
result of increased fluidity of the diluted blood.141.145348
This increase in cardiac output is preserved when
PFC emulsions are administered, which further
enhances their O, delivery capacity,%5216:348 while Hb
products classically display an unchanged or reduced
cardiac output that can negate or even outweigh the
benefit of increased fluidity.304349-360 Further un-
founded conclusions have sometimes been drawn on
the basis of inadequate protocol design and even on
the implicit expectation that the O, carrier should
still have been active when it was no longer present
in the circulation (see, for example, ref 361 and the
discussion that followed.362:363),

On the other hand, the notion that simply increas-
ing the amount of Hb in the circulation will neces-
sarily increase the amount of O, delivered to the
tissues to the same extent as RBC-enclosed Hb would
is overly simplistic and actually inaccurate (section
V). This is because O, release from cell-free Hb can
be hindered by high O, affinity and/or vasoconstric-
tive effects. Over time, autoxidation can further
reduce the O, transport capacity of Hb solutions.

1. Oxygen Content versus Delivery versus Consumption

In blood, O, is transported both in the coordinated
and dissolved forms, coordinated to Hb and dissolved
in the plasma compartment. Hemoglobin binds about
1.34 mL of O, per gram at full saturation,?6:364 and
the normal Hb concentration in blood is about 14
g/dL. In room air, plasma dissolves only about 0.3
mL of O, per dL per 100 Torr and its contribution is
negligible. One hundred milliliters of a 14 g/dL
solution of Hb, therefore, carries about 19 mL of O,.
In room air, PvO; is normally about 40 Torr and the
O, binding (or saturation) isotherm (Figure 4) indi-
cates that Hb remains 75% saturated with O,, hence
that blood normally gives up only an average 4.7 vol
% of O,. The rest constitutes an O, reserve.

The amount of O, dissolved in a given PFC emul-
sion is essentially the product of the PFC's O,
solubility coefficient, emulsion concentration, and O,
partial pressure (Figure 4). It amounts, for example,
to about 3% in room air and 16 vol % under pure O,
at 37 °C in a 60% w/v emulsion of F-octyl bromide.
In the circulation, the arterial O, tension, PaO,, can
be increased from about 100 Torr, when the patient
breathes room air, to 500 Torr when he breathes pure
O,. The emulsion will then carry around 10.5 vol %
of O,. Because O, is not covalently bound to the PFC,
up to 90% of this O, can be released to tissues, which
amounts to about 9.5 vol % O..

However, it is obviously not a carrier’s O,-dissolv-
ing capacity but the amount of O, that is delivered
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to the tissues and, eventually, the contribution of that
carrier to O, consumption that determines its ef-
fectiveness. Convective O, delivery, pO, (the amount
of O, offered to the tissues within a defined period of
time), is the product of arterial blood O, content,
CaO0,, and the cardiac output, CO (eq 3.12)

DO, = (Ca0,) x CO (3.12)
Oxygen delivery is indeed a dynamic notion that is
dependent upon carrier flux. If an analogy to a
shuttle service is used, it is the product of the number
of seats available and the frequency of the shuttle’s
rotation. In blood, CaO, depends primarily on Hb
concentration and O; saturation. When an O, carrier
is used, the parameters that characterize that par-
ticular carrier are involved. These include, for a Hb
product, its specific O, affinity, cooperativity, Bohr
effect, profile and rate of removal from circulation,
effect on cardiac output, etc. Cardiac output (shuttle
frequency) normally increases when blood is diluted
(as when hemodilution is practiced) by the adminis-
tration of low-viscosity solutions or emulsions. Pro-
vided there are no contrary vasoactive effects, circu-
lation is then facilitated, resulting in increased O,
delivery. As PaO is increased, proportionally more
O, is delivered to the tissues from the plasma and
PFC as compared to Hb, and PvO, (which reflects
global tissue oxygenation) can increase significantly.

Eventually, it is the amount of O, that is consumed
by the tissues, and the prevention of hypoxia (in-
adequate O, supply), that is vital. Whole body O,
consumption, vO,, is given by the Fick equation, eq
3.13

vO, = (Ca0, — CvO,) x CO (3.13)
where the parenthesis represents the difference in
O, content between arterial and mixed venous blood.
When pure O; is inspired and PaO; is increased to
around 500 Torr, the contribution of plasma is no
longer negligible, raising to about 7% of bO, and 32%
of vO,, versus 1.6% and 4%, respectively, in room
air.?’® Administration of a relatively small 2.7 g/kg
b.w. dose of PFC can increase plasma solubility for
O, by about 45%, which, because of high O, extrac-
tion, can translate into substantial contributions to
O, delivery and consumption, although the amount
of PFC-dissolved O, is smaller than the amount of
Hb-dissolved O, (section V.G).

As noted, PVO,, i.e., the residual O, tension after
the tissues have extracted the O, they needed, is
often used as a global indicator of tissue oxygenation
(although individual tissues may have different
oxygenation status) and overall balance between O,
supply and demand.?'6:348:365-367 A sybpstantial in-
crease in PvO, was consistently observed upon ad-
ministration of PFC emulsions and was paralleled
by an increase in tissue pO; (section V.G), which was
often not the case with Hb preparations (section
1V.H).

2. Oxygen Diffusion and Oxygen Diffusion Facilitation

Diffusion of O, from the RBCs into the tissues is
driven by the pO, gradient that exists between the
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blood and these tissues. Thus, in an in vitro capillary
system, the rates of both oxygenation and deoxygen-
ation of an Hb solution were limited by diffusion and
governed by the O, gradient between internal and
external spaces.3%® Diffusive O, transport has been
identified as a critical component of O, consump-
tion.3%8

Diffusion should be facilitated when the RBC
membrane is absent and when numerous small size
(as compared to RBCs), highly mobile O, reservoirs
are present in the circulation. Plasma gaps exist
between red cells in the microcirculation (capillaries).
These gaps are particularly large when the patient
suffers from anemia or is hemodiluted. Cell-free Hb
molecules, Hb-loaded liposomes, and PFC droplets,
by filling these gaps in large numbers, increase O,
content and potentially facilitate O, diffusion by
providing numerous “stepping stones” or dynamic
chains of particles over which O, can travel.369-372
Much more numerous than RBCs, such particles also
offer a several orders of magnitude larger area for
gas exchange. In the larger vessels, a near-wall
excess of the smaller particles is likely to develop as
RBCs would tend to migrate nearer the lower shear
central axis of the vessel. Effectiveness is expected
(provided there is no vasoconstrictive activity) to be
greatest in the capillary beds, at low RBC concentra-
tions and, in the case of PFCs, when FiO; is high.

Several theoretical and experimental studies have
addressed this question.33%8737382 |n an in vitro capil-
lary model, an Hb solution took up and released O,
2—5 times as rapidly as an equivalent RBC suspen-
sion.®”* Acellular Hb was shown to enter compressed
capillaries more readily than RBCs.3®3 The O, flux
across a nonflowing layer of an Hb solution was
increased as compared to N, and with non-Hb-
containing solutions, but it decreased strongly when
the viscosity of the medium increased.38! Mathemati-
cal modeling and in vitro experiments with a capil-
lary model have indicated that mixtures of cell-free
Hb and RBCs should be more efficient than RBC
suspensions in O, transport in small vessels and
should facilitate O, diffusion.®82:384 Agreement be-
tween theory and experiment was significantly im-
proved for O, uptake by RBC/cell-free Hb mixtures
(but not for O, release) by using a shear-augmented
diffusion coefficient. In vivo O, delivery has been
demonstrated with Hb products (section 1V.G), but
diffusion facilitation could not be proved directly.376378

Likewise, the large pO, gradients set in place at
the high FiO, at which PFC emulsions are utilized
provide a strong driving force for O, diffusion from
the PFC droplets to the tissues. The small 0.1—0.2
um-size droplets will circulate more easily in the
capillary beds than the 30—70 times larger RBCs.
The movement of emulsion microdroplets in the blood
stream was proposed to create dynamic chains of
particles; hence, channels which would help transfer
O, from the RBCs to tissues.3’? The probability of
formation of such channels increases sharply when
the size of the particles decreases and their number
increases. Numerous indications in the literature
suggest that PFC emulsions can facilitate O, diffu-
sion. Relatively small amounts of PFCs were fre-
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quently observed to substantially increase arterial
blood O, tension and tissue O, tension385-388 (section
V.G). However, in an experiment intended at provid-
ing direct evidence for O, diffusion facilitation, the
observed improvement of O, uptake could be entirely
accounted for by increased plasma O, solubility,
without an added diffusion effect.37”

3. Computer Modeling of Efficacy

The benefit that can be derived from use of a given
Hb solution is difficult to predict as it depends on the
multiple parameters that characterize that product,
including Psp, cooperativity, constitution, hydrody-
namic radius of components, formulation as solution
or liposome, COP and viscosity of the preparation,
rate of extravasation and clearance, rate of autoxi-
dation, etc. Calculations can be rendered false when
hemodynamic or other drug activity is present.
Significant improvement of O, transport was pre-
dicted when cell-free Hb was present.3%* Possible
vasoconstrictive activity in vivo was, however, not
taken into account.

Computer simulation appears to be easier with
PFC emulsions because of fewer product-related
parameters. Simulation of O, transport has predicted
that addition of a PFC emulsion to blood should
increase O; flux at the blood vessel walls, decrease
transport resistance of O, from RBCs to tissues in
the capillaries, and be highly effective in increasing
tissue O, tension at high FiO,.38°73%1 The primary
contributor to this increase was identified as the
augmented O, plasma solubility upon addition of the
emulsion. The effect of a near wall excess of PFC
droplets39? was determined to be secondary.

A physiological model has been developed that
allows calculation of the relative contributions of Hb,
blood plasma, and O, carriers to O, delivery and
consumption and prediction of PvO; (i.e., global tissue
oxygenation) with particular reference to the effects
of hemodilution during surgery.®®® The input vari-
ables included Hb concentration, arterial O, tension,
cardiac output and O, consumption, surgical blood,
and O, carrier losses. Validation was achieved by
comparing calculated PvO, with PvO, values mea-
sured during experimental and clinical investigations
with a PFC emulsion. These simulations confirmed
the benefits that can be derived from administration
of PFCs during ANH (section V.I). The contribution
of a dose of PFC to O, consumption was subsequently
described in terms of an Hb equivalency value.

4. “Pressor Effect” and Efficacy

As indicated above, molecular solutions, liposome
suspensions, and PFC emulsions were expected to
circulate more freely than RBCs. However, contrary
to hemodilution with conventional colloids,*#1145 he-
modilution with Hb solutions usually produced no
increase in cardiac output but a substantial increase
(up to 40%) in arterial pressure due to increased
vascular resistance, the so-called “pressor effect”
(section IV.H). As a result, O delivery often remained
unchanged and was sometimes decreased, despite
increased arterial O, content. For example, hemodi-
lution of dogs with dextran or Fluosol led to signifi-
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cant elevation in cardiac output, while comparable
hemodilution and reduction in blood viscosity with
cell-free Hb did not.3%2 Again, the mere presence of
Hb in the circulation or an increase in arterial O,
content do not guarantee that additional O, will be
made available for consumption by the tissues. On
the other hand, administration of a PFC emulsion,
although it may transiently decrease blood O, content
as a result of hemodilution, can result in a net
increase in O, delivery.386

Animals close-to-totally exchange-perfused, whether
with an Hb product®®* or a PFC emulsion,?22:395-397
usually survive. The question is whether such prod-
ucts are effective under clinically relevant conditions,
i.e., when significant amounts of RBCs are present.
Direct comparison of the O, delivery effectiveness of
Hb and PFC products is difficult as the two systems
are usually being evaluated using substantially dif-
ferent protocols. Eventually whether an O, carrier
does or does not fulfill its objective will be determined
by clinical data demonstrating safety and avoidance
of tissue hypoxia. In surgical or trauma patients, this
can be reflected by reversal of physiological indicators
of acute anemia (transfusion triggers) and suppres-
sion or reduction of the need for allogeneic blood
transfusion.

E. Pharmacologically Different

A few essential differences in in vivo behavior,
characteristic of the two approaches (including clear-
ance form circulation, metabolism, and excretion,
effect on the RES, and immunogenic reactions), will
be outlined here. The hemodynamic effects of Hb
products as well as the effects linked to Hb’s redox
chemistry will be discussed in section 1V, while the
effects on the RES will be further discussed in both
sections IV and V.

1. Intravascular Persistence

Extracellular Hb concentration in the plasma
normally does not exceed 3—6 mg/L, and any such
Hb is rapidly cleared from the circulation, primarily
by the RES after binding with the plasma protein
haptoglobin.?>® Excess Hb (once haptoglobin is de-
pleted) is cleared in part by the kidneys (after
dissociation to dimers) and in part directly by the
RES, principally the liver.

Hemoglobin derivatives, Hb-loaded liposomes and
capsules,?%7401 and PFC emulsion droplets,?22:402-406
like lipid emulsions,*°74% other liposome prepara-
tions*92410 and certain colloids, including gelatin and
polysaccharides,*! and senescent RBCs, being foreign
particulate matter, are all handled by the RES. They
are subject to opsonization, phagocytosis, and re-
moval from the blood stream by macrophages. As a
result of these and other mechanisms, both the
present modified and/or encapsulated Hb products
and PFC products have short, dose-dependent circu-
lation half-lives (ti), typically in the 8—24 h range
in man, as compared to autologous RBCs (~12
weeks). In the case of cell-free Hb products, ti;
depends on type of modification and MW. In the case
of encapsulated Hb and PFC emulsions, vascular
persistence depends primarily on size and, to some
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extent, on surface characteristics, hence on mem-
brane or film components.

Acellular Hb products have been observed to filter
out of the circulation into the lymph, pleural, and
peritoneal spaces and the intestine, resulting in a
rapid initial fall in intravascular content.!88412-418
Leakage into extravascular spaces is commonly be-
lieved to contribute to inactivation of endothelium-
produced NO, hence in hemodynamic perturbations.
Perfluorocarbon droplets, like RBCs or liposomes, are
larger than the largest modified Hb molecules and
do not leak out of normal vasculature.

2. Metabolism and Excretion

The in vivo distribution, metabolic pathways, and
excretion routes of cell-free Hb and PFC products are
widely different. Globin is catabolized in renal tubule
cells to yield amino acids, while heme is converted
into bilirubin, and the iron is stored in the form of
ferritin for recycling.??341° If the kidney’'s Hb handling
capacity is exceeded, hemoglobinurea will ensue.
Infusion of large doses of cell-free Hb results in
kidney damage.178.186.187420-422 Qne of the initial objec-
tives of Hb modification was to suppress renal
filtration by preventing the dissociation of the tet-
ramer into dimers (section 1V.D).

The liver is involved in the processing of Hb
products.*?®* Hemoglobin's degradation products, in-
cluding hematin (the oxidized form of heme with
water occupying the sixth coordination site of the
ferric iron), hemin (the same with chloride instead
of water), bilirubin (the product of hemin degradation
by heme oxygenase), and eventually free iron, are all
either toxic or susceptible of promoting toxic reac-
tions.'® Studies of the metabolism of modified Hb are
potentially complicated by the extreme heterogeneity
of most modified Hb products.

Fluorocarbons are not metabolized. The emulsion
droplets are cleared from circulation by phagocytosis.
The PFC is temporarily stored in the RES organs,
slowly released back into the circulation via lipopro-
teins at a rate that depends on the PFC's MW and
lipophilicity, and eventually excreted unchanged
through the lungs with the expired air (section V.G).
For these reasons and because PFCs are produced
in a high state of purity, pharmacokinetic studies of
PFCs are relatively simple.

3. Particle-Related Side Effects—Effects on the
Reticuloendothelial System

Phagocytosis of foreign material can result in
macrophage activation and the release of prostag-
landins and pyrogenically active cytokines. These
events can translate into fever, chills, and other flu-
like symptoms. Such reactions have been described
with early injectable lipid emulsions*?4425 and with
non-Hb-loaded liposomes.*104%6 The same type of
reactions were observed with Hb-loaded liposomes
(section IV.F) and PFC emulsions (section V.H).

Uptake of large amounts of particulates can result
in transient overload and depression of the RES and
may limit the dose of O, carrier that can be admin-
istered_208,399,403,404,407,408,427,428 Gelatin, Starch, and
dextran solutions (which are used as plasma expand-
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ers) are also known to depress the RES system.4!?
Transient depression appears to occur with trans-
fused RBCs as well®® (section 11). Dependence of
circulation half-life on dose for both Hb and PFC
products is likely to reflect loading and saturation of
the RES.

4. Reactivity-Related Effects

Due to their reactivity with various endogenous
factors, including O,, NO, CO, and H,0,, and func-
tions other than O, transport, Hb products and their
degradation products can elicit diverse pharmacologi-
cal activities. As indicated earlier, cell-free Hb and
most of the modified Hb products elicit a “pressor
effect” that can translate into an increase in vascular
resistance and blood pressure and a reduction of
cardiac output and tissue perfusion (section 1V.H).
This phenomenon is likely multifactorial with a
major factor being vasoconstriction consequent to
neutralization of NO.

PFCs have no capability to complex or neutralize
NO or CO or react with H,O,. Clinical trials have
shown no perturbation of hemodynamics or of O,
consumption upon administration of the current
emulsions, and the beneficial effect of hemodilution
on cardiac output was fully preserved.

5. Immunogenic Reactions

Recrystallized horse Hb was shown long ago to be
antigenic in rabbits.*?® Properly purified human Hb
is considered to be a very weak antigen.*3%43! Re-
peated subcutaneous injections of polymerized bovine
Hb into rabbits produced only weak antibody titer.*3?
Transfusion of homologous pyridoxalated Hb or py-
ridoxalated and polymerized Hb in rats that had been
immunized with the product by subcutaneous injec-
tion along with Freund’s complete adjuvant did not
elicit any immunological reaction, and no antibody
titers were produced in the serum of the animals.*33
A single exposure to similarly modified human Hb
products also provoked no adverse reactions. A single
inoculation of liposome-encapsulated bovine Hb in
mice produced only small immunologic changes.*3

However, severe anaphylactic shock and death
were observed when rats that had received immuniz-
ing doses of human Hb or of a pyridoxalated polym-
erized human Hb were subsequently transfused with
these products.*® Similar findings were made with
o-raffinose-polymerized Hbs: the modified homolo-
gous Hb was not antigenic when administered to
immunized rats while the heterologous product was
antigenic.*®® The polymerized Hb was actually more
antigenic than the nonmodified heterologous Hb.
Small doses of dextran conjugates prepared from dog,
rabbit, and sheep Hb were not immunogenic in
homologous hosts; in heterologous species the anti-
Hb response was comparable to that produced by the
nonmodified Hb.*%® A pyridoxalated glutaraldehyde-
polymerized human Hb was antigenic in dogs, and
the antibody response was significantly greater in
animals that were subjected to hemorrhagic shock
(a condition which could impair the immune system)
than in animals which had not been bled.**® Lipo-
some-encapsulated heterologous Hb minimally in-
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creased antibody titers, and none was found with a
pegylated heterologous Hb.*3®> However, a single
inoculation of liposomes containing bovine Hb in mice
produced small immunologic changes (as measured
by the acquisition of IgG antibody to bovine Hb),
which were nevertheless deemed potentially impor-
tant.“3* No immune response was reported during
clinical trials of a cross-linked human Hb.*3" Al-
though bovine Hb differs from human Hb by as much
as 17 amino acids in the o. chains and 24 amino acids
in the § chains, only “low” antigenicity was men-
tioned in clinical studies with a glutaraldehyde-
polymerized bovine Hb.*38

Antigenic reactions with a neat pure PFC have not
been reported. An anaphylactoid reaction elicited by
Fluosol in some patients*3%44° was no longer seen
when EYP was used as the emulsifier instead of
Pluronic F68.4* The recently developed PFC/EYP
emulsions revealed no significant immunogenic or
allergic reactions, complement activation, plasma
contact system activation, or platelet activation.*#?

6. Potential for Promoting Bacterial Infection

Several studies have indicated that administration
of Hb preparations can enhance the lethality associ-
ated with Gram-negative bacteria infection.*43-448 A
sublethal dose of Echerishia coli can become lethal
upon administration of a cell-free Hb prepara-
tion.*45~447 A pyridoxalated cross-linked Hb was more
potent than the unmodified Hb in stimulating bacte-
rial growth, possibly as a result of longer circulation
half-life.*#” Both impure bovine Hb and highly puri-
fied Hb markedly increased the mortality rate of rats
with E. coli peritonitis, while the effect of stromal
elements was minimal.**® Possible mechanisms for
these effects include RES overload, potentiation of
bacterial lipopolysaccharide activity by complexation
with Hb,**° and providing invading pathogens with
an abundant supply of the iron essential for their
replication and growth.#46:451.452 Phagocytic activity
and the capacity of human granulocytes to Kkill
bacteria were impaired when bovine Hb was added
to a bacteria/granulocyte suspension.*5 On the other
hand, Hb products were effective in restoring O,
uptake and improving survival in septic rats*>*1251
and have been proposed as a treatment for septic
shock.4%5

Synergistic toxicities from Hb and bacterial endo-
toxins have also been reported.##456-458 An q,a-cross-
linked Hb increased the inflammatory response of
hepatic macrophages to endotoxins.**® Formation of
stable complexes between Hb and diverse lipopolysac-
charides*® enhanced the latter’s ability to activate
coagulation.**® A cross-linked tetrameric Hb strongly
enhanced in vitro endothelial cell response to bacte-
rial endotoxin, favoring coagulation and raising
concerns about use of such material in patients at
risk of endotoxemia.*6461 Some potentiation of en-
dotoxin induced lethality in mice was also seen with
a recombinant human Hb.*62

No microorganism is known to feed on PFCs, and
no complexation of endotoxins by a PFC has been
reported. F-Octyl bromide actually decreased the
inflammatory response of cultured macrophages to
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endotoxin stimulation,*®® and partial ventilation of
trauma patients with this PFC was seen to reduce
alveolar inflammatory response.64

F. Commercial-Scale Production

Reliable access to raw materials, ease of manufac-
ture, and cost-effectiveness will play critical roles in
determining the degree of acceptance, breadth of
application, and commercial success of an O carrier.
To have a valuable impact on medical practice, O,
carriers must be able to replace a fair proportion of
the blood and packed RBCs that are presently being
transfused. A mere 10% of this amount represents
over one million blood units in the United States
alone and several million units worldwide. Only O,
carriers that can be produced in that volume and can
be sold for a price that remains in the range of that
of packed RBCs will be able to potentially mitigate
the current and projected blood shortages. Marketing
of a blood substitute also requires involvement of a
large organization, well established in the blood
product industry.

1. Raw Material Procurement

a. Outdated Banked Human Blood. Access to
raw material of appropriate quality and in sufficient
guantity constitutes a major limitation in the devel-
opment of Hb-based products. One reason for devel-
oping O; carriers is to ease blood collection difficulties
and to cope with shortages. A further expectation is
to provide developing countries with a cost-effective
alternative to blood banking (section II). It may
therefore sound paradoxical to rely on human blood
as a raw material for manufacturing a “blood sub-
stitute”. With improved blood banking practices, the
proportion of donated blood that becomes outdated
is steadily declining. It was only on the order of 4—7%
in 1997 in the United States,'®1%! and not all of it is
recoverable. The Internet is likely, by facilitating the
movement of blood between blood banks, to help
further reduce the proportion of units that become
outdated. Since it takes at least two units of blood to
manufacture one unit of a Hb-based substitute, the
supply of human Hb from outdated RBCs can hardly
be expected to support the demand for such a
substitute to any commercially significant extent.
Competition for this raw material may further reduce
the share of blood available to each single product/
company and is likely to increase its cost. Plans to
extract and process Hb from placenta*®® have been
abandoned, allegedly due to liability issues. Can one
envisage the collection of blood from paid volunteers
specifically for transformation into an O, carrier
product for profit? And at which cost? These ques-
tions raise not only logistic, economic, and safety
issues, but also ethical concerns.*%6-4% |n the devel-
oping countries, reliance on human blood as a raw
material does not appear realistic. In any event,
improved blood management and projected shortages
are likely to challenge raw material procurement
from human donors as raw material for a blood
substitute.

b. Animal Blood. The assumption that animal Hb
is abundant and cheap and could easily be collected
in slaughterhouses must be tempered. Access to safe
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bovine blood of constant quality probably requires
raising dedicated, controlled herds of cows and
harvesting the blood in accordance with expensive
good manufacturing practices. The methods needed
to do so on a large scale remain to be developed.
Caution needs to be exercised as long as the absence
of immunological effects has not been fully demon-
strated. The risk of interspecies crossover of patho-
gens also remains to be assessed. Transmission of
bovine spongiform encephalopathy (BSE) by blood
transfusion has been demonstrated in sheep,*® and
there is also growing concern that BSE can pass from
cattle to humans.*® Other sources for animal Hb have
been proposed for consideration, including from
swine*® and Lumbricus terrestris, the common earth-
worm,*’947% put certainly require further evaluation.

c. Genetically Engineered Hemoglobin. Pro-
duction of recombinant modified human Hb (rHb,
section IV.E) is attractive and has resulted in superb
scientific achievements.315472-477 Manufacture of rHb
requires expression of o and § globins, the presence
or addition of sufficient heme and its incorporation
into the protein, proper folding, separation of the
resulting Hb from other bacterial proteins, lipids,
nucleic acids, and endotoxins, and thorough purifica-
tion. Because of the large dose of protein that needs
to be administered in order to provide clinical ef-
ficacy, the acceptable level of endotoxins and other
contamination must be extremely low. Industrial
development of rHb products thus faces unprec-
edented challenges related to the scale of the fer-
menters and separation and purification units that
need to be built in order to satisfy a significant-size
demand and the gigantic task of isolating the protein
from the bacterial culture and of attaining, on a 100-
ton scale, the mandatory level of purity. Pilot size
production of an rHb from E. coli necessitated
supplementation with heme extracted from bovine
Hb. The large water consumption and the environ-
mental impact of the effluents produced by large-
scale rHb manufacture need to be taken into consid-
eration. Production of human Hb in yeast*’® and in
transgenic swine was initiated*’® and later aban-
doned. Recombinant drug protein synthesis is still
an expensive avenue, which may not be suitable for
the manufacture of a product that needs to be
administered in 100-g-size doses while its price needs
to stay in the vicinity of that of blood. The a priori
lesser cost of protein production in plants as com-
pared to bacteria*®® may be offset by the cost of
meeting the special purity requirements for phar-
maceutical-grade Hb.

d. Perfluorocarbons. Perfluorocarbons, being
synthetic, have obvious advantages from the stand-
point of raw material procurement, purity, safety,
and cost-effectiveness. Pure PFCs can be manufac-
tured within tight specifications, in any desired
amount, using well-established procedures (section
V.B). Perfluorooctyl bromide (also known as perflu-
bron), for example, is directly derived from the
production line that leads to poly(tetrafluoroethylene)
(PTFE, i.e., Teflon) and to diverse large-tonnage
industrial surfactants and can be obtained in better
than 99.9% purity on a several hundred ton scale.
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2. Manufacturing

Processing blood to extract pure Hb involves the
lysis of the RBCs, removal of the immunogenic RBC
membranes, thorough purification, and multiple
virus inactivation steps. This is followed by chemical
modification(s), separation of the modified product
from excess reagents and byproducts, purification
and chromatographic separation of undesirable un-
reacted Hb or modified Hbs having inappropriately
high or low MW, and sterile filling. These operations
result in losses of precious material. Processing also
requires large amounts of highly purified water. As
noted earlier, extraction of rHb from an E. coli
culture and separation from bacterial endotoxins or
separation of human from animal and chimerical Hb
produced by transgenic animals is by no means
simpler. Such manufacture also requires considerable
capital expenditure.

Liposome technology has challenges of its own,
some of which are again related to the large doses of
Hb to be administered as compared to any of the
liposomal preparations currently used for drug de-
livery, others to the capacity of Hb to promote lipid
oxidation (section IV.F). Further development chal-
lenges include cost of components, encapsulation
efficiency, particle size and metHb formation control,
sterilization, and shelf stability. Liposome manufac-
turing is complex and has never been scaled up to
meet the tonnage requirements of an O, carrier.

In comparison, the manufacture of a PFC emulsion
is extremely simple, even though it requires specific
know-how. Technology for producing injectable emul-
sions on a large scale is well established in the
pharmaceutical industry, where emulsions for paren-
teral nutrition have been in use for over 30 years.
The surfactant now utilized, egg phospholipids, also
has a long history of use in pharmaceuticals, includ-
ing for preparing injectable lipid emulsions and, more
recently, liposomes. The formulation process being
additive, its yield is essentially quantitative with
respect to the raw materials utilized. The present
products are terminally heat-sterilized at or above
121 °C. The investment in a given size production
unit may be as much as an order of magnitude lower
for PFC emulsions than for any Hb product.

Altogether, although use of Hb for developing an
O, carrier appears to be a natural way to go and
therefore attracted much interest and effort, it should
be obvious that the PFC approach also has its
advantages. Both types of products should hopefully
become available in a not too distant future.

IV. Hemoglobin-Derived Oxygen Carriers

Numerous options have been explored during the
century-long quest for an effective Hb-based blood
substitute, from cell-free native Hb to extensively
chemically and/or genetically modified and/or encap-
sulated Hb products.

A. Cell-Free Hemoglobin

Early experimentation with Hb solutions on ani-
mals has been reviewed by Sellards and Minot, who
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also reported the first study involving intravenous
injection of Hb to man for the purpose of investigating
the protein’s metabolism and excretion in normal and
anemic patients.“8! During the 1930s and 1940s,
Amberson’s seminal work and review of the field
accurately identified some of the prominent difficul-
ties of the cell-free Hb approach to O, delivery.186482
These included the following: toxicity of stroma
(debris of RBC membranes); rapid oxidation of Hb;
rapid loss from the blood stream into the urine
(resulting in kidney damage), lymph, and RES cells;
and an elevation of blood pressure and reduction in
heart rate (even by very low doses).

Nephrotoxicity, hemodynamic perturbations, co-
agulation abnormalities, and gastrointestinal and
other disorders were documented in the over a dozen
human clinical studies that were undertaken with
cell-free Hb between 1916 and 1975 (see, for example,
refs 186, 420, 421, 481, 483, 484, and 159). These
untoward effects were first and in part rightfully
blamed on the presence of residual stroma.*8-487
Careful separation of stroma is also essential because
the RBC antigens that determine the blood group in
the ABO and other systems are located on the cell
membrane; once stroma is eliminated, Hb can be
administered regardless of blood type. However,
clinical trials of carefully purified Hb (from Warner-
Lambert, Morris Plains, NJ) in low doses still pro-
voked significant deterioration of renal function as
well as hemodynamic perturbations, including hy-
pertension and transient bradycardia and abdominal
pain,'’® leading to the admittance that such solutions
were not benign and indicating that stroma may not
have been the only reason for Hb toxicity.

Improved purification alleviated some but not all
of the side effects of Hb. Some residual nephrotoxicity
was still seen.187:422.488-492 \/gsoactivity was eventually
recognized as an intrinsic property of the Hb mol-
ecule. 188301305493 Inflammatory responses,*%*4% co-
agulation disorders,*60:499-501 neyrotoxicity,?65-502-505
and damage to the retina (an outgrowth of the central
nervous system tissue sensitive to hypoxic and is-
chemic conditions)®% have been observed. Release of
heme from cell-free Hb can promote lipid peroxida-
tion and induce endothelium toxicity.?%”

Unmodified cell-free Hb solutions were actually
ineffective at delivering O due to the left shift of the
O, dissociation isotherm that follows extraction from
the RBC and loss of 2,3-DPG. It was not until
hematocrits reached 10% or less that O, began to be
unloaded to a significant extent from Hb solutions
at physiological O, tensions.350:351.507.508 Oxygen de-
livery was further compromised by vasoconstrictive
effects and decreased cardiac output.304376

B. Challenges of the Hemoglobin Approach

After the 1978 trials,'’® the last documented hu-
man clinical investigation that was undertaken with
unmodified Hb, it had become clear that native cell-
free Hb, even when carefully purified, was un-
safe 1991877190234.422 A petter understanding of the
observed effects was mandatory. The native Hb
molecule needed to be modified and/or encapsulated
in order to restore functionality and reduce toxicity.
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It was necessary to prevent tetramer dissociation,
reduce O, affinity, adjust oncotic pressure, increase
intravascular persistence, control oxidation, limit
vasoconstriction, and suppress or strongly reduce
various other forms of toxicity or interference with
physiologic processes. Further issues that needed
consideration included raw material procurement,
the difficulty of conducting site-specific chemistry on
the Hb molecule, the cost and complexity of large-
scale manufacturing of a sterile, pharmaceutical-
grade biologic product, interferences with clinical
analytical methods, and the presence of pharmaco-
logical activity other than O, delivery. The solutions
that were designed in order to resolve these issues
are discussed in subsequent sections (see also recent
collections of articles!®1.194-197.509510) "Comparison of
products prepared by different investigators is gener-
ally difficult. Different animal protocols may be one
reason for divergent assessment of otherwise similar
products.5!!

1. Avoiding Dissociation of the Tetramer—Renal Toxicity

As mentioned earlier, when cell-free Hb is released
in the circulation and diluted in the plasma, the
equilibrium between the a,3, tetramer and the of
dimers is shifted toward the latter, which are rapidly
cleared by renal filtration, resulting in short intra-
vascular half-life, tubule obstruction, and renal fail-
ure.320:422492 Eyrthermore, the dissociation of heme
from o dimers is much faster than from the tetram-
ers.512

Successful strategies for preserving tetrameric Hb
included chemical or genetically engineered cross-
linking, cross-linking and polymerization, conjuga-
tion to a polymer, and encapsulation. These actions
tend to shift the burden of metabolism from the
kidney to the liver and RES.

2. Reducing Oxygen Affinity To Restore Oxygen-Delivery
Capability

In the absence of 2,3-DPG, 2.1, the O, dissociation
curve of human Hb is shifted to the left (Figure 4),
hindering the release of O, to tissues. The slightly
higher pH of plasma as compared to that inside the
RBC further contributes to increasing the affinity of
Hb for O, because of the Bohr effect. As noted in
section 111.C, the amount of O, released by Hb to
tissues at the usual pO; of 40 Torr decreases from
about 25% (RBC-enclosed human Hb) to about 5%
(cell-free Hb) of the amount of O, transported (Figure
1). The role of the Hb solution may then be essentially
reduced to that of a plasma expander. The need for
preserving an O, affinity, cooperativity, and Bohr
effect similar to those of Hb in the RBC is usually
considered important for Hb-derived products but is
being periodically debated.38%513 Emphasis has re-
cently shifted to molecular dimension of the O,
carrier and viscosity of its solution or suspension and
their effects on endothelial function and O, delivery
regulation at the microcirculatory level.380514-516

Several types of chemical modifications were ef-
fective in moving the Hb affinity curve back to the
right (section IV.D). Use of bovine Hb provided
another way of circumventing this difficulty, since
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offloading of O, by bovine Hb is primarily sensitive
to chlorine rather than 2,3-DPG.332 Genetic engineer-
ing offered further effective means of lowering Hb's
affinity for O, (section IV.E).

3. Preserving Adequate Colloidal Osmotic Pressure

Maintaining proper colloidal osmotic pressure is
vital since COP regulates the exchange of fluids
between the intra- and extravascular spaces. The
normal COP of blood is 27 Torr; a higher COP tends
to draw fluids into the vascular space and upset fluid
balance. To remain isooncotic with blood plasma, the
concentration of a free tetrameric Hb in solution
cannot exceed 6—8 g/dL, while normal Hb concentra-
tion in blood is around 14 g/dL. A 14 g/dL Hb solution
would have a physiologically unacceptable COP of
larger than 60 Torr. Only “anemic™®® jsooncotic
solutions can therefore be prepared from tetrameric
Hb. What the optimal COP of a blood substitute
should be is, however, still being debated and may
depend on patient condition.

Since COP depends critically on the number of
colloidal particles present in the solution, one ap-
proach to reducing it was to “polymerize” Hb, the
actual goal being to link together about 2—4 tetram-
ers into one molecule. In many cases as, for example,
in glutaraldehyde polymerization of human Hb, the
procedure results, however, in further increase of the
already too high O, affinity of cell-free Hb. Since
pyridoxalation had been shown to correct such exces-
sive O, affinity, combinations of pyridoxalation and
polymerization have been explored.®:517-526 Some
cross-linkers, such as o-raffinose, allowed one to
simultaneously polymerize Hb and reduce its affinity
for 0,.491.527.528 “Conjugation” of Hb to a polymer can
reduce COP when several Hb molecules are linked
to a same polymer molecule but not when several
polymer chains are bound to the same Hb molecule.
Conjugation to a hydrophilic polymer can actually
increase COP due to extensive hydration.5?° Polym-
erization or conjugation to a polymer, however, tend
to increase viscosity, which may impose another limit
to the concentration of Hb in the solution. Finally,
the COP issue can also be resolved by Hb re-
encapsulation.

4. Preventing Vasoconstrictive Activity—Nitric Oxide
Scavenging

As mentioned earlier, an unanticipated rapid in-
crease in blood pressure, indicative of blood vessel
constriction, was consistently observed upon infusion
of cell-free Hb products. There is compelling evidence
that this effect is related, at least in part, to scaveng-
ing of the endothelial cell-produced nitric oxide by
Hb products. Intervention of an autoregulatory pro-
cess has also been demonstrated (section IV.H). The
clinical implications of the pressor effect of Hb
products are still being debated. How much vasocon-
striction is acceptable and what beneficial use can
be derived from this property is likely to depend on
indication and patient condition.

Preventing Hb from interfering with blood flow
regulation mechanisms and with NO’s multiple func-
tions is certainly one of the most serious challenges
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encountered in the development of O, carriers. The
principal approaches being investigated for prevent-
ing such interference consist of hindering extrava-
sation by enlarging or encapsulating Hb, in stimu-
lating compensatory NO production, or in “teaching”
Hb to express a preference for O, over NO, which
represents a radical change with respect to Hb's
normal behavior, a tour de force that has actually
been partly achieved by genetic engineering.

5. Controlling Hemoglobin Redox Chemistry, Free Radical
Formation, Free Iron Accumulation, and Related Toxicities

In order for Hb to remain functional, autoxidation
to metHb needs to stay under control. Nonphysiologi-
cal amounts of cell-free Hb can disrupt the delicate
and critical balance that is normally achieved be-
tween various oxidant and antioxidant systems in
living tissues, increase the production of harmful
oxygen species, and create a catalytically active
environment favorable to peroxidation of lipids,
including from endothelial cell membranes (section
I11.A). The redox potentials, redox chemistry, and
pseudo-enzymatic activity (including oxygenase and
peroxidase functions) of Hb can be profoundly altered
by chemical modifications.189.233242,271,530,530a The ca-
tabolism of large amounts of Hb products results
inevitably in nonphysiologically large amounts of free
hemin, bilirubin, and ultimately free iron, known to
catalyze various oxidative and peroxidative reac-
tions.'® Iron overload may become a complication in
the case of chronic dosing.®® The implications of such
perturbations are not yet well understood. Normal
oxidative processes may be critically altered in the
case of pathological conditions, in which case patients
may have diminished ability to control such pro-
cesses. Reactive iron and free-radical species indeed
underlie the pathophysiology of numerous clinical
conditions.189:234.236 Reactive oxygen metabolites are
formed during ischemia and upon reperfusion of
tissues following transfusion of RBCs to patients with
hypovolemic shock and trauma. Free radicals and
free iron released from Hb products may exacerbate
reperfusion injury.271,824,531-533

Proper control of these complex and interrelated
redox phenomena is difficult. The redox potential of
Fedt/Fe?t in Hb is such that O, will be reduced to
superoxide Oy~ before metHb will be reduced to
ferrous Hb.1® Strategies aimed at limiting the rate
of autoxidation of Hb in vivo include co-administra-
tion of antioxidants, co-encapsulation of Hb with
reducing enzymes in liposomes, conjugation of Hb
with such enzymes, chemical modification of Hb that
provides antioxidant properties, and genetic engi-
neering of mutant proteins with lower autoxidation
rates.

6. Achieving Site-Specific Chemistry on Hemoglobin

Achieving selective chemistry on Hb is not a trivial
enterprise. Hemoglobin is a labile, multifunctional
protein. Any reaction is potentially complicated due
to the number of functional groups available for
reactions. In addition, Hb itself is microheteroge-
neous. Most of the reagents utilized have limited or
no site-specificity, thus yielding complex mixtures
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that often also contain substantial amounts of unre-
acted Hb. Additionally, the outcome of most reactions
can differ substantially depending on experimental
conditions such as reagent/protein ratio, concentra-
tion, duration, pH, whether the reaction is conducted
in the presence or absence of O, and of certain
cofactors. The sensitivity of Hb to oxidation also
needs to be taken into consideration. Hemoglobin has
multiple physiological functions that can be signifi-
cantly altered by chemical modification.??” Finally,
“minor modifications of Hb's molecular structure may
greatly alter toxicities”.5%*

The raw material procurement issues have been
discussed in section I11.F. Extensive fractionation and
purification are generally needed after modification
has been achieved in order to remove unreacted
material, low- and/or high-MW derivatives, and
byproducts. Despite this, Hb products always consist
of highly heterogeneous mixtures.

7. Minimizing the Effects on the Immune System

There is abundant evidence that the antigenicity
of human cell-free Hb is low. At this point, it is still
unclear, however, whether repeated exposure to
animal Hb is safe. There are indications that modi-
fication of the protein can enhance antigenic reac-
tions (section I11.E).

The question of whether chemically or genetically
modified Hbs or products derived from animal Hb
may under some circumstances, induce an immune
response remains a legitimate one, and this question
should be addressed for each new modification of the
natural protein.

Clearance of large amounts of cell-free Hb involves
the RES, also raising the question of possible block-
ade of this system.

8. Ensuring Sterility, Absence of Endotoxin

Absence of bacteria, viruses, and prions needs to
be ensured. Native Hb does not withstand standard
heat sterilization temperatures. Heat-denaturated
Hb can increase human blood mononuclear cell
procoagulant activity.53 Terminal sterilization of Hb
products is usually achieved by filtration. Some cross-
linked materials, being more stable, have been
pasteurized.>36-538 Complete removal of endotoxins
from recombinant Hb produced in pathogenic bacte-
ria is also a challenge.5%°

9. Avoiding the Promotion of Bacterial Growth and
Enhancement of Endotoxin Potency

There exist numerous yet conflicting reports indi-
cating that certain Hb products may be immunosup-
pressive and may enhance the virulence of bacteria
(section 111.E).

Concerns have therefore been expressed about the
potential danger that the promotion of sepsis and
other infections by Hb products could represent for
trauma and surgical patients who are particularly
susceptible to such infections.189.446-448,458,540,541 The
extent and mechanism(s) of such effects need, there-
fore, further clarification.

10. Sorting out Oxygen Carrier and Drug Activities

In addition to being O, carriers, most Hb products
also have other important pharmacological actions,
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including substantial vasoactive properties and vol-
ume expanding capacity. Hemoglobin also contrib-
utes to CO, and NO transport, has a number of
pseudo-enzymatic activities,89:530542543 jncluding as
an antioxidant,??%233.242271 gnd can function as a
receptor for drugs and peptides.>** Different struc-
tural modifications are likely to affect these diverse
functions differently.

This multifunctional role and carrier/drug ambiva-
lence does not simplify the assessment and under-
standing of the O, delivery efficacy and side effects
of Hb-derived products. Comparison of Hb solutions
with Ringer solutions without oncotic activity may
have little meaning. Differences in solution viscosity
may explain differences in responses elicited by
otherwise similar products. In some cases, the clinical
benefit of products in development was actually not
expected to originate from O, delivery as much as

from pressor effect and NO scavenging abil-
ity.294’455’545’546

11. Interference with Clinical Laboratory Tests

The red color imparted to blood plasma by Hb
preparations produces an appearance of hemolysis
in the plasma and serum samples of patients having
received such products. This color can affect blood
chemistry analysis, cross matching, coagulation, and
other tests and devices, in particular those that rely
on or are controlled by optical measurements and use
wavelengths that are absorbed by Hb. The extent of
such interferences depends on assay, Hb product,
analytical method, and instrumentation and can be
a source of logistical problems,547-551.1231

Patient safety requires assessment of the extent
to which O, carriers can affect routine clinical labora-
tory testing, the identification of analytical methods
and instruments that show the least interference,
and the development of new ones. The laboratory in
charge of analyzing blood samples will need to know
exactly which product a given patient has received.
This issue supposes an ongoing effort since clinical
laboratory tests and equipment are expected to evolve
as analytical technology advances.

C. Doing Chemistry on Hemoglobin

The chemical modifications to which Hb has been
subjected as part of O, carrier research are based on
a limited number of basic reactions, including es-
sentially the reductive alkylation and the acylation
of primary amino groups, amidation of carboxylic
functions, and S-alkylation of sulfhydryl groups.
However, the number of reactive functions present
on the protein, poor specificity of most reagents, and
dependence of reaction product on experimental
conditions complicate the issue. Chemical modifica-
tion of Hb was also used for investigating the mech-
anisms by which the hemoprotein operates. Further
modifications were directed at finding a treatment
for sickle cell disease.

Reagents for Hb modification in view of therapeutic
use should be nontoxic and nonimmunogenic. They
must allow reactions to be carried out in aqueous
media and should have minimal detergent activity
to avoid protein denaturation. Other aspects demand-
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ing attention include effective purification and deoxy-
genation of Hb prior to reaction, batch-to-batch
reproducibility, and viral inactivation without protein
denaturation.

This section briefly outlines the basic chemistry
pertaining to Hb modification for use as O, carriers.
Some of the reactions are discussed further in
subsequent sections in relation to specific investiga-
tions, objectives, and products.

1. Hemoglobin Purification

Early Hb solutions relatively free of stromal sub-
stance were prepared using slow RBC lysis, centrifu-
gation, filtration, and dialysis.*8:552 Purity assess-
ment was, however, essentially based on the absence
of coagulant activity; no chemical analysis for lipids
or other impurities was performed. It should be noted
that each percent of nonidentified material present
in an O, carrier, because of the large doses utilized,
translates into grams of this material being admin-
istered to a patient. Hemoglobin purification has
since been improved using high-speed centrifugation,
ultrafiltration, solvent extraction, dialysis, crystal-
lization, gel permeation chromatography, anion and
cation-exchange chromatography, affinity chroma-
tography, and combinations of such tech-
niques.*32:500,521,553-559 pyrity was assessed using gel
electrophoresis, isoelectric focusing, thin-layer chro-
matography, and high-pressure liquid chromatogra-
phy. However, most papers provide little quantitative
information on Hb purity and many of the prepara-
tions used appear to have still contained other
proteins and peptides, lipids, and metHb.178:560561 Ag
for all proteins, Hb is heat sensitive. It is denaturated
when temperature exceeds about 55 °C.56? Steriliza-
tion is usually achieved by filtration or pasteurization
in the carbonmonoxyHb form. Denaturation was also
observed when Hb solutions were agitated while
exposed to an air—liquid interface.563

Long-term storage of Hb is made difficult due to
autoxidation. MetHb formation has been slowed by
reducing temperature, controlling pH (metHb forms
less rapidly above pH 7.0), increasing concentration,
and addition of ascorbic acid and deferoxamine.
Reduced f-nicotinamide—adenine dinucleotide
(NADH) and glutathione also provided good antioxi-
dative protection.%4565 The purified Hb solutions
were often stored at —70 °C under nitrogen, some-
times in the form of carbonmonoxyHb. Lyophilized
products were prepared usually in the presence of
protective agents such as sugars, tris(hydroxymethy-
l)aminomethane (THAM), or amino acids.?70:566-569 |n
the absence of protectors, metHb formation during
freeze-drying can reach 50%. Long-term storage of
recombinant deoxyHb (rHb1.1) was achieved with
sodium ascorbate at pH 7 after thorough deoxygen-
ation of the solution.>° Trace amounts of O, induced
significant modifications of the protein, which was
accompanied by increased Psy and decreased cooper-
ativity.

Thorough purification, as by chromatography, in-
creased Hb’'s susceptibility to autoxidation as it
removed the enzymes that control its oxidation in the
RBC.57%572 It has therefore been recommended to use
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separation procedures that preserve these enzymes
or to separate them only after modification has been
completed.52657 Chemical modification or encapsula-
tion has often been performed while the protein was
in its carbonmonoxy form.

2. The Privileged Reaction Sites

Most of the Hb modification reactions are nucleo-
philic reactions. The strongest nucleophiles of Hb are
sulfhydryl and amino groups. The rate of reaction
depends on the nucleophilicity of the attacking group
(lysine side-chain amino groups, for example) and on
the ability of the leaving group to come off. Since
protonation decreases nucleophilicity, the reaction
rate is affected by pH. At a given pH, the groups with
the lowest pK, are usually the most reactive, and
reactivity increases with increasing pH.

The reactivity of a given function depends also
strongly on its accessibility and microenvironment,
hence location in the three-dimensional structure of
the protein and interactions with other functions and
solvent molecules. Lysine e-amino groups are the
most abundant functions of Hb, and many of them
are exposed on the protein’s surface.

Since 2,3-DPG 2.1 plays an essential role in both
O, affinity regulation and tetramer stability, the
cavity that hosts 2,3-DPG (the so-called 2,3-DPG
pocket), with its well exposed Val-1 and Lys-82
residues on both a and  chains, is a privileged target
for site-directed Hb modification. Other popular
target sites include the following: two Lys-99a
residues; the two reactive Val-1a residues; two of the
six sulfhydryl groups from cysteine residues, those
located on the Cys-93f residues, which are easily
accessible and readily oxidizable in oxyHb; and the
reactive carboxylic acid termini (Arg-141a and His-
146p) of the four globin chains. However, there are
altogether 44 lysine residues with primary e-amino
groups on their side chains scattered across the
molecule and 28 aspartic acid and 24 glutamic acid
residues with 5 and y side-chain carboxylic groups.
In addition, some of the imidazole groups from
histidines, guanidino groups from arginines, and
phenolic groups from tyrosines can participate in
various reactions.>* The various minor glycosylated
(or glycated) forms present in natural Hb?23575576 may
participate in further reactions.

Some reagents are function-specific, i.e., allow
derivatization of primary amines, carboxylic, sulfhy-
dryl, guanidino, phenolic groups, or imidazole rings,
with, in specific conditions, limited effect on other
functions of proteins.>7~581 Other reagents have little
specificity. Methyl bromide, for example, can react
with cysteine, lysine, histidine, tyrosine, and aspartic
acid residues simultaneously.®® The reactivities of
these different functions correlated with the pK, and
relative surface accessibility of the nucleophilic resi-
dues of Hb. Pyridoxalation, carboxymethylation, S-
alkylation, and cross-linking reactions that utilize
negatively charged reagents are usually categorized
as site-specific, while intermolecular cross-linking
(i.e., polymerization and conjugation to a polymer, as
with glutaraldehyde, glycolaldehyde, and NalO,-
oxidized polysaccharides occurs essentially at random
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on multiple sites on the protein’s surface. Specific is
synonymous to preferential, not exclusive. The ap-
parent specificity of a reagent is often simply a
reflection of differences in reaction rates and can
change with reagent/protein ratio or medium.

It should be born in mind that the same amino
groups from the 2,3-DPG pocket, C-terminal carboxy-
lic acid groups, and sulfhydryl groups from Cys-934
that are privileged target sites for chemical modifica-
tion also play a decisive role in ensuring Hb tetramer
stability, O, affinity regulation, CO, transport and
pH regulation,??8:327.553.583 gnd NO transport.3'® For
example, chemical derivatization of the terminal
Val-1 residues, as by cyanate, inhibits CO, uptake
and reduces the Bohr effect.5® Intermolecular cross-
linking, as with glutaraldehyde or o-raffinose, by
restricting conformational changes, tends to suppress
cooperativity. Alkylation of Cys-935 residues may
interfere with NO transport, hence possibly with
vascular tone regulation. Autoxidation and reactions
with essential endogenous factors can be substan-
tially accelerated.

a. Effect of Protein Conformation and Experi-
mental Conditions on Reaction Outcome. Deoxy-
and oxy- or carbonmonoxyHb have significantly dif-
ferent conformations, which can translate into dif-
ferent aptitudes of certain sites for reaction. Cys-934
thiols are available for reaction in oxyHb, not in
deoxyHb. The amino group of valines and lysines can
react differently according to accessibility, microen-
vironment, specific interactions, and presence of
certain organic and inorganic ions. The amino groups
of Lys-40qa, Lys-127a, and Val-1la are involved in
constraining salt bridges in deoxyHb but not in
oxyHb.3%3327 This can result in different reactivity
patterns and sometimes in drastically different prod-
uct properties, such as, in particular, a right versus
a left shift of the O, binding isotherm. For example,
bis(3,5-dibromosalicyl) fumarate 4.1 cross-links Hb
between a or between S chains depending on whether
the reaction is conducted with deoxy or oxyHb,
respectively, leading to opposite effects on O, affinity.

coo coo

Br—@?»OC(O)CH= CHC(O)O@—

Br Br 41

Br (DBBF)

Bis(N-maleimidomethyl)ether cross-links horse oxy-
Hb between the Cys-93f and His-97p residues, which
immobilizes the protein’s conformation and com-
pletely suppresses cooperativity and Bohr effect; with
deoxyHb only one maleimide ring reacts, producing
no cross-links and retaining some of the cooperativity
and Bohr effect.58® The reactivity of the NH,-terminal
amino groups of deoxyHb is modified by the presence
of 2,3-DPG, CI~ or CO,.58 The carboxylic end groups
of Arg-141o and His-14643 (which are implicated in
the Bohr effect) are freely moving in oxyHb but
restricted by salt bridges in deoxyHb.583
Multifunctional reagents are commonly used for
cross-linking and conjugation of the protein to a
polymer.578579.581.587 The distance between functions
and the flexibility and bulkiness of the cross-linker
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can help select the residues that are to be cross-
linked. Intramolecular cross-linking is usually
achieved with reagents that demonstrate some site-
specificity, which can be obtained by fitting the
reagent with 2,3-DPG site-seeking negative charges.
Intramolecular cross-linking can also be favored over
intermolecular cross-linking by dilution techniques.
However, a small proportion of the reagent will
inevitably react through only one of its functional
groups, while attachment of multiple cross-linkers on
the same Hb molecule can also occur. Neutral re-
agents with two or more aldehyde functions tend to
react at random and can affect any number of sites
on the protein, no matter how the reaction is con-
ducted.

b.Seekingthe 2,3-Diphosphoglycerate Pocket—
Site-Specific versus Random Reaction. 2,3-DPG
forms salt bridges with the amino group of Val-1 and
the imidazoles of His-2 and His-143 of both j chains
and with the ¢ amino group of Lys-82 of one f
chain.®® The proton-rich 2,3-DPG pocket is strongly
positively charged, a feature that has been exten-
sively exploited for inducing site specificity by intro-
ducing negatively charged groups into the reagent.
Carboxylate, phosphate, sulfate, and sulfonate groups
have been used for this purpose. Two situations can
be distinguished, depending on whether the negative
charge is present in the moiety that is being grafted
onto the protein or in a leaving group. In the former
case, the charge on the protein is modified.

As mentioned, the 2,3-DPG pocket hosts four easily
accessible reactive primary amino groups, those of
the Val-1 and Lys-82 residues of both a. and f chains,
the e-NH; of Lys-824 lying further outside the pocket
than the o-NH, of Val-15. These amino groups are
readily available for reaction once the reagent is
positioned at the 2,3-DPG site. For example, the
reaction of deoxyHb with glucose 6-phosphate (in the
absence of other organic phosphates) was 20 times
faster than with glucose and occurred for 95% at the
NH.-termini of the § chains, indicating indeed that
this reagent had behaved as an affinity label occupy-
ing the 2,3-DPG site.?® Reagents carrying negative
charges reacted preferentially with o amino groups
of the 8 chains in the reductive alkylation of oxyHb,
while the corresponding uncharged aldehydes reacted
with both a and 8 chains.>%%° Prominent examples
of reagents that target the 2,3-DPG site include
pyridoxal phosphate 4.2, which has been used as an
O, affinity modifier, and a wide range of negatively
charged di- and multifunctional reagents that were
utilized for cross-linking Hb and for conjugation with
polymers (section 1V.D).

CH,OPOH,
OCH ON 42 (Pyr-P)

HO CH

3

3. Characterization of Modified Hemoglobin

A vast array of techniques is being used for
analyzing, characterizing, and assessing modified or
mutant Hbs.?23:557.592.593 Typijcally, the o and 5 chains
can be separated by ion-exchange chromatography
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by taking advantage of differences in surface charge
and isoelectric points. The isolated chains can then
be digested with enzymes that cleave the subunits
into smaller peptides. The most popular of these
enzymes, trypsin, cleaves the polypeptide specifically
on the carboxyl side of lysine and arginine residues.
The resulting peptides can be identified by a combi-
nation of electrophoresis and chromatography. They
can also be separated by ion-exchange chromatogra-
phy. Automated sequencing of individual isolated
peptides allows determination of the protein’s pri-
mary structure and identification of the residues that
have been modified.

Detailed knowledge of the protein’s three-dimen-
sional structure has been acquired by X-ray crystal-
lography on deoxyHb,??¢ metHb, carbonmonoxyHb5%*
and eventually oxyHb,>% and carbaminoHb>%8 as well
as on an increasing number of natural or genetically
engineered mutant Hbs and chemically modified Hbs.
X-ray diffraction analysis requires that a single
crystal be grown (sometimes from a complex mixture
of molecules) that is representative of the species
under investigation. Combined use of trypsin diges-
tion and peptide mass mapping by matrix-assisted
laser desorption/ionization mass spectrometry®% and
multidimensional NMR, in conjunction with isotopi-
cally labeled reagents, provided further tools for
investigating chemical modification of Hb.597.59%

4. Reductive Alkylation of Amino Groups (Schiff Base and
Related Chemistry)

Many of the chemical modifications performed on
Hb are based on reactions with aldehydes, resulting
in the alkylation of some of the protein’'s amino
groups. Carbonyl—amine reactions involving proteins
and the formation of imines occur in a variety of
enzymatic and nonenzymatic biological processes.>
Reductive alkylation has been extensively used for
the purpose of investigating protein structure and
function.’® The primary reaction involves a nucleo-
philic attack of an unprotonated amino nitrogen on
the carbonyl group, followed by rapid proton transfer
(eq 4.1).

Hb} —NH, + RCH=0 = Hb} ~N"H,CHRO™ (4.1)

Dehydration of the hydroxymethyl intermediate 4.3
leads to the imine (or Schiff base) 4.4 (eq 4.2).

—H,0
= Hb} ~NHCHROH ——=
4.3

Hb} —~N*H=CHR == Hb} ~N=CHR (4.2)
4.4

Such imines are susceptible to protonation and
hydrolysis to regenerate the amine and carbonyl
functions. Therefore, the imines are usually reduced
into amines 4.5 with stable N—C bonds (eq 4.3).

Hb} ~N=CHR - Hb} ~NHCH,R  (4.3)
45

Both the initial nucleophilic attack and the subse-
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guent dehydration reaction, which is acid-catalyzed,
are pH-dependent and usually fastest at pH ca.
4—5 .89 Schiff base formation with Hb is expected to
be fastest with the more basic primary a- and
e-amino groups. Aromatic aldehydes and ketones
tend to react more slowly due to reduced conjugation
in the first step of the reaction, but the resulting
imines tend to be more stable than aliphatic ana-
logues.

In the case of carbonyl functions having a neigh-
boring hydroxyl group, as in glycolaldehyde, glycer-
aldehyde, glucose, and other reducing sugars, a
rearrangement of the imine 4.6 into a 1-amino-1-
deoxyketose 4.7 (the Amadori rearrangement) can
take place that stabilizes the bond with respect to
hydrolysis (eq 4.4).590.600-603 As the Amadori rear-

Hb}—N=CH Hb)}—NHCH Hb}—NHgHZ
l _
HCOH ___. COH ,'{o 4.4)
4.6 R 47

rangement generates a new carbonyl function, the
reaction can proceed further, leading to intra- and/
or intertetrameric cross-linking.

Schiff base chemistry has been used extensively to
derivatize Hb and modify its O, affinity and other
properties. A large variety of mono-, di-, or polyal-
dehydes has been utilized for this purpose. Negative
charges were often introduced in such reagents in
order to target the 2,3-DPG site. Multiple dialdehyde
pairs were created on diverse mono-, oligo-, and
polysaccharides through oxidation by NalO, for the
purpose of protein coupling. Reagents utilized for Hb
polymerization include ring-opened, oxidized adenos-
ine (o-adenosine), ATP (0-ATP) and raffinose (o-
raffinose), and oxidized dextran, inulin, and modified
starches (section 1V.D).

The reductant, generally NaBH, or the milder
NaCNBHj3, serves multiple functions: it terminates
the reaction, reduces the imide in amine bonds (thus
stabilizing the product), reduces any remaining free
carbonyls (such as on aborted cross-links), and re-
duces any metHb that had formed during the reac-
tion.

a. Formaldehyde, Acetaldehyde. Reductive
methylation of Hb was performed using formalde-
hyde and [*H]NaBH, for radiolabeling purposes.6%*
The reaction took place primarily at the a-amino
groups of the N-terminal valine residues and at
e-amino groups of lysine residues. Because of low
steric hindrance it can, in this particular case, readily
proceed to the N,N-dimethylamino derivatives. Ad-
dition of formaldehyde to sulfhydryl groups of cys-
teines and imidazole groups of histidines is usually
rapid but reversible.5%

The reaction of “C-labeled acetaldehyde with HbA
has been investigated under nonreductive conditions
as part of a study of minor Hb derivatives that are
present in above normal amounts in people abusing
alcohol (acetaldehyde is a metabolite of ethanol).6%
Labeled adducts of valine, lysine, tyrosine, gluco-
sylvaline, and glucosyllysine were identified after
borohydride reduction and acid hydrolysis, indicating
that acetaldehyde had reacted with amino groups of
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Scheme 1
NalO,
r OCHCH,CH NaBH, ! 4.10
Hb}—NH, s————= Hb}—N=CH-CH,0H —————= Hb}—NHCH,CH,0H
OCHCH,OH
Amadori NaBH,
rearrangement Hb}—N(CH,CH,0H),
4.1
NaBH

Hb}—NHCH,CHO — Hb}—NHCH, CH=N—{Hb ———= Hb}—NHCH,CH,NH—{Hb

lysines and valines and with the phenolic ring of
tyrosine residues. The secondary amines of glycosy-
lated valines or lysines were also likely reaction sites.
Additionally, acetaldehyde adducts were formed that,
contrary to Schiff bases, were relatively stable to
dialysis and were not susceptible to reduction by
NaBH,.6% Up to four aldehyde residues could form
stable bonds with the protein. The primary sites of
attachment were the terminal valine residues. Evi-
dence was provided for the formation of stable cyclic
imidazolidinone derivatives as well, possibly from an
initially formed Schiff base.

b. Glyoxylate—Carboxymethylation. Reductive
N-carboxymethylation of amino groups of Hb using
sodium glyoxylate 4.8 and cyanoborohydride yielded
4.9 (eq 4.5).8077610 The objectives were to modify the

OH
Hb}—NH, + HCO === Hb}—NHCH
COO 48 olele}

-H0 NaCNBH
=== Hbo})—N=CH A T Hb}—NHCH,  (4.5)

COO 49 COO

protein’s surface charge by covalently attaching a
small anion, reduce its O, affinity, and provide a
stable analogue of carbaminoHb (Hb—NHCOOH, the
CO; adduct of Hb) for further investigations.

The extent to which the reaction proceeded and the
product distribution depended strongly on reaction
conditions. Monosubstitution was favored by limiting
the amount of reagent.5°76% Carboxymethylation
then occurred primarily on the N-terminal valines.
Four fractions were separated by anion-exchange
chromatography: unreacted Hb (9%), Hb with about
two CH,COO~ groups per Hb (26%), Hb with an
average 3.5 substituents (i.e., carboxymethylated on
essentially all four Val-1 residues, 28%), and a species
with 5—6 mol of glyoxylate per Hb that was also
carboxymethylated on some lysine residues.®®” Hybrid
Hbs, specifically modified on the a or the 3 chains,
were prepared by separating carboxymethylated a
and f chains and recombining them with non-
carboxymethylated chains. X-ray diffraction studies
confirmed the modification of the N-terminal amino
groups and the structural similarity of carboxymethyl
deoxyHb with carbaminoHb.58 The covalently bound
carboxyl moieties replaced the inorganic anions that
normally interact with the free terminal amino
groups of deoxyHb. With higher concentrations of
reagent, further lysine residues became carboxy-
methylated.5%® In excess of 90% of the lysine groups
could eventually be modified. Any intermediate level

Scheme 2

Hb}—NH, + OCHCHOHCH,OH

412 :
Amadori l NaCNBH,

Hb}—N=CHCHOHCH,OH
4.13

NaBH, 10;
Hb}—NHCH,C(O)CH,0H ——= Hb}—NHCH,CHOHCH,0H —%e Hb}—NH,
414 4.15

of modification could be achieved, allowing adjust-
ment of increased negative charge.

c. Glycolaldehyde—Hydroxyethylation. 2-Hy-
droxyaldehydes and ketones allow introducing in
proteins 2-hydroxyalkyl moieties that could later be
removed by treatment with NalO, (Scheme 1).611
With glycolaldehyde 4.10, both mono- and dihydroxy-
ethylation can occur, the latter providing the tertiary
amine 4.11 that is resistant to attack by NalO,.

Reductive hydroxyethylation of HbA with glycol-
aldehyde was shown, using [2(H]NaCNBH; and tryp-
tic peptide mapping, to take place selectively at all
four a-NH, termini.f*? In the absence of reductant,
the initially formed Schiff bases underwent an Ama-
dori rearrangement, allowing formation of covalent
cross-links (section 1V.D).

d. Glyceraldehyde—Hydroxypropylation. Gly-
cosylation (or glycation) of Hb has been achieved with
a number of reducing sugars.5 It is the free aldehyde
forms of such sugars that undergo coupling to pro-
teins. Glyceraldehyde 4.12, an aldotriose, is more
reactive than the common pentoses and hexoses
because it lacks the cyclic hemiacetal form, which is
prevalent in the latter sugars. The Shiff base adducts
4.13 initially formed in the reaction of 4.12 with HbS
(the Hb variant responsible for sickle cell disease)
underwent Amadori rearrangement into ketoamine
adducts 4.14 (a reaction analogous to the nonenzy-
matic glucosylation of proteins), resulting in 2-oxo-
3-hydroxypropylation (Scheme 2).63

The reaction sites and final product distribution
differed substantially depending on the presence or
absence of a reducing agent.5?%614 This difference of
behavior reflects the aptitude of the microenviron-
ment around the glycation site (rather than the
amino acid sequence) to facilitate the rearrangement
of 4.13 into 4.14.5%5 The ratio of nonreductive to
reductive modification was 13 between Val-14 and
Val-1a. and 600 between Lys-163 and Val-1c.5%
Reduction with NaBH,; converted the 2-oxo-3-hy-
droxypropyl moieties to more stable 2,3-di-
hydroxypropyl groups, yielding 4.15. Periodate oxida-
tion of the latter regenerated the lysine residues.510614

e. Glucose. The reaction of Hb with glucose has
been extensively investigated, in particular because
on the order of 5—7% of Hb in normal human RBCs
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is covalently linked to glucose (which is evidence for
Schiff base formation under physiological conditions).
This percentage can be 2 times larger in patients
with diabetes mellitus.®® Glucose and metabolites of
glucose, including glucose-6-phosphate, reacted with
amino groups of Hb to form aldimine linkages, which
subsequently rearranged into ketoamines.576.589.617 A
number of valine and lysine residues were affected,
and there were significant differences between the
sites of glycosylation in vivo and in vitro.®'® Glucose-
6-phosphate readily reacted with the amino terminal
Val-1p residues, while glucose did not.58°

As noted, the rate of condensation of monosaccha-
rides with amino groups depends strongly on the
extent to which the sugar exists in the open (carbo-
nyl) structure rather than in the ring (hemiacetal or
hemiketal) structure. The fact that glucose was the
least reactive of a series of aldohexoses was suggested
to be one reason for which glucose emerged during
the evolutionary process as the primary metabolic
fluid, as the high stability of its ring structure limits
potentially deleterious nonenzymatic glycosylation of
proteins.61°

f. Arylation using Halide Compounds. Aryl
halides are usually considered as amino-group-
specific. Fluorine is the most reactive leaving group.
Aryl halides also react with other nucleophiles,
including thiol, phenol, and imidazole, but the prod-
ucts of these reactions are unstable at alkaline pH.
Arylation of Hb with “C-labeled 1-fluoro-2,4-dini-
trobenzene took place primarily at VVal-1 residues and
led to increased O affinity; cooperativity and Bohr
effect were lost.5?° Reaction of carbonmonoxyHb with
4.,4'-difluoro-3,3'-dinitrodiphenyl sulfone 4.16 re-
sulted primarily in cross-linking between Val-1a
residues; cross-links at other nonidentified positions
were also seen as well as some intermolecular cross-
linking.6?! Again, O, affinity was high and cooperat-

ivity was lost.
F % F
o)

NO, 416 NO,

(o]

5. Acylation Reactions

Acylation involves nucleophilic attack at the car-
bonyl carbon of the reagent. Acylation of a primary
amine of a protein to form an amide bond using
carboxylic acid halides or anhydrides is difficult to
control. Acetic anhydride, when used to determine
the reactivity of amino groups of Hb as a function of
their pK and environment, was found to react in each
aof subunit with some 15 lysine residues on both
chains, in addition to the terminal valines.6?> Milder
agents were investigated, including activated car-
boxylic esters, mixed carboxylic/phosphoric anhy-
drides, isocyanates, isothiocyanates, and imidoesters.
Anionic acylating agents display regiospecificity,
again because they tend to position themselves at the
2,3-DPG site. Hydrolysis of the reagent is often an
important side reaction.

a. Salicylic Acid Esters. Acylation of Hb with
acetylsalicylic acid 4.17 (eq 4.6), yielding 4.18, has
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initially been investigated as a potential cure for
sickle cell disease.5?® Evidence was found for in vivo
acetylation of Hb in patients on long-term, high-dose
aspirin therapy.5?* The reaction was initially deter-

coo
Hb}—N + OC(O)CH, ——=
417 co0
Hb}—NHC(O)R  + @o—— (4.6

4.18

mined, using **C-labeled aspirin, to involve a number
of sites on both a and S chains, primarily Lys-59f,
Lys-14474, and Lys-900.524625 Recent reanalysis (using
13C-labeled aspirin, multidimensional NMR, blocking
of the 2,3-DPG site, carbamylation of the Val-1 amino
groups, spin-labeling at the Cys-934 site, and use of
an Hb with a Lys-1445—Arg mutation) supported the
conclusion that many lysine residues were acetylated,
the most rapidly and highly acetylated being Lys-
82/ rather than Lys-1444.5%7 Partial acylation of Hb
with glutarylsalicylamide caused a substantial de-
crease in O, affinity.5%¢

Bis(salicyl) succinate 4.19 (Chart 1) was observed
to acylate Hb more effectively than the monosalicy-

Chart 1
[olele] [olele )}
Z @—o—z Br@o—z
Br

—C(O)CH, 447 420
—C(O)(CH,) (0)— 419 (n=2) 421a(n=2)

4.21b (n = 8)
—C(O)CH=CHC(0)— 41
—C(O)CH=CHC(0)O~ 422
—C(O)(CH,),C(0)0~ 4.17b

late compound, which was assigned to the presence
of two negative charges rather than only one.5?”
Subsequently, 2-acetyl-3,5-dibromosalicylic acid 4.20
(“dibromoaspirin”) was found to be much more reac-
tive than 4.17, as the 3,5-dibromosalicylate leaving
group facilitates the transfer of the acetyl moiety to
Hb 628629 Reaction of bis(3,5-dibromosalicyl) succinate
4.21a and fumarate 4.1 (commonly known as “DBBF")
with intracellular Hb (i.e., directly with RBCs) was
further enhanced by easier penetration of the eryth-
rocyte membrane due to the lipophilic bromine
atoms. Cross-linking of oxyHb occurred between the
Lys-825 and led to increased O, affinity.62%6%0 This
was the main objective of the work: preventing RBCs
from sickling by favoring the oxy form of HbS (it is
the deoxy form that “polymerizes” into fibers that
cause RBC sickling). Computer modeling of the
reaction of 4.1 with oxyHb suggested that the car-
boxylate leaving groups not only help position the
reagent, but also help deprotonate the e-amino lysine
group, thus producing a better nucleophile.®3! The
additional flexibility of bis(3,5-dibromosalicyl)succi-
nate and -glutarate, as compared to bis(3,5-dibromo-



2828 Chemical Reviews, 2001, Vol. 101, No. 9

salicyl)fumarate, resulted in reactions at more sites,
yielding more heterogeneous products.®32 DBBF was
utilized in the commercial development of an O,
carrier (then renamed DCLHDb, for diaspirin cross-
linked Hb) that reached Phase IllI clinical trials
(section IV.I).

Numerous other salicylic acid esters have been
investigated for treating sickle cell disease.595:630.633-636
Bis(salicyl)diesters of diacids were used profusely for
intramolecular cross-linking of the tetramer. Mono-
(3,5-dibromosalicyl)fumarate 4.22 produced a pseudo-
cross-linked derivative specifically acylated at the
Lys-828 residues®®’ (section 1V.D).

b. Mixed Carboxylic/Phosphoric Anhydrides.
The electrophilic mixed anhydride methyl acetyl
phosphate 4.23 was expected to react primarily with
Hb’s N-terminal amino and e-amino groups (eq 4.7).
Its negatively charged phosphate leaving group was

intended for targeting the 2,3-DPG binding
Site.598.610,638-640

Hb}—NH, + CH,C(O)OP(O)(OH)OCH, 4.23

—— Hb}—NHC(O)CH, + (HO),P(O)OCH, 4.7)

Treatment of intact human RBCs with #C-labeled
4.23 led to mixtures of Hb products derivatized at
two, four, or six sites.519.638.641 \When only two acetyl
groups were present, they were distributed among
the Val-1, Lys-82, and Lys-144 residues of the
chains, within or near the 2,3-DPG-binding site. With
bovine Hb, acetylation (which competes with CI~
binding) occurred at Met-15 and Lys-817 for oxyHb
and Val-1o and Lys-817 for deoxyHb.54! Acetylation
of bovine Hb with low reagent/protein ratios was used
to identify the sites involved in Cl~ binding.610642
Peptide mapping indicated that, in the conditions

Chart 2

Cross-Linker X =0P(Q), OCH,

X—(0)C™-C(0)—X 4.24

X—(O)C—@-C(O)—X 4.25a
x—40)c\©,0(0)—x w25

X——(O)CC(O)__X 4.25¢

X—(O)CCHCH-S—8—CH,CHC(0)—X 4.26
|
C,H;CH,OC(O)NH NHC(O)OCH,C,H,

Chart 3
Activated PEG Z:
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used, acetylation had occurred at random throughout
the protein. Fourteen of the 24 amino groups present
in the o dimer were acylated, although a given Hb
tetramer had only 2—6 of its amino groups affected.

A recent 'H—3C NMR study of the reaction of Hb
with [1-2C]methyl acetyl phosphate revealed the
formation of at least 10 adducts, confirming that the
reaction was not as highly specific as initially
thought.>® The number of products formed could be
reduced by blocking the 2,3-DPG site with inositol
hexaphosphate (IHP). Methyl acetyl phosphate and
aspirin were eventually concluded to roughly target
the same sites, i.e., primarily Lys-824 in the 2,3-DPG
pocket, but also Lys-594 and Lys-90a, which are
outside the pocket.

Difunctional bis(methyl phosphate) dicarboxylates
were investigated as intramolecular cross-linkers.
For example, bis(methyl phosphate) fumarate 4.24
(Chart 2) reacted with Hb in the absence of 2,3-DPG
to produce material cross-linked between Val-1 and
Lys-82 within and between S chains and between
Lys-99 residues of o chains; some unreacted Hb and
traces of higher MW species were also found.5% In
the presence of 2,3-DPG, only a,a-cross-links appear
to have been formed. The rigid cross-linkers 4.25
were also utilized. A disulfide cross-link was intro-
duced into human deoxyHb using bis(N,N’'-carboben-
zyloxy)cystinyl bis(methyl phosphate) 4.26.543 The
two major product constituents, one cross-linked and
the other not, were modified at the Lys-824 residues;
two minor products had modified a subunits.

¢. Succinimidyl Esters. Succinimidyl esters (Chart
3) were used to graft poly(ethylene glycol) (PEG)
strands on Hb. Monomethoxypoly(ethylene glycol)
(MmPEG) esters 4.27 (also known as PEG-succinimidyl
oxyacetates) allowed grafting of PEG strands onto Hb
or pyridoxalated Hb, forming amide bonds.4464> The
N-hydroxysuccinimide diester of a-carboxymethyl,
w-carboxymethoxypoly(oxyethylenes) (also known as
PEG-bis(succinimidyl oxyacetates) 4.28 were used
when some degree of polymerization was sought.525646
Conjugation of pyridoxalated Hb was initially achieved
with bis(succinimidyl succinate) esters of PEGs 4.30.54
The ester linkage between the PEG strand and the
succinic residue had, however, limited stability under
physiological conditions.®4®

The negatively charged monofunctional sulfosuc-
cinimidyl acetate 4.33 and difunctional bis(sulfosuc-
cinimidyl) suberate 4.34a and sebacate 4.34b were
reported to selectively acylate and cross-link in the
case of the difunctional esters (except in the case of

—C(O)CHy  —C(O)(CH,),C(0)— —C(0)—

O

<§No—z—(o<:H2<:Hz)noc143

o O

o}

4.27 4.29 4.31

[“éNO—Z——(OCHchz)nO—Z—ON;\j 4.28 4.30 4.32

o 0
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the shorter tartaric diester) the  chains of Hb, the
o chains being hardly affected.%!

o]
HSO,
N-OC(O)CH,  4.33
o]
o o]}
HSO, SOH
- O—N
N—OC(O)CH,(CH,},CH,C(O) 434a: n=4
Y o 4.34b:n=6

d. Cyanates, Isocyanates, and Isothiocyan-
ates—Urea and Thiourea Bond Formation. Car-
bamylation by potassium or sodium cyanate to yield
4.35 (eq 4.8) has been used for establishing structure/
function relations in Hb, including determination of
the residues involved in the Bohr effect, the role of
the terminal NH, groups in CO; binding, the mech-
anism of the CO,-mediated reduction of O, affinity,
and for increasing the O, affinity of HbS.584610,649-654

Hb} —NH, + HN=C=0 —
Hb} —~NHC(O)NH, (4.8)
4.35

When performed on deoxyHb at a pH ca. 6, the
reaction took place essentially at the Val-1 termini
of both chains; the lysine residues were then mini-
mally affected. Carbamylation of Val-1o was shown
by X-ray diffraction and solution studies to block the
two inorganic anion binding sites that are associated
with this residue and eliminated the chloride-induced
alkaline Bohr effect.®5®

Reaction of mPEG succinimidyl carbonates 4.31
and PEG bis(succinimidyl carbonates) 4.32 (Chart 3)
with lysine residues allowed formation of rather
stable urethane linkages (eq 4.9)%48:6% (section 1V.D).

O

Hb}—NH, + <§N—OC(O)(OCHZCH2),]OCH3
4.31
o

——  Hb}—NHC(O)OCH,CH,),OCH, (4.9)

The reaction of aryl isothiocyanates with amino
groups of proteins to form thiourea derivatives (the
Edman reaction) has often been used for sequencing
proteins. Provided the pH was maintained slightly
above 7 (protonated amines do not react), the reaction
of both oxy- and deoxyHb with 4-isothiocyanatoben-
zenesulfonic acid 4.36a took place at the Val-1
residues of all four chain termini, yielding 4.37a (eq
4.10).5576% Reaction at the o chain termini was
favored by adding IHP or sodium tripolyphosphate.
Alkyl isothiocyanates (but usually not aryl deriva-
tives) also reacted with the Cys-934 sulfhydryl groups.

Hb}—NH, + SCN@-X — Hb}—NHC(S)NH—@X
pH>7

4.36a: X =S0; 4.37a (4.10)
4.36b: X=SO,NH,  4.37b
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The negatively charged isothiocyanate 4.36a pro-
vided Hb derivatives 4.37a with markedly reduced
O, affinity, while the neutral 4-isothiocyanatoben-
zenesulfonamide 4.36b led to somewhat increased O,
affinity.®>® The influence of these modifications on
Bohr effect and cooperativity were discussed.56°

Various diisothiocyanato compounds have been
investigated as intramolecular cross-linkers, includ-
ing 2,5-diisothiocyanatobenzene sulfonate 4.38 (DIBS)
and 4,4'-diisothiocyanatostilbene-2,2'-disulfonate cross-
linker 4.39a (DIDS) (section 1V.D).

SO,H

SCN—@NCS 4.38 (DIBS)

SO,H
439a: XXX (DIDS)
x=sen~() 439b: X—CH,CH—X

e. Alkyl Imidates—Amidination. Alkyl imidates
(imidoesters) show a high degree of selectivity for
primary amino groups and produce amidines.577:661
The bis(imidates) of malonic, adipic, suberic, and

sebacic acids 4.40 (Scheme 3; n = 1, 4, 6, and 8,
Scheme 3
2 Hb}—NH, + ROC(CH,}COR 4.40
NH: NH: R =CH;or C,H;
n=1 n=6-10
concentry Nl\uted
HN——{Hb}—-—l}lH
Hb}~—NHCli,—CH2—-CNH—{Hb C—(CHz)n—ﬁ
NH;  NH, 4.41 NH,  NH, 442

respectively) reacted primarily with lysine residues
of Hb yielding diverse mixtures of monomers and
oligomers, depending on conditions.

With diethyl malonimidate 4.40 (n = 1, R = C,Hs),
polymerized Hb 4.41 was obtained that had 30 out
of the 44 lysine residues modified. Use of longer
diacids, such as dimethylsuberimidate 4.40 (n = 6,
R = CHy), and dilute (1%) Hb solutions favored
intramolecular cross-linking as in 4.42.%6* Treatment
of sickle RBCs by dimethyladipimidate 4.40 (n = 4,
R = CHs) prevented sickling.?%?2 Modification and
cross-linking of HbS with this reagent led to in-
creased O, affinity and reduced sickling.53

6. Amidation of Carboxylic Groups

Amidation was used to evaluate the functional role
of Hb's carboxyl groups, identify the most basic ones,
monitor conformational transitions, assess the effect
of diverse mutations on such transitions, graft allo-
steric effectors on Hb, conjugate Hb with dextran or
PEG derivatives, and achieve direct (“zero-link”)
intermolecular cross-linking between tetramers (sec-
tion 1V.D).

Water-soluble carbodiimides such as 1-(3-dimethyl-
aminopropyl)-3-ethyl-carbodiimide (EDCI) 4.43 are
effective reagents for protein amidation. They react
with the protonated form of carboxylic groups, i.e.,
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Scheme 4

+

Riess

+ +
Hb}—COOH + RN=C=NR ._H_. Hb}—C(0O)OC=NHR —= Hb}—C(O)NHRC(O)NHR

HO 7
Hb}—COOH + RNHCONHR

H+

4.47 -4.48

H,NCH,COOC,H, 4.46 SO,H
Hb}— C(O)NHCH,C(0)OC,H, Hb}—C(O)ON 4.49

at low pH, to provide the activated O-acylisourea
intermediate 4.44 (Scheme 4).664

CH,CH,N=C=N(CH,),N(CH,), (EDCI) 4.43

Adduct 4.44 can hydrolyze to regenerate the car-
boxylic group, or rearrange into a stable N-acylurea
adduct 4.45, or react with a nucleophile. Nucleophilic
attack by glycine ethyl ester 4.46 afforded the ami-
dated Hb derivative 4.47. The carboxylic function of
the Glu-43p residue (located at an of interface and
implicated in the Bohr effect) was identified as the
most basic carboxylic group of HbS.8657667 Some
amidation also occurred at Glu-225 and Asp-47(, very
little on the heme carboxylic groups. The products
were highly heterogeneous, presumably as a conse-
guence of side reactions such as N-acylurea adduct
formation. Rearrangement of 4.44 into 4.45 could be
inhibited by trapping the activated carboxylic group
with N-hydroxysulfosuccinimide 4.48.5%* The sulfo-
succinimidyl ester 4.49 that is formed is more stable
than 4.45 but reacted with 4.46 to provide the Hb
amide 4.47, along with 4.48. The reaction product
consisted of unreacted Hb (60—65%), the amidated
product disubstituted on the Glu-43p residues (nearly
25%), and a small amount of a product with four
moles of glycine methyl ester per Hb. Preservation
of cooperativity and sensitivity of the disubstituted
product to 2,3-DPG suggested that the structure of
Hb underwent little change on amidation of Glu-434.
Measurements of the rate of amidation indicated that
the apparent pK, of this residue increased when the
protein changed from the oxy to the deoxy state,
confirming the contribution of Glu-43p to the alkaline
Bohr effect. Amidation of Glu-43f with glycine ethyl
ester did not influence the reductive hydroxyethyla-
tion of HbS with glycolaldehyde, thus allowing the
preparation of HbS with both modifications, resulting
in additive effects on deoxyHbS solubility and de-
creased propensity to polymerize.56®

Amidation of Hb has also been achieved with
methylamine, glucosamine,®®” and galactosamine.564

7. S-Alkylation of Hemoglobin

Since there are only two of them, the reactive
sulfhydryl functions of the Cys-935 residues are
obvious targets for controlled Hb chemistry. The SH
groups are accessible and reactive in the oxyHb form
only 583668669 Haloacetate and maleimide reagents
react fastest with thiols and are considered thiol-
specific. The thiol group is a soft nucleophile, which

R o 4.45
SO.H
HON 4.48
o
0
+ RNHCONHR

0O

can be titrated with iodoacetamide and various
disulfides, including cystine, cystamine and dimer-
captoethanol,’° and 4,4'-dithiodipyridine. 4-Amino-
biphenyl 4.50 (a carcinogen present in cigarette
smoke) was bound to Hb at the Cys-93f sites (as
determined by X-ray crystallography on the metHb
form) when oxyHb was treated with N-hydroxy-4-
aminobiphenyl.6™* S-Alkylation of Hb was also achieved
using mercurials for analytical purposes.572

NHZ 4.50

A wide range of thiol reagents, most of them
disulfides, were investigated with regard to rate of
reaction with Hb in solution and in intact RBCs,
modification of functional properties, rate of autoxi-
dation, and potential for antisickling and showed
widely different behavior.6”® These differences appear
to relate to differences in access to the Cys-9343
residues, which is sterically restricted and shielded
by negative charges from neighboring Asp-944, Glu-
9043, and C-terminal carboxylic residues.

In the case of maleimides 4.51, the sulfur attacks
the double bond in a Michael addition reaction (eq
4.11). There is no formal leaving group; a shift in

0

0
Hb}—S
Hb}—SH + || NR —= NR 4.11)
4.51 4.52

0O o)
R: a: C,Hs, b: CH,OC(O)CH,Br

c: @NHC(O)OCHZCHz(OCHZCHZ)nOCHS

electrons stabilizes the product 4.52. N-Ethylmale-
imide 4.51a was used to investigate the role of the
SH groups of Hb and the dependence of their reactiv-
ity on degree of oxygenation,®% to elucidate the origin
of the Bohr effect,3?® to investigate their use as an
antisickling agent,’72 to separate Hbs cross-linked at
different sites,®”* and in studies of Hb interaction
with NO.3% N-Substituted maleimides reacted faster
with the Cys-933 residues than with any other
residue, the second most reactive sites being the Val-
la residues, followed in certain conditions by imida-
zole and phenol groups.581675676 Horse Hb was S-
alkylated with maleimide- and iodoacetamide-
derivatized spin labels for the purpose of ESR®’” and
NMR®57 studies.
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Bis(N-maleimidomethyl)ether (BME) 4.53 was used
for internal cross-linking in order to clarify the effects
of conformational restraint on O, equilibrium and
cooperativity of human Hb,%76.678 in Bunn’s classical
study of the renal handling of Hb,3%° and in Perutz's
studies of conformational changes of Hb upon oxy-
genation and the cooperative effect.32’” BME reacted

o) 0
QNCHZOCHZNij‘
\ @mE) [ 453

with horse oxyHb to cross-link the SH group of Cys-
93 with the imidazole ring of His-97/.585679 With
deoxyHb, alkylation of one of the maleimide rings
occurred at Cys-934 while the other ring did not react
and no covalent bridge was formed.

N-a(Bromoacetoxymethyl)maleimide 4.51b alky-
lated the Cys-933 residues of human Hb; this was
followed by rapid hydrolysis of the ester bond of the
reagent.®8® With horse oxyHb, the same reagent first
reacted with the Cys-934 residue of one 3 chain and
then with Val-14 on the other 3 chain.>8%68 Sponta-
neous esterolysis of this bridge yielded a stable
derivative doubly modified by S-alkylation of Cys-
935 and by N-carboxymethylation of Val-15. Only
S-alkylation was observed with deoxyHb, as the rate
of esterolysis of the reagent was faster than the rate
of alkylation of Val-15.

Maleimide-PEG reagents such as the maleimi-
dophenyl compounds 4.51c allowed grafting of PEG
chains onto cysteine residues of proteins.669.681.682 Bjs.-
(maleimide) derivatives with long PEG spacers (MW
= 2000) resulted in intratetrameric cross-linking
outside the central cavity of Hb rather than inter-
molecular binding. Shorter or longer spacers led to
some oligomer formation. Bis(maleimide)-terminated
polyamides were used to polymerize a DBBF-cross-
linked Hb.583

o-Haloacetate groups (e.g., ICH,C(O)OR) are re-
garded as SH-specific, as reactions with amino,
imidazole, and phenol groups are much slower.
Reaction of the monofunctional azo-dye reagent 4-
iodoacetamido-2,3'-dicarboxyazobenzene 4.54a with
Hb resulted in the alkylation of both Cys-9343.684 The
difunctional analogue 4,4'-diiodoacetamido-2,2'-di-
carboxyazobenzene 4.54b achieved cross-linking pri-
marily between Cys-93 and Lys-82 within the fj
chains. Some cross-linking between a Cys-934 and

COOH COOH

|CHZC(0)NH@—N:N—© 4.54a
COOH COOH
ICHZC(O)NH@NzN @—NHC(O)CHZI

4.54b

the His-45a of the neighboring o chain was also
observed. Oxygen affinity was increased, and coop-
erativity and Bohr effect were lost. The PEG-bis-
(benzene sulfonates) 4.55 were investigated as sulf-
hydryl-specific cross-linkers for Hb.%8% Substitution
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of the ring with electron-withdrawing groups was
needed to activate the leaving group for nucleophilic
displacement by the sulfhydryl groups. Primary
amino groups were, however, also involved.

e ?
X-SO(CH,CH,0), $-X a: X=
o) o)
4.55 b: X= Fac@

NO,

To increase the number of reactive SH functions
on the protein, Hb was reacted with the cyclic
imidothioester 4.56 (Traut's reagent),%8® which con-
verted a number of NH; groups into SH groups
according to eq 4.12, thus allowing maleimide-type
chemistry to be pursued on 4.57.582 Cross-linking and
polymerization with bis(maleimidohexane) yielded a
260 000 MW product with a very significantly re-
duced pressor effect.

+ -
Hb}—NH, + D:NHZ Cl 456
s

— = Hb}—NHCCH,CH,CH,SH  (4.12)
*NH, CT 457

Divinyl sulfone 4.58 is primarily a sulfhydryl
alkylating reagent that undergoes nucleophilic ad-
dition at its double bonds. Reaction of 4.58 with
bovine Hb was highly dependent on experimental
conditions.8” Low Hb concentrations and reagent/Hb

ratios produced mixtures of non-cross-linked modified
Hbs in anaerobic conditions and of intramolecularly
cross-linked Hbs in aerobic conditions; larger con-
centrations and ratios produced polymerized species.
The materials obtained in the absence of O, had low
O, affinity. 1,2:3,4-Diepoxybutane 4.59 undergoes
ring-opening reactions with nucleophiles, primarily
thiols, but also amines and hydroxyl groups. It was
used for Hb polymerization.588

0 0
V< 459 (BUDE)

Disulfide cross-linking of cysteine residues between
Hb molecules, yielding Hb microspheres, has been
obtained in aqueous solution using high-intensity
ultrasound.®® The oxidant involved in the process
was identified as superoxide, O,*~, generated from
water and O..

D. Chemical Modification of Hemoglobin for
Effective Oxygen Transport

A large diversity of reagents, modifications, and
products has been explored during the course of Hb-
based O, carrier research (Figure 7). The patent
literature is even more prolific. In many cases, more
than one modification, for example, pyridoxalation
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Figure 7. Schematic representation of some chemical
modifications of Hb involved in O, carrier development.

and polymerization or intramolecular cross-linking
and pegylation, was needed in order to meet the
diverse challenges outlined in section IV.B. Succes-
sive modifications (Table 1) inevitably lead to in-
creased product heterogeneity. In some cases, the
various reagents compete for the same sites. Each
modification can obviously have more than one
consequence on the protein’s properties and in vivo
behavior. Different products can have substantially
different characteristics (Table 2).

1. Oxygen Affinity Modification—Pyridoxalation

A first inappropriate characteristic of cell-free Hb
to have been successfully corrected was its too high
affinity for O, consequent, primarily, to the loss of
2,3-DPG. Attempts at restoring a functional Psy by
simply adding 2,3-DPG to an HbA solution proved
ineffective, as the allosteric effector was rapidly
cleared from the circulation.3#%6% A persistent right
shift of the O, dissociation curve (Figure 8) was
achieved by allowing deoxyHb to react with pyridoxal
phosphate 4.2, a natural coenzyme related to vitamin
B6 and a functional analogue of 2,3-DPG (eq 4.13).
Permanent labeling with 4.2 was achieved by reduc-
ing the imines 4.60b into amines 4.61b with NaBH,
or NaCNBH3.519~591‘698

CH,0POH, CH,0PO,H,

Hoy—NH, + OCH—(ON === Hb)}—N=cH—~( N
4.2

HO  CH, HO  CH,

CH,O0POH,

LI IR @)
4.61b

3

4.60b

(4.13)

HO CH
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Figure 8. Oxygen binding isotherms for diverse human
Hbs: (A) Hb in fresh whole blood, (B) unmodified cell-free
Hb, (C) glutaraldehyde-polymerized Hb, (D) polymerized
and pyridoxalated Hb, (E) o,,a-DBBF-cross-linked Hb, and
(F) NFPLP-cross-linked Hb. (Adapted with permission from
ref 1944. Copyright 1992 Plenum Press.)

Imine adducts of proteins with pyridoxal phosphate
have important biological functions. The affinity of
this reagent for anion binding sites of proteins has
led to its use as an affinity label for such sites.5%° With
Hb, the two negative charges on the phosphate group
helped position the reagent at the 2,3-DPG site
during alkylation. The product's composition, the
reaction sites, and Ps values depended on pyridoxal
reagent and reductant utilized, conformation of the
protein at the time of the reaction, and reagent/Hb
ratio,519691,693,694,698,700-703 pyridoxalation was initially
reported to occur essentially at the N-terminal amino
groups of the S chains when the reaction was
performed on deoxyHb and at the N-termini of the a
chains when performed on oxyHb. Binding to Val-1
and the formation of salt bridges with Lys-8243, His-
1434, and His-2( residues led to an arrangement that
mimics closely that found for 2,3-DPG.”** A secondary
reaction site was later identified as Lys-823.6%
Subsequent studies indicated that Ps, values and
cooperativity were the same whether the reaction
was conducted on oxyHb or deoxyHb and that the
reaction could in both cases be limited to the
chains.5%

Pyridoxal phosphate was sometimes used in the
form of its Schiff base 4.62b with THAM. Coupling
of 4.62b with Hb is then a transimination reaction
(Scheme 5);709.701 however, subsequent studies indi-
cated no advantage in prior formation of the THAM
imine.%% When the reaction was performed on deoxy-
Hb, a dipyridoxalated Hb with strongly decreased O,
affinity and preserved cooperativity was separated
from the reaction mixture, which also contained
polypyridoxalated products.”*

A typical pilot-scale preparation (20-L-size batch)
of pyridoxalated Hb for in vivo experimentation
involved deoxygenation of the stroma-free Hb solu-
tion using a blood oxygenator (but with N in place
of O,), treatment with a 4-fold molar excess of 4.2,
reduction with NaBH,, and the separation of excess
reactants by ultrafiltration using an artificial kidney.
The product was 68—75% pyridoxalated (up to 85%
after passage through a Sephadex column).5'® This
operation raised Pso from 12—14 Torr to 20—24 Torr;
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Table 1. Examples of Hemoglobin Products with Two Successive Modifications of the Protein?

initial modification subsequent modification(s) ref
pyridoxalation glutaraldehyde polymerization 521-524,770,792,797,798,1271
pyridoxalation glycolaldehyde polymerization 776,803
pyridoxalation conjugation to dextran 825
pyridoxalation conjugation to inulin 837
pyridoxalation copolymerization with albumin 849
pyridoxalation mPEG decoration 644,645,836

pyridoxalation PEG-decoration and polymerization 525,526,647,1284

pyridoxalation S-pegylation 526
pyridoxalation liposome encapsulation 1125
pyridoxalation liposome encapsulation and liposome 836

surface pegylation

carboxymethylation glycolaldehyde polymerization 609,802
DBBF cross-linking glutaraldehyde polymerization 789,836
DBBF cross-linking glycolaldehyde polymerization 776,803
DBBF cross-linking polyamide polymerization 683

DBBF cross-linking conjugation to HES 836

DBBF cross-linking PEG-polymerization 685,869,870

DBBF cross-linking
DBBF cross-linking
NFPLP cross-linking
NFPLP cross-linking
0-ATP cross-linking

nitroxylation 198,1101,1101a
liposome encapsulation 1089
glutaraldehyde polymerization 799
glycolaldehyde polymerization 776,803
o-adenine polymerization, glutathione binding 806

sebacoyl or adipoyl cross-linking intermolecular zero-link amidation 811
sebacoyl cross-linking succinic anhydride acylation 748
amidation hydroxyethylation 666
amidation conjugation to HES 835
thiolation (Traut's Reagent) S-pegylation 682
heme—albumin conjugation bis(maleimide) dimerization 853
glutaric acid cross-linking alkylation with tetronic polymers 872
dextran conjugation alkylation with oxidized inositol tetraphosphate 708,828
dextran conjugation nitroxylation 1069
genetically engineered o, a-cross-linking DBBF cross-linking 1942
genetically engineered a,o-cross-linking glutaraldehyde polymerization 793
liposome encapsulation PEG-PE decoration 1003
LEHb from diacyl chloride cross-linked Hb  glutaraldehyde polymerization 1009

a The reductive step following Schiff base formation, Amadori rearrangements and subsequent reactions, or reagent modifications
are not listed as separate steps.

Table 2. Characteristics of a Series of Different Hb-Based O, Carriers Compared with RBC

parameter? a,0-Hb POE-PLP—Hb Poly-a,a-Hb HES-a,a-Hb POE-LEHb RBC
diameter (nm) 7+2 2242 47 + 17 68 + 24 224 +£ 76 8000
MW (number average) 72 186 510 431
MW (weight average) 66 89 2154 2782
monomeric Hb (%) 100 4.4 2.7 3.3 not detected
Hb (g/dL) 5 10 5 5 5 10 5 10 12-17
MetHb (%) 2.2 4.5 8.0 45 25 <0.5
HES, POE, or lipid (g/dL) 0 O 4.5 0 34 68 28 538
Pso (Torr) 32 14 20 22 18—32° 28
oxygen transport efficacy (%)° 32 17 22 27 20 28
COP (Torr) 158 36.4 70.2 25 9.5 32 20¢  20d ca. 25
viscosity (cP at 332 s7%) 10 13 6.1 15 22 78 34 4d 3-4

a All formulations adjusted to pH 7.4 (37 °C) and 300 mOsm. P Depending on PLP/Hb ratio. ¢ Oxygen transporting efficiency:
the difference in O, saturation (%) between pO, of 40 Torr and 100 Torr. ¢ After suspension in 5% human serum albumin. o, o-Hb
= a,0-DBBF-cross-linked; PLP = pyridoxal phosphate; Poly = glutaraldehyde polymerized. From ref 836 with permission.

metHb levels were between 3% and 8%. Little was
reported, however, on the product’'s actual composi-
tion.

Analysis of a similarly prepared pyridoxalated Hb
by various chromatographic, electrophoretic, and
isoelectric focusing techniques revealed some 21—25
Hb bands attesting to considerable heterogene-
ity.518705 Subsequent studies indicated that pyridoxa-
lation was indeed much less selective than initially
thought,523,600,694-696,702,706 A critical reanalysis of the
reaction of 4.2 with carefully purified HbA further
confirmed that even this site-directed reagent led to
extensive product heterogeneity (Figure 9).6%8.7% Fig-

ure 9 also shows that the reductant can have a
dramatic influence on product constitution. Reduction
with NaBH, was deemed unnecessarily harsh, lead-
ing to pyridoxalation of both a and 5 chains and high
metHb formation, while the wunreduced and
NaCNBH;-reduced materials were modified only on
the § chains and contained less metHb.

Reaction with the a globin chain amino terminals,
resulting in increased O, affinity, was observed when
the reagent had only one negative charge, as in
pyridoxal 5-methylphosphonate 4.62c, pyridoxal
5-phosphate monomethyl ester 4.62d, or pyridoxal
5-sulfate 4.62e.79%791 The less polar, neutral 5-deoxy-
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Figure 9. Chromatogram (anion-exchange column) of
pyridoxalated HbA after reduction with NaBH, (—) or
NaCNBHjs (- - -). (Reprinted with permission from ref 703.
Copyright 1990 Elsevier.)

Scheme 5
- X
Hb}—NH, + (HOCH2)30N:CH~<©<\N 4.62
a: X= CH,0H
H HO CH, (pyridoxal)
X b: OPOZ”
c OP(CH,)0,
Hb}—N=C ON + (HOCH,),CNH, d: OP(OCH,)0,
e 0s0;
f: CH

460 HO  CH,
NaBH, R
X

Hb}—NHCH;@N
461

HO  CH,

pyridoxal 4.62f readily penetrated sickled RBCs and
reacted with HbS's a chain termini, leading to
increased O, affinity and reduced sickling.”®’

Significant reduction in O, affinity was also achieved
by reductive carboxymethylation of the four N-
terminal amino groups of deoxyHb using sodium
glyoxylate and NaCNBHj;, yielding 4.9.507610 An
increasing excess of reagent affected an increasing
number of lysine residues and led eventually to a left
shift of the O; binding isotherm.5%

Further effective means of reducing O, affinity
included treatment of Hb or Hb conjugates with
NalOy-oxidized inositol tetraphosphate 4.63,708.709
cross-linking with various di- and multifunctional
agents,®?”719 or coupling with negatively charged
benzene pentacarboxylate’'! or polycarboxylate dex-
tran reagents.”*>~715 Reaction with negatively charged

OCH—(CHOPO,H,)—CHO 463

aromatic aldehydes such as 4.64a, as part of a study
of the 2,3-DPG site in various Hbs, generally also led
to a right shift of the O, dissociation curve.’'6.717
Other aromatic aldehydes were designed for produc-
ing high-affinity Hbs as a treatment for sickle cell
disease.”8 However, despite careful molecular model-
ing, low-affinity Hbs were sometimes produced.’'®
The structural features responsible for the direction
in shift of the allosteric equilibrium could be deter-

Riess

mined, and the critical role of Lys-99a in obtaining
low-affinity products was emphasized.”®

OCH,COOH
a: X=CHO
X@CHzCHz X b: X=CHOH
|
4.64 SOH

Treatment with monofunctional affinity modifiers
did, however, not prevent dissociation of the Hb
tetramer and rapid excretion nor did it remove the
ca. 7 g/dL Hb concentration limit imposed by the need
for physiological COP or suppress vasoconstrictive
effects. Further modification of the Hb molecule was
needed.

2. Intramolecular Cross-Linking

Intramolecular cross-linking of Hb was extensively
practiced for the purpose of suppressing renal filtra-
tion by preventing tetramer dissociation, ideally
reducing O, affinity by the same modification. Some
site specificity was obtained by fitting the reagent
with negative charges and by adjusting the distance
between reactive sites and the flexibility and bulki-
ness of the cross-linker. However, multifunctional
reagents have the potential for multiple intra- and
intermolecular cross-linking combinations.

Negatively charged (i.e., site-directed) cross-linking
agents fall into two categories, depending on whether
the negative charges are part of the leaving groups
or are born by the cross-link itself. In the former case,
no extrinsic new negative charge is added to Hb as a
consequence of cross-linking; in the latter case, the
negative charge on the protein is increased. The most
popular cross-linkers became bis(3,5-dibromosalicyl)
fumarate 4.1 (DBBF, or “di-aspirin”) and nor-2-
formylpyridoxal 5-phosphate 4.65 (NFPLP). Intramo-
lecular cross-linking was also achieved by genetic
engineering (section V.E).

a. Negatively Charged Cross-Linkers. Reduc-
tive alkylation of deoxyHb by NFPLP 4.65 yielded
4.66 (eq 4.14) with internal cross-links between
chains, primarily between Val-15 and Lys-823 (Fig-
ure 10).70L.704721-723 Sjgnificant perturbations in the

CH,OPOH, CH,OPO H,
Hb}—NH, + OCH QN — = HC ON (4.14)
/
HO  CHO HN  OH CH,
4.65 b} —nf4 4.66

tertiary structure of one /3 chain was observed.”* The
increase in Psp was much larger than with pyridoxal
phosphate, reaching 40—45 Torr.”°%72! The stability
of the heme—globin linkage was increased, but the
rate of autoxidation increased also.”?* Vascular reten-
tion was prolonged by a factor of 3 with respect to
unmodified or pyridoxalated Hb, reaching a half-life
of 3—7 h.724725 Elimination of Hb in the urine was
almost completely prevented and accumulation in the
kidneys greatly diminished.**®> Appearance in the
lymph was, however, rapid and similar to that for
unmodified Hb, indicating that cross-linking did not
prevent Hb from entering the interstitial spaces.
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A-Helix

Figure 10. Sketch of the entrance of the central cavity
between {5 chains in NFPLP-cross-linked Hb. The arrange-
ment of NFPLP in the 2,3-DPG binding site closely mimics
that found with the natural effector. (Adapted with permis-
sion from refs 701. Copyright 1981 Academic Press.)

Accumulation of the ®"™Tc label was seen in the
spleen and liver. Metabolic studies were initiated
using ®H-labeled NFPLP—Hb, but the metabolites
were not identified.”?®

More flexible negatively charged polyphosphate
chains flanked by two pyridoxal rings, such as 4.67,
provided cross-links between Val-14 of one § chain
and a lysine (probably Lys-825 in human Hb and Lys-
814 in bovine Hb) of the other 8 chain.?4727.728

CH,O[P(O)(OH)O],CH,

Negatively charged dialdehydes were also derived
from adenosine-5 mono-, di-, and triphosphate 4.68
and 5-phosphorylribose-1-phosphate by ring opening
at the ribose 2,3-diol using NalQ,.#1?722.730 Reaction
of 0-ATP with deoxyHb, followed by reduction with
NaBH,, produced complex mixtures of alkylated Hbs
with substantially reduced O, affinity.*!?

0
H|OP L OCH,«_ _O.__Adenine 4.68 a: n=1 (o-AMP)
{OHjJn \c(Ho\cGo b: n=2 (0-ADP)
c: n=3 (0-ATP)

Further negatively charged cross-linkers used with
Hb include DIBS 4.38,73%732 DIDS 4.39a,%273 its
dihydrostilbene analogue 4.39b,73* and several series

Scheme 6
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of carboxyl-group-bearing dialdehydes.”?° Reaction of
human HbA with DIBS 4.38 yielded a predominant
product cross-linked within the tetramer between the
NH, termini of the o chains.”! The reaction mixture
was complex; Pso was slightly reduced, cooperativity
was retained, and circulation half-life increased to
around 3 h. The somewhat longer cross-linker 4.39a
(DIDS) reacted with CO-ligated Hb to produce an
adduct having two DIDS molecules attached, one at
each § chain termini, and high O, affinity. In the
same conditions, deoxyHb provided a major product
with one DIDS cross-linked between the  chain
termini that had a greatly reduced O, affinity.”33

b. Cross-Linkers with Negatively Charged
Leaving Groups. The most thoroughly investigated
of all neutral cross-linkers with negatively charged
leaving groups was bis(3,5-dibromosalicyl) fumarate
4.1 (DBBF). When performed on oxyHb, acylation
with 4.1 produced cross-links between  chains and
0, affinity was augmented (4.69, Scheme 6).62%63° The
same reaction, when conducted on deoxyHb in the
presence of tripolyphosphate to block competitive
sites at the Lys-824 and Val-1p residues, led to 4.70,
which was cross-linked between the Lys-99a resi-
dues, the 2,3-DPG-binding site remaining accessible,
and O, affinity was substantially reduced (Figure
8).710.735-73% Removing chloride ions (which normally
interact with Lys-99a) from the reaction mixture
further facilitated acylation of this site. The reagent,
being hydrolyzable, needed to be used rapidly. Recent
improvements in processing allowed production of
o,a-DBBF-cross-linked Hb with significantly higher
purity (non-cross-linked Hb was virtually eliminated
and metHb was reduced), increased yield (from 33%
to 58%), and reduced cost.”® Increased stability
allowed pasteurization (76 °C for 90 min). However,
production of a 20-L batch still required 30 working
hours over a 5-day period. The product was sterile
packaged and frozen at —80 °C. The thermal stability
of metHb, carbonmonoxyHb, and cyanometHb also
increased upon cross-linking with DBBF.5%2 Both a,a-
and S,5-cross-linked products prevented rapid renal
excretion, the primary goal of the modification.”°

The development by the Letterman Army Institute
of Research in San Francisco of a consistent o,o-
DBBF-cross-linked Hb product (also known as a,o-
Hb), available to researchers, played a definite role
in promoting basic research and understanding of O,
delivery physiology by cell-free Hb. The O, carrying
characteristics of this Hb product and the effect of
allosteric modifiers were analyzed in detail.341.741.742
Cooperativity between subunits was preserved, but

COO CcCoo
Br@OC(O)GH =CHC(O)O—©—Br (DBBF) 4.1
Br Br
ox;V nyHb

B)—Lys-82—NHCOCH=CHCONH —Lys-82—(B 0L>~Lys-99—NHCOCH=CHCONH _Lys-99-<a

BB-DBBF-Hb 4.69

ao-DBBF-Hb  4.70
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the Bohr effect and ability to bind CO, were re-
duced.”® The rate constant for NO binding was
essentially the same as that for unmodified cell-free
Hb.5'3 Intravascular persistence increased 2- to
3-fold.*16:737 Systemic hypertension and a decrease in
heart rate were reported consistently (section 1V.H).
Diffusion across the endothelial walls into interstitial
and lymphatic spaces was observed.'8874 Pharma-
cokinetic studies in rats indicated bimodal clearance
from the plasma, extravasation being an important
mechanism. The “C-label was distributed throughout
almost every tissue in the body, with the highest
concentrations being found in the kidney and RES,
and was eventually excreted in the urine (60% of the
dose after 10 days) and feces (10%), the balance being
not accounted for.#*® A series of studies to evaluate
the clinical utility of o,a-DBBF-cross-linked Hb led
the U.S. Army to abandon this product.5!

Cross-linking of bovine deoxyHb using DBBF led
to a heterogeneous product with modifications in both
o and S chains, low O, affinity, and prolonged
intravascular persistence.”*® An increase in metHb
content in the circulation was noted.

Reaction of human deoxyHb with the bis(3,5-
dibromosalicyl) diester of the 10-carbon-long sebacic
acid, 4.21b, resulted in cross-linking between either
the Lys-82f of the two 3 subunits or simultaneously
between both the Lys-824 of the two 5 subunits and
between the Lys-99a of the two o subunits.”® The
cross-link between the two Lys-824 across the f cleft
in the former species was determined by X-ray
crystallography.>% Non-cross-linked Hb was elimi-
nated during pasteurization and by affinity chroma-
tography. Oxygen affinity and cooperativity were
close to those of blood. The same reagent, when
reacted with oxyHbA, also produced cross-links be-
tween  chains and, surprisingly, a decrease in O,
affinity.”” Subsequent introduction of negative charges
on a (3,5-dibromosalicyl) sebacate-cross-linked Hb by
reaction with succinic anhydride failed to improve
plasma half-life.”48

Chart 2 lists several rather rigid bis(methyl phos-
phate) dicarboxylate reagents®3 that were used as
intramolecular cross-linkers and are reviewed in
section IV. C.

c. Further Difunctional Cross-Linkers. The
activated diester 4.71, with negative charges on both
leaving groups and cross-link, when allowed to react
with human oxyHb, yielded a mixture of products
cross-linked between f chains.”® Bisimidoesters of

o
—OOC@—OC(O)OHZCHZPCHZCHZC(O)O —@—Coo‘
i

o 471

various lengths have been used to prepare Hb-based
plasma expanders.®6! Bridging of Hb with 4.53 (BME)
was used to reduce tetramer dissociation, prolong
plasma retention, prevent glomerular filtration, de-
termine structure/function relationships, and evalu-
ate cross-linked Hb as a plasma expander.320.327.585678
Heterobifunctional cross-linkers that combine ester
and aldehyde functions, including 5-formylaspirin
4.72a, and related oxalyl 4.72b, malonyl 4,72c, and
fumaryl monoaldehyde monoester derivatives were
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allowed to react with HbA and HbS.” The anionic
reagents showed a preference for the j cleft region
of Hb, and their reaction was inhibited by IHP,
further confirming the role of the 2,3-DPG pocket in
site selectivity.

COOH

OHC OC(O)CH, 4.72a

OHC OC(O)COOH 4.72b

000

OHC OC(O)CH,COOH  4.72¢

d. Pseudo-Cross-Linked Hemoglobin. Stabi-
lized “pseudo-cross-linked” tetramers were prepared
by the reaction of mono(3,5-dibromosalicyl) fumarate
4.22 with human, bovine, or porcine oxyHb.637.751.752
Two fumarate moieties were covalently bound by one
end to the two Lys-82f residues, and electrostatic
interactions were proposed to take place between the
free carboxyl group of the fumarate moieties and
positively charged residues of the other § chain as
depicted in 4.73. The absence of sensitivity of the Psg

(val)

—His ... HOOCCH=CHCONH—Lys82_
> B 473
—Lys82—NHCOCH=CHCOOH--- --(I\-i/i?)-

al

of the bovine product to Cl~ indicated that the
fumaryl residue occupied the g cleft, where the free
COO~ group could play the role of Cl~ in regulating
O, affinity. The intravascular half-life of this product
in rats was biphasic and increased about 5-fold (to
200 min) for the slower component.”! Interestingly,
the pseudo-cross-linked human Hb product was more
resistant to oxidation by H,O, than native HbA or
DBBF-cross-linked Hb.”™®® However, considerable
amounts of Hb were rapidly excreted in the urine,
indicating lesser stability in vivo than in vitro.”®?
e. Tri- and Tetrafunctional Acylating Agents—
Cross-Linked Bis-Hemoglobin. Trimesoyltris(3,5-
dibromosalicylate) 4.74a (Chart 4) was designed as
a site-directed trifunctional acylating agent.”>* How-
ever, reaction with deoxyHb or carbonmonoxyHb
resulted primarily (~85%) in difunctional cross-
linking between the Lys-82f residues of the two
chains. This specificity was attributed to the bulki-
ness of the reagent, which limits its chances for
reaction once it has reached the 2,3-DPG site. The
third salicylate ester group reacted much more
slowly, principally undergoing hydrolysis, only form-
ing a very small amount of triply linked trimesoyl
Hb. Some o, a cross-linking was also detected. Cross-
linking of human and bovine Hb with 4.74a led to
decreased O, affinity.”>® The less bulky trimesoyltris-
(methyl phosphate) 4.74b reacted with deoxyHb to
yield a principal product that was triply cross-linked
between Val-1p3, Lys-82 of one f chain, and Lys-82
of the other  chain.”® The interchain Val-15—Lys-
824 cross-linked species was also formed in signifi-
cant amounts, as well as a species bridged between
Val-14 and Lys-82f5 within the same f chain and a
number of minor derivatives. The triply cross-linked
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Chart 4
coo
X—00C CO0—X
a X= Br
474
CO0—X Br
b: X = —P(0),0CH,
X—00C CO0—X
X—00C CO0—X
X—00C CO0—X
X—00C 4.78 CO0—X
X—00C CO0—X
X—00C 4.79 CO0O—X

derivative and the Val-15—Lys-823 species both
displayed low O, affinities and high cooperativity but
reduced Bohr effect. The functional properties of Hb
cross-linked using 4.74a and 4.74b were substan-
tially different.”” The rate of O, dissociation was
larger, the rate of CO association lower, the acces-
sibility to the Cys-93f reduced, and the proximal
His—Fe bond of the a chain disrupted when the latter
reagent was used. These results were interpreted to
mean that the quaternary structure of Hb had been
shifted toward the R or T states by reaction with
4.74a and 4.74b, respectively.”".758 Reaction of tris-
(3,5-dibromosalicyl) tricarballylate 4.75 with oxyHb
and deoxyHb yielded species with intersubunit cross-
links.”® Higher O, affinity, reduced cooperativity,
and, in the case of the deoxyHb product, a higher
autoxidation rate were observed. No evidence of triple
cross-linking was found.

/CHZCOO—
—OOC—C\H 4.75
CH,CO0—

Tetrafunctional reagents with four 3,5-dibromo-
salicyl leaving groups were designed for the purpose
of creating a specific connection within and between
two Hb tetramers and producing a cross-linked bis-
tetramer of type 4.76.7%° Reagent 4.77a, derived from

LysB,—QO0OC COO—Valp,

Hb z Hb

Valf,—O0C 4.76 COO—LysB,

biphenyltetracarboxylic acid, reacted with Hb but
only on two sites,’®! indicating that greater separa-
tion between functional sites was needed. The oligo-
ether derivative 4.78a reacted at all four sites but
mainly within a single tetramer, suggesting that this
reagent was too flexible to promote intermolecular
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connection.”®? Eventually, the products of the reaction
of deoxyHb with 4.79a, which cannot fold, included
the desired species of type 4.76.7%% Modifications of
the Lys-824 and Val-17 residues were identified in
the purified higher MW fraction. A low Ps value of
9 Torr was, however, measured for this fraction, and
cooperativity was essentially lost.

3. Polymerization

Intermolecular cross-linking or “polymerization”
(actually oligomerization) was used for the purpose
of simultaneously reducing the protein’s oncotic pres-
sure and increasing its size so as to prevent rapid
excretion and prolong plasma half-life. Molecules
larger than the tetramer were also expected to
extravasate less readily into the interstitial spaces
and show lesser aptitude at NO inactivation. The
patent literature covers the preparation of plasma
and blood substitutes obtained by modification of
various forms of Hb using virtually every possible bi-
and multifunctional cross-linkers (see, for example,
refs 763—765). Most difunctional agents achieve both
intra- and intermolecular cross-linking simulta-
neously in proportions that depend on Hb ligation
state, reactant ratio, dilution, other components
present, reaction duration, etc. Dialdehydes such as
glutaraldehyde or glycolaldehyde and reagents with
multiple aldehyde functions, such as oxidized dex-
tran, react essentially at random and can affect any
number of sites. Polymerization involving Schiff base
chemistry can be quenched at any moment by addi-
tion of excess lysine, glycine, glycylglycine, tris-
(hydroxymethyl)methylamine, and other amines.
Quenching with an amino acid can, however, modify
the protein’s surface charge by introducing new
carboxylic residues. Limited polymerization leaves
substantial amounts of unreacted tetramer; extended
polymerization generates excessive viscosity and
increased O, affinity. In both cases, fractionation is
required, resulting in reduced overall yields and
added cost. MetHb formation during polymerization
and processing is often substantial. The polymerized
Hb products reported so far were always highly
heterogeneous and their chemical characterization
generally poor. Polymerization alone was not always
effective at restoring Hb functionality; combinations
with other modifications were then explored (Table
1).

a. Glutaraldehyde. Glutaraldehyde is the reagent
most frequently utilized for intermolecular cross-
linking of Hb, pyridoxalated Hb, and other Hb
derivatives (see, for example, refs 432, 521, 522, 569,
688, 732, 763, 766—777, 792 and 799). This highly
reactive cross-linker has long been employed as a
nonspecific tissue fixative.”’”® While glutaraldehyde
is commonly represented as a simple five-carbon
dialdehyde 4.80, its aqueous solutions actually con-
sist of complex mixtures of components whose com-
position depends on experimental conditions, includ-
ing pH and concentration. Free glutaraldehyde is
then in equilibrium with various hydrates, tetrahy-
dropyran derivatives, trioxane oligomers and higher
polymers, o,3-unsaturated aldehydes, and hemiac-
etals resulting from aldol condensation.58%.779-783 |¢
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has been presumed that it is an unsaturated polymer
such as 4.81 that reacts with amino groups of
proteins giving 4.82, as speculatively illustrated in
eq 4_14_581,780,784

n+2 OHC(CH,),CHO === OHC(CHZ)Z(IJ:[:CH(CHZ)Z(IZ%CH(CHZ)scHO
4.80 CHO CHO 481

NH—{Hb NH—{Hb (4.14)
Hb}—NH, | |
e OHC(CH2)2<':H~[CH(CH2)2$H}FCH(CH2)3CH0
CHO CHO 4.82

A diversity of reactions can occur when glutaral-
dehyde reacts with amino groups of lysine and valine
residues. In addition, glutaraldehyde can react with
sulfhydryl groups of cysteines, imidazole rings of
histidines, and phenolic rings of tyrosines.>* The
reaction of glutaraldehyde with proteins is therefore
extremely complex, difficult to control, partially
reversible, and still not  well under-
Stood_772,775,776,779,780,783,785—787 The ﬁ chains were ex-
tensively modified, but some reactions also occurred
on a chains.>?* Reaction on oxyHb tended to produce
larger size polymers than reaction on deoxyHb.’7?
Electrostatic interactions between oppositely charged
polymers, consequent to modification of surface
charges, may generate “pseudopolymers”.”’® Lysyl-
hemoglobin products were present when the reaction
was quenched with lysine.597.775 Excess glutaralde-
hyde can, however, also be removed by dialysis.5?!
Unless thorough reduction of the Schiff bases to
amines is effected, depolymerization can occur and
highly toxic’® glutaraldehyde can be released into
the solution.”®878 Finally, glutaraldehyde-polymer-
ized Hb products appear to be unstable on storage
even after reduction.5?* Unstability has also been
seen for certain products upon shaking.5??

Chromatography, electrophoresis, gel isoelectric
focusing, and other techniques have confirmed the
polydispersity, heterogeneity, and dependence on
experimental conditions of glutaraldehyde-polymer-
ized Hb_524,729,769,771,772,775,776,790,791 The reaction prod-
ucts comprised unreacted Hb and species that were
intra- and intermolecularly cross-linked at various
sites and to various degrees. MetHb formation was
usually important but could be limited by addition
of L-ascorbic acid to the reaction mixture.5?%79 Vis-
cosity increased rapidly with Hb concentration, fur-
ther reflecting lack of molecular uniformity.56%774
There still exists considerable uncertainty about the
reaction sites, number and identity of the groups
involved in cross-linking, mechanisms of reaction,
chemical constitution, and evolution of such products.

Glutaraldehyde polymerization usually resulted in
a leftward shift of the O, saturation curve with
respect to cell-free Hb, hence, a fortiori, with respect
to RBC-enclosed Hb (Figure 8). The higher the degree
of polymerization, the lower the Ps,.7%%792 The pres-
ence of 2,3-DPG during glutaraldehyde treatment did
not improve the O, binding properties.”®® Cooperat-
ivity was strongly reduced.521.769.790 Interestingly, the
changes in O; binding parameters and other biologi-
cal characteristics,’6%772 including vasoconstrictive
activity,”®® were similar for non-cross-linked (or “deco-

Riess

rated”) glutaraldehyde-modified tetramers and for
glutaraldehyde-polymerized Hbs. Glutaraldehyde
cross-linking stabilized Hb at high temperatures and
destabilized it at physiological temperature.””?> The
protein’s redox potentials and autoxidation kinetics
were significantly altered (section 1V.H). The fate of
the glutaraldehyde cross-link upon metabolic break-
down of polymerized Hb has not yet been clearly
established.

One group of researchers produced a polymerized
Hb that had reduced O, affinity (Pso ~25—30) by
treating a diluted solution of human deoxyHb with
glutaraldehyde.”+7% The product consisted in 24%
internally cross-linked Hb, 48% di- to tetra-Hb, and
28% polymers with MW > 500 000. A vascular half-
life of 15 h was measured in the rat. There was no
sign of renal toxicity but mean arterial pressure and
pulmonary arterial pressure increased transiently in
a hemorrhagic shock model in pigs. The elevations
of blood pressure in the rat were similar with a
monomeric, internally cross-linked fraction and a
polymeric fraction (MW >124 000). Hemorrhagic
disorders were seen in rats, rabbits, and monkeys
that indicated endothelial cell damage. These dis-
orders were attributed to the glutaraldehyde treat-
ment on the basis of a comparison with nonglutaral-
dehyde-treated Hb solutions and on the fact that
glutaraldehyde-polymerized albumin showed the same
hemorrhagic disorders.”47%

Glutaraldehyde polymerization of human Hb solves
the COP issue and significantly increased i.v. per-
sistence but does usually not provide a functional
product because of too high O, affinity. Since pyri-
doxalation and other treatments can successfully
correct the Pso of Hb, combinations of such treat-
ments and polymerization were explored, leading to
the commercial development of a polymerized pyri-
doxalated human Hb (section IV.l). However, pyri-
doxal phosphate and glutaraldehyde compete for the
same amino sites of Hb, and the combination of the
two modifications adds further complexity to the
product.522:524,706,796-798 Combinations of NFPLP and
glutaraldehyde treatment of Hb have also been
investigated.”® Finally, whether polymerization suf-
fices to prevent vasoconstriction is highly controver-
sial (section 1V.H).

Since bovine Hb depends on CI~ ions rather than
2,3-DPG for O, affinity modulation3328%° and CI-
concentration in human plasma is substantial, treat-
ment with an affinity modifier is unnecessary. Sta-
bilization of bovine Hb by glutaraldehyde polymeri-
zation resulted in a product that had a Pso of 20
together with a prolonged circulation half-life of
about 10 h.*32773 However, an immediate increase in
systemic and pulmonary vascular resistance was
elicited by a glutaraldehyde-polymerized bovine Hb
in sheep.t%* MetHb also increased rapidly in the
circulation, reaching 33% at 24 h and further limited
the product’s efficacy.8! A commercial glutaralde-
hyde-polymerized bovine Hb is presently under de-
velopment (section 1V.1).

b. Glycolaldehyde Polymerization. Some au-
thors have considered glutaraldehyde “unsuitable”
because it is too reactive, it lacks specificity, and it
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leads to uncontrolled intra- and intermolecular cross-
linking.””® Glycolaldehyde was tauted to be milder
and more specific and to provide better control of
polymerization and O, affinity. The initially formed
Schiff base products were expected to undergo Ama-
dori rearrangement, thereby generating the second
aldehyde function that would allow cross-linking to
occur (Scheme 1).602609.776 \Wijth deoxyHb, the reaction
took place predominantly at the  chains, whereas
both chains were extensively cross-linked under
aerobic conditions. Polymerization was terminated
with NaBH4. A significant amount of non-cross-
linked Hb was still present. The usual increase in
O, affinity and decrease of cooperativity upon polym-
erization were observed. The reactions were slower
than with glutaraldehyde and the products hetero-
geneous, and altogether, glycolaldehyde polymeriza-
tion appears to offer little advantage over glutaral-
dehyde polymerization.

Glycolaldehyde polymerization has also been
achieved on Hb that had first or subsequently been
carboxymethylated,%°82 pyridoxalated, NFPLP-cross-
linked, or DBBF-cross-linked’’¢8% as well as on
bovine Hb.804

c. Further Intermolecular Cross-Linkers. Us-
ing an undisclosed “proprietary” cross-linking agent,
different from glutaraldehyde, an internally cross-
linked polymerized bovine Hb was developed in
Texas, produced in Italy, and administered to chil-
dren with sickle cell anemia in Zaire.®% The patients’
condition was reported to have improved, and no
adverse reaction was reported. A Hb modification
procedure was subsequently reported which com-
prised intramolecular cross-linking with ring-opened
oxidized ATP (0-ATP) 4.68c, intermolecular cross-
linking with ring-opened oxidized adenine (o-adeno-
sine), combination with reduced glutathione as an
antioxidant, and optional enrichment with free-
radical scavengers and other additives.*®%86 The
product was stored at —90 °C. Little chemical char-
acterization was provided. The increased negative
surface charge due to the phosphate groups was
postulated to reduce interactions with the RES and
prevent extravasation and glomerular filtration. The
vasodilatory activity of the adenine residues®”’ was
suggested to compensate for the usual vasoconstric-
tive effect of Hb products.®° This Hb solution proved
as effective or better than blood in resuscitating rats
from severe hemorrhagic shock and did not exhibit
the inflammatory responses seen with unmodified or
glutaraldehyde-modified Hb.8%® The inflammatory
response of human coronary artery endothelial cells
to Hb was strongly diminished.*®> Neurotoxicity on
human brain neuron cultures was also attenuated.8%®

Polymerization using o-raffinose, a hexaldehyde
that is obtained by oxidation of raffinose with NalO,,
was essentially investigated as part of the develop-
ment of Hemolink (section 1V.I).

Polymeric Hbs with MW up to 600 000 and more
were prepared as potential plasma expanders by
treating Hb with short-chain diimidate esters, such
as the diethyl malonimidate 4.40 (Scheme 3, n = 1,
R = C,Hs), too short to cross-link two lysines within
the same tetramer, and relatively concentrated Hb
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Scheme 7

XL-Hb}—COO + CH,CH,N=C=N(CH,),N(CH,),
4.83 , (EDC) 443
H,0
XL-Hb}—C(0)
9
+
CH,CH=NH=C-NH(CH,),N(CH,),  4.84

XL-Hb}—NH,
XL-Hb}—C(O)NH—{XL-Hb 4.85

Scheme 8

o
SO,Na
XL-Hb}—COOH + HON 4.86
4.83
ol

o

SO,Na
4.43
2 e XL-Hb}—C(0)O—N 487

XL-Hb}—NHZl b
XL-Hb}—C(O)NH—{XL-Hb ~ 4.85

solution.®®! Mixtures with high O, affinity and no
cooperativity were obtained; circulation half-lives in
rabbits were 4—12 times longer than for the native
Hb_577

A range of water-soluble polyamides terminated at
both ends by activated esters, aldehyde, or maleimide
functions has recently been synthesized for the
purpose of cross-linking proteins, producing amide
or urea bonds, N-alkylation, or S- and N-alkylation,
respectively.81° Application to the polymerization of
DCLHb indicated that degree of polymerization and
O, carrying capacity could be modulated.583

d. Zero-Link Polymerization. “Zero-link polym-
erization” refers to direct intermolecular binding of
Hb molecules without recourse to a cross-linker. Such
polymerization was achieved using the carbodiimide
EDCI 4.43 on human Hb internally cross-linked (XL-
Hb, 4.83) with sebacoyl residues and bovine Hb
internally cross-linked with adipoyl residues.8!* The
carbodiimide reacted with C-terminal and glutamic
or aspartic side-chain carboxylic functions of 4.83,
forming O-acylisourea intermediates 4.84 that re-
acted with primary amine groups of lysines of an-
other Hb molecule to form a peptide bond (Scheme
7). The yields in polymerized product 4.85 were,
however, limited by the hydrolysis of intermediate
4.84. Better yields were obtained by using a two-step
approach in which 4.83 was first condensed with
N-hydroxysulfosuccinimide 4.86 in the presence of
EDCI to form the ester 4.87 (Scheme 8). The less
water-sensitive activated ester 4.87 then reacted with
amino, hydroxyl, and sulfhydryl groups of another
Hb molecule, yielding 4.85. Extensive polymerization
was achieved by this means, yielding highly hetero-
geneous materials with MW ranging from about 1 x
10% to 2 x 108 for human Hb and up to 56 x 108 for
bovine Hb. Fractionation by anion-exchange chro-
matography allowed determining that O, affinity and
viscosity increased with MW, in line with observa-
tions made with other Hb polymers .81t

e. “Hyperpolymeric” Hemoglobins. “Hyper-
polymeric” Hbs with an average MW of 106 have been
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produced by allowing a large molar excess of diverse
difunctional cross-linkers, including DIBS 4.38, DIDS
4.39a, divinyl sulfone 4.58, 1,2:3,4-diepoxybutane
4.59, or glutaraldehyde 4.80, to react with highly
concentrated solutions of human or bovine%8732 or
porcine Hb.*° Divinyl sulfone 4.58, for example,
when allowed to react directly with deoxygenated
human RBCs (i.e., on a highly concentrated Hb
solution), produced, after hemolysis, neutralization
of excess reagent, fractionation, and concentration,
highly polydisperse “hyper”polymerized Hb with high
Pso values.8'? Viscosity and oncotic pressure increased
exponentially when the concentration of Hb in solu-
tion reached around 70 g/L.

Comparison with intratetrameric cross-linked Hb
products produced from diluted Hb solutions under
otherwise similar conditions indicated that O, affinity
had increased 2- to 5-fold upon polymerization and
that there was considerable loss in cooperativity.
Detailed studies have been published on the visco-
simetry and structure in solution’®®> and on MW
determinations® for polymers obtained by reaction
of glutaraldehyde or DIBS with RBCs.

This work was inspired by the existence of natural
Hbs with MWs in the millions in certain lower phyla
animal species, such as the common earth worm
Lumbricus terrestris. The stable high MW
(~3 500 000) Hb isolated from L. terrestris contains
some 200 iron atoms and exhibits O, affinity and
cooperativity similar to those of human Hb.470814
However, when this Hb was infused in mice, an
unexplained in vivo interaction with mouse blood
resulted in increased O, affinity.

f. Copolymerization with Enzymes. Bovine Hb
has been polymerized with glutaraldehyde in the
presence of small amounts of the enzymes superoxide
dismutase and catalase.?’®>"817 The objective was to
provide an O, carrier with antioxidant properties that
could be useful in clinical situations involving is-
chemia and reperfusion, as it could protect both the
tissues and the protein against the reactive oxygen
species that are generated in vivo during reperfusion.

No chemical characterization of the reaction sites
and polyhemoglobin-superoxide dismutase-catalase
product was provided besides an HPLC analysis that
showed the usual broad distribution of MWSs. At the
concentrations used, HPLC was not sensitive enough
to detect the enzymes. However, metHb formation
during polymerization was reduced (~7%) as com-
pared to polymerization in the absence of enzymes
(~20%).8*® The enzymes’ circulation half-time was
prolonged significantly, and the loss in their activity
upon polymerization was minimal. Oxidation of Hb
by superoxide and hydrogen peroxide and the forma-
tion of ferrylHb were prevented in vitro for certain
enzyme ratios.?'581% The increase in free-radical
generation observed upon perfusion with a polymer-
ized Hb solution in a rat ischemia-reperfusion model
was markedly attenuated.®?°

4. Conjugation to Polysaccharides and Proteins

Covalent coupling of Hb to biocompatible, water-
soluble polymers provided alternative means of in-
creasing the protein’'s MW and size. Surface modifi-
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cation was a further objective for such coupling.
Among the preferred polymers were those used in the
clinic as plasma expanders, primarily natural or
modified polysaccharides such as dextrans and
starches.

Conjugation of Hb with polysaccharides requires
prior activation of the latter. The activated polymers
are complex mixtures since reaction can occur at
multiple sites. They can then react with one or more
Hb molecules, which can be conjugated through one
or more bonds, diversely located at the protein’s
surface, to one or more polymers.

a. Dextrans. Dextrans are polydisperse biopoly-
mers composed of a-p-glucopyranosyl units 4.88 with
diverse degrees of branching and chain length. Some
of them are used as plasma volume expanders. They
are metabolized or excreted after temporary storage
in the RES. The dextrans utilized for conjugation
with Hb were generally low-MW (20 000—70 000)
compounds, known to be less antigenic than those
with higher MWs.82! Conjugation to Hb was achieved
by N-alkylation or acylation, amidation, and S-
alkylation.

When N-alkylation of Hb was the objective, dextran
was treated with NalO,4, which produced a range of
polyaldehydes in proportions depending on extent of
oxidation.®?2 The MW distribution and properties of
the dextran-oxyHb conjugation products were strongly
pH-dependent.®?® Stable bonds were formed at high
pH, indicating that Amadori rearrangement of imine
linkages into ketoamines had taken place. Affinity
for O, was strongly augmented, while cooperativity
and Bohr effect were decreased, indicating modifica-
tion of amino groups involved in the salt bridges that
stabilize the deoxyHb form. Dextran that had been
either oxidized with NalO,4 or derivatized by attach-
ment of glutaraldehyde to an amino-substituted side
chain reacted with Hb to produce, after NaBH,
reduction, high O, affinity products.8?* These prod-
ucts were deemed unsuitable for use as blood sub-
stitutes on the basis of heart perfusion experiments.

Amidation of oxy- and deoxyHb was achieved with
activated carboxyl-derivatized dextrans.?> Thus, dex-
tran derivatized with 6-bromohexanoic acid, 4.89,
was allowed to react with Hb in the presence of
EDCI, yielding the conjugate 4.90 (Scheme 9). Al-
ternatively, the acid was treated with N-hydroxysuc-
cinimide and dicyclohexylcarbodiimide (DCC) and the
resulting dextran hydroxysuccinimide ester 4.91 was
reacted with Hb. The conjugates 4.90 had very low
Pso values that could not be corrected by pyridoxa-
lation prior to conjugation, leading to the conclusion
that these conjugates could not be used as O, carriers.

When the sulfhydryl functions were the targets of
the modification, dextran was activated by treatment
with cyanogen bromide, followed by diaminoethane,
yielding 4.92, which was acylated with bromoacetyl
bromide into bromoacetylaminoethylaminodextran
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Scheme 9
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Dex}—OC(=NH)NHCH,CH,NHC(O)CH,Br 4.93
‘Hb}—SH

Dex}—OC(=NH)NHCH,CH,NHC(O)CH,S —{Hb  4.94

4.93 (Scheme 10).436:826-828 Conjugation of Hb with
4.93 led to mixtures of S-alkylated Hbs 4.94 with
different stoichiometries and linking patterns. A
sharp increase in viscosity upon storage indicated
continued reaction of residual bromines on the dex-
tran with Hb, which could be prevented by removing
the unreacted bromines with sulfhydryl-containing
compounds such as L-cysteine or S-mercaptopropionic
acid.”® High concentrations of reactants led to ex-
tensive three-dimensional networking, increased vis-
cosity, and gelation.8?” Both carboxymethylation and
conjugation to a dithiopyridyl group-activated dext-
ran through a disulfide exchange reaction at the Cys-
93p residues produced mixtures with less than 10%
of Hb's reactive thiols remaining intact.5*

The circulatory half-life of a 6% solution of a typical
Hb-dextran conjugate reached 2 days in close-to-
totally exchange-perfused dogs.8?° Conjugation with
dextrans of MW larger than 20 000 did not further
retard clearance from circulation.®° Urinary excre-
tion and impairment of kidney function were pre-
vented (rat),*®® and the rate of extravasation of Hb
into the peritoneal cavity was strongly reduced
(rabbit).”®® The dextran—Hb conjugate was more
resistant to acidic denaturation than free Hb and
showed reduced affinity for haptoglobin.®! The ex-
cessive O, affinity (Psp ~7—10 Torr) of the dextran—
Hb conjugate was corrected by reductive alkylation
with NalO,-oxidized inositol tetraphosphate 4.63 and
dimethylamineborane.”7% Conjugates in which dex-
tran was bound to either carboxyl groups or amino
groups of Hb have also been investigated in the
former Soviet Union.767:832

b. Hydroxyethylstarch and Inulin. Hydroxy-
ethylstarch was derivatized with cyanogen bromide,
ethylene diamide, and glutaraldehyde and oxidized
with NalO, in view of producing HES—Hb conju-
gates.824833 Significant cross-linking was observed,
yielding viscous heterogeneous products with in-
creased O; affinity.8** In a further rather complicated
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seven-step approach, an aldehyde-derivatized HES
obtained by treatment, first with cyanogen bromide,
then with a di-, tri-, or tetraamine, then with glut-
araldehyde, was further oxidized with NalO,; the
resulting polyaldehyde mixture was eventually al-
lowed to react with Hbs that had already been cross-
linked intramolecularly with EDCI-activated gly-
oxylic, glutaric, or adipic acids, followed by NaBH,
reduction.®> More recently a Hb—HES conjugate was
obtained from cyanogen bromide-activated HES in
somewhat different conditions.®3 The Hb concentra-
tion of solutions of such conjugates was limited by
viscosity, and mixtures with RBCs resulted in a kind
of sludge that indicated strong interaction with
RBCs.

Inulin (a common polyfructan) was esterified with
succinic anhydride, then activated with N-hydroxy-
succinimide. A large excess of this reagent was
allowed to react with pyridoxalated Hb.83” Plasma
half-life was significantly increased; the Psy values
remained, however, on the low side.

c. Polyanionic Dextran Conjugates. Correction
of the improper Pso of dextran/Hb conjugates was
achieved by using polyanionic dextrans, including
dextran sulfate 4.95%3% and phosphate 4.96,71483%° and
the benzene tetracarboxylate- or hexacarboxylate-
derivatized dextrans 4.97a,b (Scheme 11).712~714840-842
The latter derivatives provided particularly high
negative charge densities.

NalO;-oxidized dextran phosphate®® or sulfate’1483°
when allowed to react with deoxyHb yielded, after
reduction with NaBH,, anionic dextran—Hb conju-
gates with low O, affinity. Conjugation was facili-
tated as compared to noncharged analogues, result-
ing in larger MWs.

Dextran benzenehexacarboxylates were prepared
by condensing benzene hexacarboxylate either onto
a hydroxyl group of dextran, resulting in an ester
function (4.97b, Dex-BHC), or onto an aminated
dextran 4.98, resulting in an amide link (4.99, Dex-
N—BHC),842843 in both cases in the presence of EDCI
4.43. Dextran—benzene tetracarboxylate 4.97a (Dex-
BTC) was obtained from dextran and benzene tetra-
carboxyl anhydride.®** Some cross-linking between
polymer chains occurred during condensation with
Hb, and such cross-linking was more extensive when
a flexible spacer was present, as in 4.99.84° Coupling
of the benzene polycarboxylates with Hb using EDCI
was proposed to take place preferentially at the Val-
15 residues. Modulation of Psy (from 4.5 Torr for
unmodified Hb to 28 Torr) was achieved by varying
the density in negatively charged groups and the
dextran polycarboxylate/deoxyHb ratio.”*? Oxygen
affinity decreased with increasing BTC/Hb ratios and
increasing EDCI concentration.®! Subsequent addi-
tion of IHP did not increase Psy further, indicating
that the allosteric sites of the conjugated Hb were
occupied by BTC groups. When conjugation was
effected on oxyHb in the presence of IHP, the yield
was substantially decreased and the Ps, of the
conjugate, after IHP had been removed, was lowered,
suggesting that IHP hindered the access of the 2,3-
DPG site to the dextran-linked BTC groups. The Bohr
effect was greatly reduced, indicating that the Val-
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Scheme 11

Dex}—OH

1)H c——CH CH.CI
2) Zn(BF
3)NH,OH, NH,CI

Dex}—OCH,CH(OH)CH,NH, 4.98

C4(COOH),
EDCI

Dex}—OCH,CH(OH)CH,NHC(O)

4.99 (Dex-N-BHC)  Hooc  cooH

1la residues were among the sites of fixation of Dex-
BTC. Whether other sites were involved and whether
more than one of the three carboxylate functions
available were implicated has not been determined.
High COP, due to the presence of both unbound
dextran and unbound Hb, could limit the Hb concen-
tration of injectable solutions of such material. The
amount of nonconjugated Hb could be decreased by
using larger proportions of EDCI, but Ps, then
decreased also.”®® The O; affinity-reducing effect of
the polyanionic polymers was powerful enough to
allow the reactions to be conducted conveniently on
oxyHb, which could be an advantage from a process-
ing standpoint.?42 This advantage was lost, however,
when NalO, -oxidized benzenehexacarboxyl dextran
was used for conjugation through N-alkylation.”** The
circulation half-life of Dex-BTC—Hb was about 10 h
in 50% exchange-transfused guinea pigs.8** Some
limited extravasation was observed as well as a
gradual breakdown of the Hb—dextran conjugate.

Administration of Dex-BTC—Hb to rabbits in three
situations, bolus injection, hemodilution, and resus-
citation from hemorrhage, always resulted in in-
creased mean arterial pressure and decreased heart
rate.84 In the hemodilution case, decreased abdomi-
nal aorta distension was also noted. Investigation of
the effects of Dex-BTC—Hb solutions on RBC rheol-
ogy indicated increased viscosity, especially at the low
shear rates relevant to the microcirculation, and
increased aggregation.846.847

d. Serum Albumin—Hemoglobin and Albumin—
Synthetic Heme Conjugates. An early attempt at
coupling Hb with albumin using a large excess of
EDCI resulted in a product with a very low Ps,.848
Conjugates have been produced in which Hb was
copolymerized with albumin using glutaralde-
hyde.”67:832 Copolymerization of pyridoxalated human
Hb with serum albumin using glutaraldehyde yielded
a very complex mixture.84°

Although not a derivative of Hb, an O,-carrying
hybrid made of recombinant human serum albumin
and the synthetic “picket-fence” tetraphenylporphi-
natoiron(l1) complex 4.100 with a covalently bound
proximal histidine must be mentioned.?10:211.850-852 p
to eight such synthetic hemes could be loaded into
one albumin molecule. Exchange transfusion with the
product restored arterial pressure and blood flow and
demonstrated O, delivery in hemodiluted and hemor-
rhaged rats.?!* The in vivo half-life of the dioxygen

HOOC COOH

COOH
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complex was about 4 h. Slower autoxidation in vivo,
as compared to Hb, may be due to the more hydro-
phobic environment provided by the albumin host
molecule and to reduction of metHb by ascorbic acid
provided by the RBCs. A lower COP was obtained
by producing an albumin dimer using bis(maleiimide)
cross-linking chemistry, thus allowing the prepara-
tion of a 10% Hb solution with the same COP as
blood.8>3

5. Pegylated Hemoglobins

Grafting poly(ethylene glycol) chains (pegylation)
has become a popular means of altering and control-
ling the biodistribution, pharmacokinetics, and toxic-
ity of drugs, proteins, and particulate matter.854-862
Pegylation of Hb is an effective way of increasing the
molecule’s size. It was expected to hinder renal
excretion, reduce toxicity, and prolong i.v. persistence
by reducing the molecule’s visibility to the RES. Very
different products were obtained depending on
whether only one or both ends of the PEG chain were
functional. In the former case, the Hb molecule is
simply “decorated” with PEG strands, which signifi-
cantly increases its size and surface hydrophilicity,
hence changes its diffusibility, but does not reduce
its COP. The extensive hydration of the PEG chains
that results from hydrogen bonding of water mol-
ecules to the ether oxygens can actually increase the
colloid osmotic activity and viscosity of the solutions
significantly,>2°8%6 which may limit Hb concentration.
When both ends of the PEG chain are reactive, there
are numerous additional possibilities of intra- and
intermolecular cross-linking. Low MW PEG chains
(5000 or less) appear to facilitate renal excretion and
are better tolerated.
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Conjugates of Hb with poly(vinylpyrrolidone) have
been reported;®®3 polyvinylpyrrrolidone solutions are,
however, no longer used as plasma expanders.

a. Monofunctional Poly(ethylene glycol) Re-
agents. Cyanuryl chloride-activated monomethoxy-
poly(ethylene glycol) 4.101, when allowed to react
with Hb, provided adducts with unexpectedly high
MW, indicating that intermolecular cross-linking was
taking place.®® Acylation of human Hb with an

Cl
=
CHSO(CHZCHZO),,‘<O N 4.101
&
cl

mPEG of MW around 5000 that had been converted
into the succinimidyl succinate 4.29 or succinimidyl
oxyacetate 4.27 (Chart 3) produced Hb conjugates
with a MW around 190 000 and low Psg, whatever
the ligand state and conditions.®4484 | esser O, af-
finity was obtained when condensation was achieved
on deoxyHb in the presence of IHP. Conjugation of
mPEG with pyridoxalated deoxyHb eventually pro-
vided low O, affinity, similar to that of the initial
pyridoxalated Hb.%* Lower MW mPEGs (MW 1900)
were subsequently used, which limited the increase
in viscosity and oncotic pressure.’4> The new conju-
gates were purified by ion-exchange chromatography
and had about 13—14 PEG strands per Hb and a
mean MW of 90 000. Their Pso was still rather low.
The increase in arterial blood pressure was similar
for the modified and unmodified Hbs in a rat model
of hemorrhagic shock. A more recent mPEG-deriva-
tized pyridoxalated Hb prepared from cyanuryl chlo-
ride mPEG was reported to cause RBC aggrega-
tion 836

Reaction of PEG-succinimidyl carbonate 4.31 with
Hb yielded carbamate linkages that were less vulner-
able to hydrolysis than ester bonds and resisted a
variety of enzymes well 84865 When 7—8 PEG strands
were attached, the Psg of 28 Torr of bovine Hb treated
with 4.31 was essentially maintained and the half-
life in the circulation was 10—13 h in 70% exchange-
transfused rats. A larger number of PEG strands led
to increased O, affinity and viscosity.

In another approach, an amino-mPEG was first
coupled with benzene hexacarboxylate using EDCI,
yielding 4.102. Carboxylic groups of 4.102 were then

HOOC ~ COOH
CH,O(CH,CH,0),, CH,CH,NHC(O) COOH  4.102

(+ EDC) HOOC COOH

condensed with amino groups of oxyHb or deoxyHb,
also with EDCI, resulting in polyanionic conjugates
with an average MW of about 75 000.712865 Dramatic
increases of Pso were obtained that were insensitive
to IHP, indicating that coupling had taken place at
the allosteric site.®%> Monosubstitution occurred pri-
marily on the 3 chains (65% versus 15—20% on the
o chains) at the Val-15 termini. In the case of oxyHb,
an excess of EDCI led to lower Psg, which was
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suggested to indicate that some intramolecular cross-
linking involving at least two carboxylate groups had
occurred.

Further pegylation reagents used with Hb include
the very stable PEG-thiazolidine-2-thione 4.103,
which conveniently provided amide bonds with bo-
vine Hb.8% Circulation half-life in rats was prolonged

S

CH3O(CHZCHZO)nCHZCOO—N>j 4.103
s

4-5 times, but Pso was very significantly decreased
as compared to native Hb. An attempt at modifying
the surface of DCLHDb specifically at the Cys-93p sites
using the 4-fluorobenzenesulfonate-activated ester of
MPEG 4.104 failed to give the expected methoxy-
PEG grafted Hb.85

CH30(CH2CH20)nS(O)ZO@—F 4.104

The relations between pegylation, increase in hy-
drodynamic volume, COP, and viscosity of the Hb
product, and vasoactivity were investigated using
MPEG chains of different length and different bind-
ing procedures. The latter included grafting of MPEG
chains onto the Cys-938 residues by maleimide
chemistry (eq 4.11) and onto the Val-13 sites by
reductive alkylation chemistry and amidation of the
Glu-43p3 residues of oxyHb with an amino-mPEG
derivative using EDCI.582 To increase the number of
MPEG chains on the protein, several of Hb's NH;
groups were derivatized into SH groups with Traut's
reagent 4.56 prior to maleimide-mPEG derivative
treatment (eq 4.12). The new pegylation sites were
not identified. The size of the PEG chains (but not
the chemistry involved in their binding) determined
the hydrodynamic volume of the Hb product. Grafting
of six mMPEG chains onto Hb resulted in molecules
with a large hydrodynamic radius of 15 nm (com-
pared to about 3 nm for Hb), a low Ps, of 6 Torr, and
little cooperativity. The presence of six MPEG strands
on the protein reduced its pressor effect more ef-
fectively than when only two PEG chains were
bound.®®? No significant hemodynamic responses
were seen during resuscitation of rat and swine
following hemorrhage with a 4 g/dL solution that had
a large COP of 50 Torr and a viscosity of 3 cP,
comparable to that of blood.8” Other data indicated
some residual mean pulmonary artery pressure
increase.®% This technology was recently licensed to
Sangart, Inc. (San Diego, CA).

b. Polyfunctional Poly(ethylene glycol) Re-
agents. A large part of the work done with Hb and
difunctional PEG esters was directed at the develop-
ment of a pyridoxalated Hb product that is being
pegylated using the activated PEG diester 4.28 and
is known as PHP (section IV.I). A highly polydisperse
polymerized pyridoxalated Hb had initially been
obtained using the PEG-bis(succinimidyl succinate)
4.30.%47 Contrary to glutaraldehyde-polymerized py-
ridoxalated Hb, substantial cooperativity was re-
tained. Polymerization and decoration of deoxy-
DCLHb were achieved with the activated PEG-bis-
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(benzenesulfonates) 4.55a and somewhat less ef-
fectively with 4.55b.%85 Pegylation occurred primarily
at the Cys-93p residues but also at primary amino
groups. Pso values and cooperativity remained in the
commonly considered useful range. a,0-DBBF—Hb
was also polymerized using a thiol-specific bis-
(maleoylglycylamide)-PEG reagent®® for the purpose
of studying the impact of polymerization on Hb’s
redox and O, carrying and redox properties,?’° renal
function, and pressor effect.8”? Psy diminished as
usual with increasing extent of polymerization. Renal
clearance was reduced and intravascular retention
increased. Specific cross-linking of pyridoxalated Hb
at the Cys-934 residues, also using a bifunctional
maleimide PEG, has been briefly mentioned.5?¢
Tetronic block polymers were treated with di-
methyl sulfoxide and DCC, yielding tetraaldehydes
of type 4.105, which were then allowed to react with
Hb that had first been cross-linked with glutaric acid,
HOOC(CH;)sCOOH.872 Little detail was provided.

OCHCH,(OC,HHOCHelp, (C,H.OMC,H,0)CH,CHO
NCH,CH,N
OCHCH,{OC,H){OC,H)y” MC4H,OC,HO)CH,CHO

4.105

E. Genetic Engineering of Hemoglobin

Expression of the 3 globin chains of Hb in E. coli
was achieved in the mid-1980s, allowing, by combi-
nation with native a chains and hence, the prepara-
tion of semi-recombinant tetramers.*72873874 Coex-
pression of both chains in E. coli was subsequently
achieved.®”®> Functional recombinant Hb (rHb) is
obtained by assemblage of the genetically produced
globins with heme endogenous to the expression
system or exogenous. Heme is present in and com-
mon to numerous species, from bacteria to mammals,
but not always in a sufficient amount. Heterologous
gene expression in E. coli produced a rHb molecule
that was constitutionally different from normal hu-
man Hb since it had additional N-terminal methion-
ine residues on all four chains.8”>876 This mutant Hb
(as well as the mutant with a Val-1—Met substitu-
tion) was nevertheless structurally®”787® and func-
tionally®™ close to HbA, although it showed reduced
cooperativity and Bohr effect and a loss of O, binding
regulation by 2,3-DPG. Structural heterogeneity,
resulting from misfolding or misassembly of the a
and j subunits or initial misorientation of the heme,
has been observed®®® as well as, in some cases,
changes of native function over time.#! Recombinant
Hb with the exact sequence of human HbA was
subsequently produced in E. coli through coexpres-
sion of the a and g globin genes and of a methionine
aminopeptidase gene.?82883 Incorrect heme insertion
could be corrected by carrying out an oxidation—
reduction cycle on the isolated rHb. The same ex-
pression system was used to produce diverse mutant
Hbs.477

Normal and modified human Hb genes were ex-
pressed in bacteria (E. coli),472473476477874-876,862,884-888
yeast (Saccharomyces cerevisiage),*’8889-81 mijce,892-8%
pigs,74479.8% gnd plants,®7 in particular tobacco,*’®
allowing the production of a large variety of normal
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and mutant rHbs. The availability of a precise three-
dimensional structure of Hb?%¢ was instrumental for
the design of these proteins. Purification of rHbs
usually involved several successive chromatographic
steps.836'890

Human rHb expressed in yeast had the correct
N-terminal residues because yeast contains methio-
nyl aminopeptidases that remove the initiating me-
thionines.*78889.8% However, part of the rHb molecules
had higher O, affinity and lower cooperativity that
were attributed to improper folding.8%® Subsequent
studies indicated that the abnormal form was due to
Hb incorporating a sulfheme (i.e., a structure with
sulfur in the periphery of the protoheme IX group).8%°
Human sickle rHbS has also been expressed in
yeast.8% Expression yields in yeast are, however,
lower than in bacteria.

Site-directed mutagenesis has been used for the
purpose of elucidating Hb and Mb structure/function
relationships and determining the relations that
govern them307:473879,891,900-905 o gptimizing the func-
tional properties of cell-free Hb.#73:477,8853887,889,906-908
Key objectives were to control O, affinity, rates of NO
binding, autoxidation, and stability. Myoglobin has
often been used as a prototype to develop methodolo-
gies and elucidate mechanisms.?%%°1® Remarkable
genetic engineering feats led to human rHbs that
responded to chloride ions (as in bovine)®!! or bicar-
bonate ions (as in crocodile)®? rather than 2,3-DPG
for allosteric regulation, rHbs in which the positive
charges at the 2,3-DPG sites are neutralized,37:°13
rHb with a carbonmonoxy form that is readily
converted into a deoxy form by addition of IHP,%7
chimerical globins composed of the first half of the a
chain and the last half of the j chain,®* etc. Reengi-
neering of the heme pocket, especially by replacing
some amino acid residues by more bulky and less
polar ones, produced variant Hbs with significantly
lower rates of reaction with NO and lower vaso-
activity but preserved O, delivery efficacy (i.e.,
capable, to some extent, of discriminating NO from
0,).307:315,915,916 Reduced reactivity with NO translated
into attenuated gastric dysmotility. Genetic engi-
neering thus allowed one to independently manipu-
late Pso and the rate of NO uptake. However, these
experiments, as in the case of chemical modifications,
raise the question of which other characteristics of
the Hb molecule might have been altered by the
genetic mutation.”® Random combinatorial mutagen-
esis techniques are also being developed.®%8

A variant of human Hb, rHbl.1, stabilized by a
glycine bridge between the COOH and NH, termini
of the a chains and bearing an Asn-1085—Lys muta-
tion that provided reduced O, affinity, was expressed
in E. coli and developed for commercialization. Hu-
man Hb was also expressed in transgenic pigs. Both
enterprises are described in section IV.1.

Genetic engineering opens fascinating perspectives
in terms of manipulation of the properties of Hb. It
might ideally provide Hb mutants with (simulta-
neously) increased molecular stability, reduced O,
affinity, reduced autoxidation rate, reduced rate of

reaction with NO, and increased circulation half-
|ife_307,315,476,723,908,917
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F. Hemoglobin Encapsulation

Re-encapsulation of natural or modified Hb within
an artificial barrier membrane is expected to achieve
some of the features of RBCs (Figure 11), although
with considerable differences in structure, shape,
rheological behavior, and functioning and without the
antigens present on the RBC surface. This approach
has the potential to prevent Hb dissociation and
clearance through the kidneys, solve the COP issue,
reduce extravasation, vasoconstriction and organ
toxicity, and increase intravascular persistence. Co-
encapsulation of allosteric effectors can be used for
correcting excessive O, affinity. Incorporation of
reductants or reductases can limit metHb levels.
Surface modifications may increase the particle’s
circulation half-life and reduce viscosity and aggrega-
tion. Large differences in formulation and processing
methods used by different investigators led to widely
different Hb liposome structures, characteristics, and
in vivo behavior.

LEHb proved efficacious in diverse hemorrhagic
shock®® and exchange transfusion®®-°2t models.

1. Early Artificial Red Blood Cells

Early attempts to encapsulate Hb relied on rather
large semipermeable microcapsules made from ma-
terials such as nylon and collodion.®?2928 Hemoglobin-
loaded biodegradable polyamide microcapsules, 0.5
um in average diameter, were also reported.®?*

“Hemosomes” were obtained by sonicating concen-
trated Hb solutions with phospholipids and choles-
terol; dicetyl phosphate or other negatively charged
lipids were added to increase the surface charge and
reduce aggregation.®?>9%6 A 35 vol % suspension of
such vesicles allowed survival of rats after 92% blood
exchange.®?” Co-incorporation of Hb and IHP in
dipalmitoylphosphatidylcholine (DPPC)/cholesterol
liposomes shifted the Psq from 17 to 50 Torr.9272 Co-
encapsulation of Hb and 2,3-DPG in liposomes made
from egg yolk phosphatidylcholine, dipalmitoylphos-
phatidic acid, cholesterol, and o-tocopherol, using a
reverse-phase evaporation and extrusion-based pro-
cess yielded “neohemocytes”.??® The Pso was 24 Torr,
most of the cooperativity was retained, and the half-
life in the circulation was estimated as 5.8 h. How-
ever, a sufficiently fluid 25% suspension of these
liposomes contained only about 3.8 g/dL of Hb. Some
signs of liver toxicity were seen, and the need for
limiting the increase in metHb was recognized.%?8

2. Specific Challenges

The most thoroughly investigated Hb confinement
systems are lipid vesicles (or liposomes). Since their
discovery,%?° liposomes have been extensively studied
as drug delivery systems, the primary purpose being
to reduce the toxicity of drugs and prolong their
intravascular circulation. Commercial development
of liposome formulations has been slow but was
recently rewarded by the approval and marketing of
several liposomal antifungal and anticancer prepara-
tions.93°~93l

However, the liposome-encapsulated Hb (LEHb)
approach carries specific challenges which are related
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to the large doses of Hb that are to be administered,
redox properties of the protein, need for high encap-
sulation efficiency, cost of ingredients, difficulties of
large-scale manufacture, interference with analytical
methods, metHb control, and shelf stability.3? Match-
ing the over 300 g/dL entrapment efficiency of the
RBC is not a trivial task. High encapsulation ef-
ficiency is also required in order to not overload the
patient with lipids. The tendency for liposomes to
aggregate in plasma, which also appears to be Hb-
specific because of the large doses administered,
needs to be prevented.®*® Hydrophobic interactions
between Hb and the liposomal membrane can result
in the intercalation of the protein into the bilayer,
which can facilitate peroxidation of lipids, unfolding
of Hb, oxidation of heme iron, displacement of the
heme from the globin, decoordination of the iron
atom, and other alterations.®** Peroxidation of mem-
brane lipids by Hb and its redox byproducts is of
particular concern, possibly limiting the use of oxida-
tion-prone natural phospholipids (with unsaturated
fatty acids). The latter may react with Hb products
yielding metHb, fatty acid hydroperoxides, aldehydes,
endoperoxides, malonic dialdehyde, aldol condensa-
tion products, etc.?%797 Phospholipids and lipid
vesicles appear to catalyze the free-radical-mediated
oxidation of Hb and vice-versa.®33° Some LEHb also
evoked undesirable hemodynamic, hematologic, and
biochemical responses.6?

LEHb constitute foreign particulates that are op-
sonized in the plasma, recognized and processed by
the RES, mainly in the liver, spleen, and bone
marrow,398:400:401,928,932,940-942 Bjodistribution was found
independent from Hb type and source. There was no
evidence of a deleterious effect on cells or accumula-
tion of Hb in tissues.®*® Phagocytosis typically results
in short plasma half-life and transient changes in
serum enzymes. The rate of removal of liposomes
from the blood stream decreases sharply with dimin-
ishing sizes and increasing doses. Positively charged
liposomes are generally removed faster than nega-
tively charged ones, which are removed faster than
neutral ones. The intravascular half-life of LEHb also
depends on the membrane surface. Removal of LEHb
from circulation as well as phagocytosis by cultured
monocytes are biphasic (Figure 12).400:565944.945 p to
one-half of the LEHb administered to rabbits was
rapidly engulfed in the first two to 4 h, followed by a
slower phase, possibly indicating RES saturation.

Transient blockage of the RES has been ob-
served,?®! resulting in increased sensibility to Listeria
infection.?*¢ RES uptake and possible overload by
other liposomes has been discussed.407:410.947-950 | ys5o-
phospholipids appear to enhance RES depression by
liposomes.#1® A marked but transient increase in
interleukin-6 level in the plasma of mice, indicative
of macrophage activation, has been measured with
LEHb that was larger than with empty liposomes.*3*
Complement activation by LEHDb in rat and pig has
been documented.®®192 The response of the RES to
endotoxin stimulation was also affected by LEHD, as
indicated by inhibition of tumor necrosis factor-a
production (an indicator of inflammatory response)
by mononuclear phagocytes in the presence of li-
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Figure 11. Schematic representation of liposome-encap-
sulated Hb products with (a) a plain phospholipid bilayer
membrane, (b) a polymerized lipid membrane, (c) a poly-
(ethylene glycol) decorated membrane, and (d) allosteric
effector, enzyme, antioxidant, and cryoprotector supple-
mentation.
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Figure 12. Clearance of (a) liposome-entrapped Hb as
compared to (b) cell-free Hb from the blood of rats injected
with a total of 17.2 mg of 51Cr-labeled Hb in either form.
The liposomes were made from hydrogenated egg phos-
phatidylcholine and cholesterol. (Reprinted with permission
from ref 565. Copyright Elsevier 1994.)

popolysaccharides and LEHb in vitro® and in
vivo.%% Modulation by LEHb of the inflammatory
response of isolated splenocytes or cultured mono-
cytes to endotoxins was also observed.?*> The binding
of endotoxins on the surface of LEHb has been
considered. Endotoxin-induced mortality in LEHb-
treated rats depended strongly on the time interval
between LEHb and endotoxin administration and on
endotoxin level.?®? Transient thrombocytopenia, pos-
sibly due to transient sequestration of platelets in
the liver and spleen, has been observed persistently
with LEHD®293 and other liposomes.®®* Finally,
accurate measurement of lipid-embedded endotoxin
levels is difficult, possibly due to the particulate
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nature of LEHb or association of endotoxin with
LEHD.%5

Comparable challenges are encountered with non-
liposomal capsules. The components of the contain-
ment system need to be biocompatible, inert, bio-
degradable, and rapidly excretable.

3. Phospholipids and Liposome Formulation

Phospholipids (e.g., 4.106a—d) combine a hydro-
philic polar moiety and a hydrophobic apolar moiety
made of fatty acid chains. This amphiphilic character

R,C(0)0 Z=CH,CH,NYCH,), a (PC)
RzC(O)OjL Z = CH,CH,NH, b (PE)
OP(0);0z Z2=H ¢ (PA)

Z = CH,CH,NH(OCH,CH,),OH
4.106 d (PEG-PE)

is the driving force that causes phospholipids to form
bilayers (as in liposomes) when dispersed in water
and monolayers at certain interfaces (as in oil-in-
water emulsions). Liposomes are primarily held
together through hydrophobic forces. Phospholipids
are the main constituents of cell membranes in all
living organisms. Natural phospholipids consist of
mixtures of phosphatidylcholine 4.106a (PC), phos-
phatidylethanolamine 4.106b (PE), phosphatidyl-
inositol, phosphatidic acid 4.106¢ (PA), other phos-
pholipids, as well as a variety of other compounds,
such as fatty acids, triglycerides, sterols, carbohy-
drates, and glycolipids. Phospholipids are extracted
from vegetal tissue, such as soy bean, and animal
tissues, primarily egg yolk, isolated by solvent ex-
traction, and purified by recrystallization and/or
chromatography.®6:°57 Because of labile ester link-
ages and unsaturated fatty acids, natural phospho-
lipids tend to undergo hydrolysis and oxidation over
time. Acid/base-catalyzed hydrolysis yields free fatty
acids and lysophospholipids, followed by glycerophos-
pho compounds and eventually glycerophosphoric
acid.®8%9 The rate of hydrolysis has a minimum
around pH 6.5. Lysophospholipids can modify mem-
brane performance and are known to have toxic
effects when present in large amounts.®®® Their
formation can, therefore, limit a product’s shelf life.
Oxidative degradation of EYP can occur in unsatur-
ated acyl chains and cholesterol.

The physicochemical and biological properties of
liposomes (including aggregation, intravascular per-
sistence, and interaction with the RES) are largely
determined by the structure and properties of the
bilayer membrane that surrounds them and depend
on phospholipid composition, particle size, surface
charge, processing, and thermal history. The lipids
used for preparing liposomes are similar to those
used for manufacturing pharmaceutical emulsions for
parenteral nutrition, drug delivery, and O, delivery
with PFCs?19%1 (see also section V.D). Pure, synthetic
saturated phospholipids, such as distearoylphos-
phatidylcholine (DSPC), are now available that are
not oxidizable and provide improved biological prop-
erties,®3.92 put their use involves higher cost. Hy-
drogenated or partially hydrogenated natural lipids
containing less oxidizable monounsaturated rather
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than polyunsaturated fatty acids may provide a
convenient, less costly raw material.%33:963-967 g-p-
Tocopherol is often added as an antioxidant for
protection of the lipids. However, a-tocopherol may
destabilize liposomes with respect to particle size
increase.%’

Unless properly protected, liposome-encapsulated
Hb rapidly converts into metHb. Extensive oxidation
of Hb was observed during LEHb production and
storage.%® A liposomal bovine Hb preparation lost
essentially all of its in vivo O, carrying capacity
within 24 h, presumably due to metHb conversion,
although about 40% of the initial Hb was still in
circulation.®®® While Hb in liposomes solely made of
egg PC converted into metHb within 2 days at 4 °C
(i.e., much faster than Hb in solution), no acceleration
in metHb formation was seen when a mixture of
dimyristoylphosphatidylcholine (DMPC), cholesterol,
and dicetyl phosphate was used.%® Co-encapsulation
of enzymatic reduction systems and other protectants
appears indispensable. Glutathione,%%4944 p, 1 -homo-
cysteine,?%97971 catalase,®®® methemoglobin reduc-
tase,®”? coenzyme NADH5%* (with glucose, adenine,
and inositol as substrates),®33°72 or superoxide dis-
mutase and catalase®7-9° were used for this purpose.

Cholesterol represents up to one-half of the lipids
present in a liposomal formulation. Its purpose is to
reduce membrane permeability, improve liposome
resistance to fusion and lysis, hinder Hb oxidation
and denaturation, and reduce lipid peroxidation. The
rigid cholesterol molecule inhibits both hydrophobic-
and ionic-type interactions of phospholipid mem-
branes with proteins, probably through changes in
membrane fluidity, in line with cholesterol’'s condens-
ing/stabilizing effect in unsaturated bilayers.®34°73 It
reduces intercalation of Hb into the lipidic bilayer
and displacement of heme.®”* The presence of cho-
lesterol in the formulation also prevents redistribu-
tion of cholesterol from RBC membranes to the
liposome membrane, a process which renders RBCs
osmotically fragile.%”®

Small amounts of negatively charged phospholip-
ids, such as PA, PE, dicetyl phosphate, dimyris-
toylphosphatidylglycerol, phosphatidylserine, phos-
phatidyl inositol, and PEG-PE 4.106d, have often
been added to increase surface charge and inhibit
liposome aggregation and fusion during stor-
age.964.966.976 5ome of these additives can, however,
enhance lipid peroxidation.®®® Further components
were included in view of reconstituting an internal
milieu closer to that found in the RBC. Such compo-
nents include 2,3-DPG,°2® |HP,565977.978 gr pyridoxal
phosphate.®®697% Co-encapsulation of Hb with 4.2
produced LEHb with an O, affinity comparable to or
lower than that of fresh blood.®®° Uptake and release
of O, and CO binding were substantially faster than
for RBCs (indicating that the liposomal membrane
did not constitute a significant barrier to O, diffusion)
but nevertheless slower than for cell-free Hb.%54
Liposome suspensions tend to display non-Newtonian
behavior, with increased viscosity at low shear
rates.%4°7 Interaction between LEHb and albumin
can cause a substantial increase in viscosity, espe-
cially at low shear rates.®!
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Figure 13. Effect of pH of the Hb solution during
preparation of LEHb on (a) O, affinity, (b) encapsulation
efficiency ([Hb]/[lipid]), and (c) rate of metHb formation of
LEHDb. (Reprinted with permission from ref 970. Copyright
1998 Elsevier.)

4. Processing

Large multilamellar vesicles (MLV) form sponta-
neously when lipid films are mixed with a Hb
solution. These vesicles can be processed into small
unilamellar vesicles (SUV) using sonication, extru-
sion, detergent dialysis, dehydration—rehydration,
high-pressure shear (e.g., microfluidization), reverse-
phase evaporation, double-emulsion techniques, and
combinations thereof_565,925,935,963,964,966,979,980,9827986
Sonication or the use of organic solvents and certain
detergents can, however, be deleterious to the pro-
tein. Processing temperature was usually maintained
below 50 °C, as irreversible denaturation of Hb was
observed in the presence of phospholipid vesicles at
higher temperatures.5 Encapsulation efficiency, O,
affinity, and the rate of metHb formation are rather
sensitive to pH (Figure 13).°° Encapsulation efficien-
cies differed widely with process but did usually not
exceed 25—30% and could be as low as 7%. Thorough
centrifugation, washing, dialysis, ultrafiltration, or
size exclusion chromatography were used to remove
nonencapsulated Hb.?33.94 Trace amounts of Hb that
remained attached to or intercalated in the lipid
bilayer®? may account for differences in in vivo
behavior of LEHb versus empty liposomes.%’ Some
of the processing and concentration steps have often
been achieved with Hb in its carbonmonoxy form in
order to minimize oxidation during manufacture. As
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terminal heat sterilization is prevented by the pro-
tein's fragility, LEHbs are usually sterilized by
filtration and filled under sterile conditions.

The highest encapsulation efficiencies so far have
been produced using dehydration—rehydra-
tion,5%% double-emulsion/dehydration/rehydration/
high-shear,%% and extrusion techniques.®70.979.981,985
The number of bilayers decreased when the surface
potential of the phospholipid membrane became more
negative and membrane fluidity was reduced, as by
decreasing the temperature. The Hb concentration
inside the vesicles increased when its zeta potential
became positive, allowing higher Hb/lipid ratios to
be attained.®® The importance of pH control, as with
CO,, with respect to encapsulation efficiency, metHb
formation, and O, affinity was emphasized.®® Dehy-
dration—rehydration encapsulation of human Hb
along with glucose, fructose, and mannitol as cryo-
protectants and IHP in vesicles made from equal
amounts of hydrogenated egg phospholipids and
cholesterol provided vesicles about 140—200 nm in
diameter with a low lipid/Hb molar ratio and a high
encapsulation efficiency of about 22%; metHb was,
however, about 20%.5%5 A rather complex double-
emulsion, film dehydration/rehydration, high-shear
procedure allowed incorporation of Hb within both
the liposome and the liposomal membrane, thus
improving “encapsulation” efficiency.%%

Vesicles about 250 nm in diameter that coencap-
sulated carbonmonoxyHb, pyridoxal phosphate, and
D,L-homocysteine were prepared by extrusion from
DPPC, dipalmitoylphosphatidylglycerol, cholesterol,
and o-tocopherol.®”® The Hb concentration in the
LEHb suspension was 10 g/dL (with only 6.2 g/dL of
lipids) and the viscosity was 2.6 cP (230 s™1); the Psg
(after conversion of carbonmonoxyHb to Hb) was 32
Torr, and cooperativity was preserved. The ag-
gregates that formed by interaction of the LEHb with
plasma proteins readily dissociated at the normal
shear rates found in the blood stream.

The shelf stability of aqueous LEHb suspensions
was improved by lyophilization, polymerization, and
surface modification. Lyophilization prolonged LEHb
shelf life, provided cryoprotectants such as amino
acids and carbohydrates, including glucose, sucrose,
or trehalose, were added in order to minimize oxida-
tion and loss of functionality during process-
ing.565:944.989-991 Trehalose is believed to bind to the
membrane surface by multiple hydrogen bonding and
maintain the lipid bilayer in a liquid-crystalline-like
state in the absence of water. Saccharides may also
contribute to hindering liposome membrane fusion
and the leakage of content during the dehydration
and rehydration procedures.®®°9? Lyophilization did
not significantly alter the biological responses of
LEHb. No hemodynamic perturbations were seen;
only some differences in organ distribution and lesser
changes in some serum enzyme levels were
noted.*01.944993 | grge-scale end-process sterilization
for LEHb production still awaits development.®3?

Manufacture of liposomes remains a complex and
costly avenue, possibly not well suited to large-scale
production of a relatively low-cost large-dose product.
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5. Liposomes with Polymerized Membranes

The physical stability of liposomes was improved
and the leakage of Hb was reduced by polymerization
of the bilayer membrane. This was achieved by y-ray
irradiation of vesicles made of 1,2-bis(octadeca-2,4-
dienoyl)-sn-glycero-3-phosphocholine 4.107, octadeca-
2,4-dienoic acid (or sodium palmitate), and choles-
terol, while the Hb (human) was in the carbonmonoxy
form, yielding vesicles about 250 nm in size. 991994995

CH=CH—CH=CH-COO
CH=CH—CH=CH-COO

CH,(CH,),,

CH,(CH,),,

4107 :|~OP(O)_ZOCHZCH2N+(CH3)3
The polymerized vesicles resisted well to repeated
freeze—thawing. Addition of saccharides further con-
tributed to prevent Hb leakage and metHb formation
during freeze-drying and storage.?91.9% After 1 year
at 4 °C, Pso and cooperativity were well preserved
and the metHb level was below 8% but increased
rapidly in the presence of moisture or after the
vesicles had been resuspended in water and CO had
been substituted with O,. The liposomal Hb had a
high Pso of 40 Torr and low acute toxicity.%* Its
circulation half-life was 21 h in 40% exchange-
transfused dogs. The metabolism of the polymerized
lipids was, however, considered a problem.%"%

6. Surface-Modified Liposomes

Additives aimed a surface modification included,
as for other liposomes,0-8629%0 gangliosides, PEG
derivatives, phosphatidylinositol, and polysaccharide
derivatives. Incorporation of monosialogangliosides
(which are found on the surface of the RBC) into the
bilayer membrane failed to prolong circulation per-
sistence of LEHD.%®” Likewise for PEG-PE at clini-
cally relevant doses.*®® Phosphatidylinositol and PE
4.106b were reported to increase somewhat (to 15—
20 h) the intravascular persistence of LEHb, 300—
400 nm in diameter, containing pyridoxal phosphate
and catalase.®®® Larger amounts of PEG increased the
half-life of LEHb up to around 65 h.®®°® Liposomes
including PEG-PE appeared to have less adverse
effects on the capacity of the RES to clear pathogens
from the blood. Attachment of PEG strands on the
LEHb’s surface significantly reduced particle ag-
gregation, viscosity, and hemodynamic side effects,
indicating that albumin adsorption on the vesicles
(which leads to substantially increased viscosity at
low shear rates) was minimized.%®! A series of am-
phiphiles 4.108, with mPEG polar heads and up to
four palmitoyl hydrophobic chains connected by
lysines, was recently synthesized for the purpose of
improving the anchoring of PEG strands into a
liposomal bilayer.1%%° Glycolipids with an oligosac-
charide chain were successful in preventing vesicle

C,gH, C(ONH
CHC(O)NH
CisHyi CONH(CH,)/ CHC(O)NHCH,(CH,CH,0),.CH
C,5H,, C(O)NH © AR M,
CHC(O)NH(CH,), 4108

C,sH3 CIOINH(CH,),”
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aggregation.®! | iposomes ca. 310 mm in mean
diameter, coated with carboxymethylchitin for sta-
bilization have also been reported.10°?

Rapid spontaneous incorporation of PEG-PE com-
pounds in the membrane of preformed vesicles has
been reported.'°® One advantage of this procedure
is that the PEG chains are present on the outer layer
of the membrane only, thus increasing the space
available for Hb inside. Application to LEHb made
of saturated phospholipids and cholesterol and con-
taining pyridoxal phosphate and homocysteine led,
after deoxygenation, to ready-for-use PEG-modified
LEHb suspensions that were filtered through 0.45
um filters and stable at 4 and 23 °C for 1 year (the
nonmodified LEHb started to aggregate after 3
days).%t These cellular Hb products were deemed
advantageous, as compared to acellular intramolecu-
larly cross-linked, pegylated, HES-conjugated, and
glutaraldehyde-polymerized products (see Table 2),
on the basis of absence of hemodynamic effects or
RBC aggregation and easy O, affinity regulation.83%

7. Further Hemoglobin Microcapsules and Red Cell
Surrogates

Hemoglobin vesicles were prepared with 13—30%
efficiency using primarily a PEG-cetyl ether, 4.109,
and cholesterol under high shear,'%* according to the
Novasome technology.'°® A PEG-glyceryl monophos-

C,eH O(CH,CH,0),H  4.109
phate, oleic acid, a-tocopherol, organic phosphates,
and catalase were subsequently added to the formu-
lation.1%% No efficacy data were provided. Bovine Hb
mixed with glutathione has been entrapped in bi-
continuous cubic phases formed by glycerol mo-
nooleate and water.1%7 Encapsulation efficiency was
high, but conversion to metHb and release of Hb from
the cubic phase were rapid. Some Hb denaturation
was observed. Enzyme-containing microcapsules were
made from cellulose nitrate and other polymers.100%8
Hemoglobin microcapsules have been prepared by
cross-linking Hb itself using various acyldichlo-
rides.1°® Large microcapsules, 5 um in diameter,
incorporating IHP and glucose with cross-linked Hb
membranes were thus obtained using terephthaloyl
chloride, followed by stabilization through glutaral-
dehyde. Smaller (about 0.5 um) artificial red cells
were prepared by surface treatment of pyridoxalated
Hb-containing liquid membrane capsules using glu-
taraldehyde.’®1® Oxygen release was strongly re-
duced, which was blamed on glutaraldehyde polym-
erization. Agueous suspensions of rather large (1—3
um) hollow microspheres, with about 4—7 protein
molecule-thick walls, have been generated from Hb
using high-intensity ultrasound.®®® The Hb molecules
were held together by disulfide cross-linking of cys-
teine residues, formed by reaction of superoxide
generated during acoustic cavitation. Oxygen affinity
was comparable to that of native Hb, cooperativity
was preserved, and the system responded to the
addition of IHP.%8° Oxygen-filled Hb microspheres of
that type were suggested to possess many of the
characteristics of a blood substitute; however, no in
vivo experiments appear to have been reported.10t!

Chemical Reviews, 2001, Vol. 101, No. 9 2849

Large biodegradable microcapsules (about 200 um
in size) made of poly(lactic acid) or ethylcellulose,
containing human Hb, were prepared using a double-
emulsion polymerization technique; encapsulation
ratios attained 85% and 73%, respectively.1012.1013
Hemoglobin was not altered by the process, but
release from the capsules was rapid when diluted in
a phosphate buffer. Such capsules were suggested to
have potential in biotechnological rather than trans-
fusional applications. Microcapsules (70—400 nm)
made of polylactic acid or poly(isobutyl cyanoacrylate)
containing bovine Hb and incorporating PEG-PE in
their membrane have also been prepared.'°* P5, and
cooperativity were not affected by encapsulation. A
Hb preparation was reported in which the protein
was dissolved in a PEG/dextran “coacervate system”
and the resulting mixture emulsified.1%> No particle
size, structural, or stability data were provided.

It has been suggested that a Hb/trehalose glass
powder could be prepared by lyophilization that
would be stable to oxidation, easily storable, and
rapidly reconstituted.'%® Trehalose is a nonreducing,
biologically inert disaccharide that is abundant in
living organisms adapted to survive conditions of
extreme desiccation.®92197 Upon dehydration, aque-
ous solutions of this sugar tend to form glasses rather
than crystallize. Chemical reactions within the highly
viscous glass state are slowed considerably as the
diffusion of reagents is slowed and the conformational
changes required for Hb to bind ligands and react
are frozen.0%6

Red cell surrogates have been described that
consisted of pyridoxalated Hb adsorbed to nanometer-
size solid synthetic diamond, surface modified with
cellobiose, and then coated with phospholipids, yield-
ing particles 50—100 nm in size.'%*® Model RBCs have
also been elaborated in which the role of the RBC's
cytoskeleton was held by Sephadex ion-exchanger
particles (reticulated dextran matrixes derivatized
with ionic ligands).1°®* Hemoglobin was, however,
completely released from the matrix at physiological
pH.

G. Principal Therapeutic Applications of
Hemoglobin-Based Oxygen Carriers

The applications of Hb products investigated in the
clinic include resuscitation of trauma patients, avoid-
ance or reduction of donor blood use in patients
undergoing elective surgery (including cardiopulmo-
nary bypass surgery), treatment of septic shock by
neutralization of excess NO, and enhancement of
tumor radio- and chemotherapy (section IV.I). Fur-
ther potential uses include reduction of ischemia
following myocardial infarction or stroke, treatment
of sickle cell anemia, improvement of burns and
wound healing, and perfusion of isolated organs
destined for transplantation.

1. Trauma

The use of acellular Hb products in the treatment
of hemorrhagic shock has received particular atten-
tion. Increased production of NO during severe
hemorrhage can lead to vasodilation, hypotension,
and cardiovascular collapse. Scavenging of excess NO
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by an Hb product could, in principle, restore vascular
tone and stabilize a patient’s hemodynamics. This
hypothesis was the basis for the clinical evaluation
of HemAssist (section 1V.1) in trauma patients. The
efficacy of Hb products as a treatment of hemorrhagic
shock is, however, controversial.5111020 Efficacy of
DCLHb in animal models of hemorrhagic shock was
demonstrated in terms of restoring arterial pressure,
improving O, consumption, reversing ischemia and
correcting an O, debt and base deficit.1021-1033 For
example, DCLHb was more effective than a starch
solution (but less effective than blood) in resuscitat-
ing sheep from hemorrhagic shock.1%* The same
product was superior to albumin in reversing sub-
endocardial ischemia and reducing mortality of se-
vere hemorrhagic shock in pigs with critical coronary
stenosis.1%33 Both the pressure activity and the O,
carrying capacity were suggested to contribute to the
treatment. On the other hand, no improvement in
tissue O, delivery could be demonstrated in a swine
resuscitation model with a,a-DBBF-cross-linked Hb.3%
Various reports concluded to lack of efficacy of this
product because augmented vascular resistance,
reduced cardiac output, and low peripheral perfusion
partially offset the benefit of increased O, con-
tent_188,304,356,357,359,1044,1257

A pyridoxalated polymerized Hb was found effec-
tive in resuscitating rats from hemorrhagic shock,03®
while another failed to improve survival in an is-
chemic intestinal shock model.13¢ An o-raffinose-
polymerized Hb was equivalent to blood in terms of
survival in a lethal hemorrhagic shock rat model.103”
Successful resuscitation of dogs from hemorrhagic
shock and recovery from an O, debt were also
demonstrated with rHb1.1.1°%8 Further investigations
on these products are reviewed in section IV. I.

A high-Og-affinity/high-viscosity/high-COP-pegy-
lated bovine Hb and a low-O,-affinity/low-viscosity/
low-COP a,0-DBBF-cross-linked human Hb were
compared with a non-O,-carrying high-viscosity/high-
COP starch solution in rats after 50% exchange
transfusion followed by severe hemorrhage.®° Arte-
rial pressure, systemic vascular resistance, and lactic
acid levels were seen to rise with the a,o-cross-linked
material but not with the pegylated product. Two-
hour survival was greatest in the PEG—Hb group,
followed by the starch controls, and worst with the
a,o-cross-linked product. Lactic acid levels (a mea-
sure of O, debt) correlated inversely to survival.

Trauma is, however, an extremely complex situa-
tion, usually involving multiple organs, poorly fit for
controlled assessment of the benefit of an O, carrier.
In addition, the window of time available for inter-
vention is short.

2. Hemodilution

The effectiveness of Hb products in ANH is also
being debated.10201032 The efficiency of Hb products
in allowing survival at extreme hemodilution (hema-
tocrit below 5%) has been demonstrated in diverse
animal models with various products,167:355365829,1039-1043
On the other hand, isovolemic hemodilution experi-
ments with DCLHb in hamsters led to an unfavor-
able reduction of tissue pO, and functional capillary
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density as compared to hemodilution with a dextran
solution.'®* Vasoconstriction due to NO scavenging
or excessive arteriolar pO; values and reduced blood
viscosity, resulting in reduced shear stress-induced
production of endogenous endothelial vasodilator
substances (NO, prostacyclin) in arteriolar vessels,
were among the mechanisms invoked to explain
impairment of tissue oxygenation. A 50% isovolemic
exchange transfusion in rats led to heart rate reduc-
tion (despite lower viscosity) in DBBF-cross-linked
Hb-treated animals, suggesting a direct myocardial
depressant effect.!%4 Isovolemic exchange transfusion
of cats with a ,5-cross-linked bovine Hb resulted in
higher CaO, and lower levels of cerebral blood
flow.104¢ DCLHb maintained myocardial perfusion
and function at very low Hct values in hemodiluted
pigs.’8” However, vasoconstriction eventually im-
paired peripheral tissue oxygenation despite aug-
mented CaO,. See also section IV. I.

3. Septic Shock

Sepsis is a systemic inflammatory response to
major bacterial infection. Treatment of septic shock
using cell-free Hb relies on the ability of the protein
to scavenge the excess NO which is produced in that
condition and causes vasodilation and hypotension.
Cell-free Hb was indeed shown to scavenge the excess
NO produced in endotoxin-treated isolated vessels in
vitro.1%47 A polymerized bovine Hb restored cardio-
vascular and kidney function in an endotoxin-induced
shock model in rats.’%® Increased O, uptake was
observed upon administration of DCLHb in a septic
rat model.*>* A pyridoxalated—Hb—polyoxyethylene
conjugate (PHP) is presently being evaluated in the
clinic for treatment of septic shock (section IV.I).

4. Miscellaneous Applications

Hemoglobin products can potentially reduce is-
chemia consequent to myocardial infarction or
stroke, 19491050 improve blood circulation during vaso-
occlusive crisis in sickle cell patients,8°5105! allow
treatment of ischemia in case of autoimmune hemolyt-
ic anemias!®? and anemia caused by malaria,%
improve burn and wound healing,195410% and allow
improved preservation of isolated organs destined for
transplantation.'%%%2 DCLHb was investigated in
ischemic stroke patients.1050.1056 Efficacy of DCLHb
(administered, however, along with nitroglycerine) in
improving cardiac function during percutaneous trans-
luminal coronary angioplasty (PTCA) was demon-
strated.’%” This product was also used to treat
hypotensive episodes during hemodialysis, likely by
scavenging excess NO.1058 Oxygen carriers also have
the potential to improve treatment of hypoxic tumors,
which are resistant to radiation therapy and chemo-
therapy.1059-1%2 Enhancement of hematopoiesis has
been observed with several products.*3410631064 DC|_Hb
enhanced wound healing as well as or better than
blood in a rat model of surgical trauma.®>* Prodrugs
with peptides linked to recombinant Hb mutants
have been designed.1%5 Hemoglobin can also be used
as a nutrient for the cultivation of microorgan-
isms.1066

Modified O, carriers with antioxidant properties
could prove useful in clinical situations involving



Oxygen Carriers

ischemia and reperfusion, as they could help protect
both the tissues and the protein against reactive
oxygen species generated during reperfusion, stroke,

myocardial infarction, and other forms of inflamma-
tion_8157817,106771070

H. Impact of Hemoglobin Modification on
Physiologic Processes and Side Effects

Modification of Hb was intended for overcoming the
changes of in vivo behavior of Hb when no longer
confined in the RBC. A given modification can,
however, have multiple consequences. For example,
changes in oxygenation properties are not necessarily
predictive of other functional changes.®”° The impact

of Hb modification on toxicity has been reviewed
periodica||y_159,188,189,237,511,530.3

Cell-free Hb products appear to be extremely apt
at defeating the redundancy in O, delivery regulation
mechanisms that characterizes successful living spe-
cies. Understanding the mechanism(s) of the hemo-
dynamic perturbations observed with most Hb prod-
ucts, assessing their clinical consequences, and
avoiding these effects has become a primary objective
in the development of safe Hb-based products, even
more so since the recent abandonment of two prod-
ucts in advanced clinical trials. Considerable progress
has been made in such understanding in the recent
years.

1. Protein Modification Has an Impact on Oxygen
Delivery

a. Oxygen Transport Characteristics. Unmodi-
fied cell-free Hb does not appear to unload any
significant amounts of O, when RBCs are present,
unless these RBCs are deoxygenated to a high
degree.®*! Depending on modification, the O, affinity
of Hb was increased or decreased (Figure 8). Reac-
tions with deoxyHb usually preserved low O; affinity
better than reactions with oxyHb. Effective increase
of Pso, resulting in enhanced O, extraction, was
successfully achieved by pyridoxalation, carboxym-
ethylation, diverse forms of intramolecular cross-
linking, attachment to negatively charged polymers,
and genetic engineering. Detailed O, binding studies
suggested that a,a-cross-linking reduced O, affinity
by affecting the intrinsic ligand binding properties
of the heme rather than by changing allosteric
contributions.” Modification of Cys-935 usually
resulted in increased O, affinity.320:668:673678683 pq.
lymerization and conjugation with neutral poly-
mers quasi-generally increased O, affin-
ity.524,577.752,769,790,811,823.828.870 Oxygen affinity increased
consistently with degree of polymerization and more
so when the reaction was performed on oxyHb rather
than deoxyHb. Interestingly, O, affinity was also
increased by simple, non-cross-linking “decoration”
of Hb with glutaraldehyde, indicating that the chemi-
cal modification itself, rather than direct conforma-
tional freezing by polymerization, may be responsible
for the effect.”®® However, functional O, affinity was
reported to have been preserved in at least one case
of glutaraldehyde treatment, where the extent of
polymerization may have been relatively low.7947%
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Chemical modification can also result in reduced
sensitivity to allosteric effectors.769.865879

Cooperativity was preserved during intramolecular
cross-linking with DBBF? and DIBS"3! but not with
o-raffinose,>?¢ BME and other cysteine reagents®85:669
and sometimes by pegylation.®” It was reduced or
suppressed by polymerization.521528.569,577,769,790,823,870
Effects on cooperativity can occur in opposite direc-
tions at different steps of the oxygenation process.>3®

The Bohr effect was sometimes retained’®® but
more often reduced or abolished585620,743,756,841,870,1071
by cross-linking or polymerization, likely reflecting
the degree of participation in the modification reac-
tion of the groups involved in the Bohr effect. Such
reduction can compromise the buffering capacity of
Hb.

Transport of CO, was depressed when the N-
terminal amino groups were modified, as by pyri-
doxalation, carboxymethylation, DBBF-cross-linking
glutaraldehyde polymerization, and other N-alkyla-
tion and acylation reactions. For example, DBBF-
cross-linking reduced by one-half CO, binding as
carbamino Hb.”*® This and the absence of carbonic
anhydrase could affect the acid—base equilibrium in
shock patients when large amounts of Hb products
are infused.33

b. Intravascular Persistence. The circulation
half-life of Hb products is generally described by a
single number, although most products consist of an
array of species with different pharmacokinetics and,
possibly, different mechanisms contributing to
clearance at different time points. Clearance from
circulation is strongly species and dose-depen-
dent_476,737,994,1040,1071&1,107271074 It dld not always flt an
exponential decay model and was sometimes clearly
biphasic.6°0.728.751.1071a Many Hb products were found
to diffuse out of the vasculature into the interstitial
spaces, serous cavities, and gastrointestinal and
respiratory tracts, which can translate into signifi-
cant changes in intravascular volume. Initial rapid
loss from circulation was seen with stroma-free Hb,43?
polymerized pyridoxalated Hb,** ATP-modified Hb,**
o,0-DBBF-cross-linked Hb,1881075 pseudo-cross-linked
Hb,” NFPLP-cross-linked Hb,**> a,a-DBBF cross-
linked Hb distributed rapidly in the skin, muscle, and
skeleton.™* Both DBBF-cross-linked Hb and a PEG—
Hb were recently found to widen the endothelial gap
junctions in the rat mesenteric microvasculature,
leading to rapid extravasation.418197¢ Phagocytosis of
modified Hb by macrophages of the RES may also
be involved in the clearance process.'%’” Removal of
LEHb from the circulation is also bimodal: a rapid
removal period (1—4 h) is followed by a slower period

(Figure 12) that may be indicative of RES satura-
tion.428'565

Intravascular half-life was usually prolonged 2- to
3-fold (typically to 3—4 h) upon intramolecular cross-
linking#16:724,725,728.731,737,1078 gnd up to 10-fold by po-
lymerization,337.799.1040 conjugation to a polysaccha-
ride, 82984 or pegylation.648107 For a given type of
polymerized product, half-life increased with increas-
ing MW.7® The longest reported circulation persis-
tence appear to have been obtained with pegylat-
ed,1%8 dextran-conjugated,®® or PEG-coated LEHDb
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Figure 14. Rates of autoxidation of chemically modified
Hbs relative to the rate of autoxidation of HbA (K ox/Kox) @s
a function of O, affinity (Pso). The Hb products were, in
increasing order of Pso o-raffinose-polymerized oxyHb,
DBBF-cross-linked oxyHb, HbA (K'ox/kox = 1), DBBF-cross-
linked deoxyHb, Hb reacted with DIBS, o-raffinose-treated
deoxyHb, and NFPLP-cross-linked Hb. (Reprinted with
permission from ref 1085. Copyright 1995 Intercept.)

products.®®® However, surface modification only in-
creased ty; to a limited extent, coming nowhere near
the intravascular persistence of RBCs.

The in vivo O, transport capacity of Hb products
can be substantially reduced by autoxida-
tion?75276:801,968,1270 or in some cases, by RBC aggrega-
tion.1%81 \VVasoconstriction, reduced cardiac output, and
reduced functional capillary density can further
impact on O, delivery efficacy (see below). As indi-
cated, autoxidation of Hb and myoglobin tends to
increase when O, affinity decreases.1082

2. Impact of Hemoglobin Modification on Redox Behavior

Again, different modifications of Hb were found to
alter Hb’s redox chemistry differently. Autoxida-
tion was usually more rapid with cross-linked or
polymerized Hb than with native
Hb'259,724,747,759,772,801,870,1083,1084,1084a although exceptions
have been noted.”>” Autoxidation rates were generally
inversely proportional to O, affinity (Figure
14),235,245,275,772,870,1082,1085 again Wlth eXCepti0n5.757 The
propensity of DBBF-cross-linked Hb for autoxidation
is greater than for the native protein and was further
enhanced by PEG-polymerization.8”° PEG-decorated
bovine Hb was also prone to extensive oxidation.1086
On the other hand, the rate of autoxidation of the
PHP conjugate was similar to that of HbA.1%” How-
ever, this product was found to still contain residual
SOD and catalase from the RBC.197° Subtle changes
in the polarity of and access to the heme pocket of
myoglobin resulted in appreciable changes in autoxi-
dation rate.'%82 Oxidation of Hb products with H,0,
also strongly depended on type of cross-linking.”s3
Ferryl radical formation and stabilization were greatly
increased by cross-linking Hb with DBBF between
the Lys-99a residues as compared to unmodified HbA
but not by cross-linking with the same agent between
the Lys-82f residues.?*® The reactivity of ferric Hb
with NO was substantially different for o,o-DBBF-
cross-linked Hb and a Hb pseudo-cross-linked with
fumaryl monodibromoaspirin.° On the other hand,
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cross-linking of Hb had only minor effects on its
peroxidase activity.53 Glutaraldehyde polymerization
enhanced the free-radical reactivity of bovine Hb,
while intramolecular pseudo-cross-linking decreased
it.108 The rate of autoxidation of o,a-DBBF-cross-
linked Hb was increased by liposome encapsulation,
even with a-tocopherol present in the formulation.108°
Interactions between the Hb and the liposome mem-
brane may be responsible for this effect.

Evidence for oxyradical generation in the blood of
dogs hemorrhaged then resuscitated with a stroma-
free Hb solution was provided by the observation of
greater concentrations of oxidation products of ex-
ogenously administered sodium salicylate.53? Hepatic
lesions, similar to those associated with lipid peroxi-
dation syndromes, were seen in pigs exchange-
transfused with o,a-DBBF-cross-linked Hb.19%0 A|-
tered redox activity and the stabilization of long-lived
ferrylHb species with high redox potential in o,a-
DBBF-cross-linked Hb and in a PEG derivative of the
former induced cytotoxicity in cultured bovine en-
dothelial cells.*%%! A ferryl-a,0-DBBF-cross-linked Hb-
enriched preparation induced morphologic changes
and DNA fragmentation in the cells, indicative of
apoptotic cell death. Incubation with DBBF-cross-
linked Hb of endothelial cells subjected to hypoxia-
reoxygenation (a condition that is likely to be en-
countered during trauma and surgery) caused oxida-
tion of Hb to ferryl species and increased lipid
peroxidation.1®? A new radical was recently detected
in the reaction of DBBF-cross-linked metHb with
H,0; that was not found with metHbA.?*” Interac-
tions of cell-free Hb and DBBF-cross-linked Hb with
H,0, caused alterations in the normal endothelial cell
death mechanisms.?”? Hemoglobin's neurotoxici-
ty188,189,265,266,504,505,1093,1094 COUld result from the par_
ticular sensitivity of cerebral tissue to oxidative
damage. On the other hand, no increased free-radical
formation was reported in a rabbit model of ischemia
and reperfusion upon administration of DCLHb.10%
The extent of oxidative damage that could be induced
by ferrylHb species is still disputed.®

Glutaraldehyde polymerization considerably al-
tered the redox potential and autoxidation kinetics
of human Hb as well as its stability vis-a-vis heat
and urea.”’? Redox potentials decreased with increas-
ing polymerization. The autoxidation rate was 4
times faster than for native Hb. The decrease in
redox potential and the increase in O, affinity and
of autoxidation rates were tentatively explained by
an opening of the heme pocket upon glutaraldehyde
treatment.”’? Mossbauer and ESR studies of ni-
trosylHb indicated that polymerization had directly
affected the environment of the iron atoms, including
by charge transfer from the iron to O,, changes in
bond length, steric hindrance in the heme pocket, and
access of this pocket.1% After 24 h, metHb accounted
for as much as 33% of the plasma Hb in sheep
exchange-perfused with a glutaraldehyde-polymer-
ized bovine Hb.8! Even limited polymerization caused
bovine Hb to autooxidize faster and undergo more
oxidative damage by H,0, than the native protein.1%*
FerrylHb formation during enzymatic peroxidation
was faster with the polymerized material. Differences



Oxygen Carriers

were also found in the rate of Hb-catalyzed NADPH
oxidation and aniline hydroxylation.2431084 A 13-fold
increase in hydroxyl radicals in the intestinal effluent
was observed after intestinal reperfusion with a
polymerized Hb product.®?° Generally speaking, po-
lymerization did not appear to provide increased
stability toward autoxidation and oxidative damage,
on the contrary.

MetHb levels increased from 6% to about 30% after
24 h in rats exchange-transfused (>90%) with an
NFPLP-polymerized Hb,1%°7 but partial exchange-
perfusion (40—70%) with fully oxidized Hb material
showed a gradual decrease in metHb level providing
evidence for the existence of an effective reducing
system in the plasma. Likewise, DBBF-cross-linked
metHb was partially reduced by a suspension of
RBCs; addition of ascorbic acid increased the rate and
extent of reduction.%® In vivo autoxidation of Dex-
BTC—Hb was rapid in 50% exchange-transfused
guinea pigs, with the metHb level reaching 30—40%
before leveling off after about 12 h; partial reduction
of >90% oxidized Dex-BTC—Hb was observed when
the product was injected to the animals.’%%® Co-
injection of ascorbic acid or riboflavin allowed main-
taining metHb below 25%.

Concerns have been expressed that cell-free Hb
may present a risk for patients with compromised
vasculature and antioxidant status.?3® Control of Hb
autoxidation was thoroughly investigated. 5-Nicoti-
namide-adenine dinucleotide (NADH) and glutathione
provided good antioxidative protection.>6456> Co-
administration of antioxidants (such as ascorbate and
mannitol) and natural or synthetic iron chelators
(such as deferoxamine, a chelating agent used clini-
cally to treat iron overload) has been recom-
mended.18%.252531.109 Agcorbic acid was highly effective
in reducing metHb; however, it is not synthesized by
humans. Incorporation of ascorbic acid,>° carbohy-
drates,>%®> homocysteine,°971 glutathione,®** or en-
zymes817.:966.970.972 glong with Hb into liposomes effec-
tively prevented autoxidation. Site-directed mutagene-
sis provided further means of controlling the redox
activity of cell-free Hb.315916 Other strategies involved
cross-linking Hb with RBC enzymes®15816:820 gnd
modifying Hb in such a way that it acquires super-
oxide dismutase and catalase-like functions, as by
derivatization with nitroxides.'%81100 Such nitroxyla-
tion was achieved by reacting 4-(2-bromoacetamido)-
2,2,6,6,-tetramethylpiperidine-1-oxyl 4.110 with an
a,a-cross-linked Hb. About 16 nitroxide groups were
distributed across both o and § chains. Stable ni-
troxides enhance the catalase-like activity of proteins,
making them behave as antioxidants and antiinflam-
matory agents.10681101.1101a A dextran-conjugated polyni-
troxide product, free of components with MW around
64 000, with high O, affinity, no cooperativity, and
no pressor activity was recently reported.106°

Br—CHzc(o)NHQ-o- 4110

The stability of the heme—globin interaction is also
affected by chemical modification. Loss of heme from
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metHb is biphasic.1*%? Both the fast and slow rate
constants were 10—20-fold larger for glutaraldehyde-
or glycolaldehyde-polymerized Hb than for intramo-
lecularly cross-linked tetramers. The increase in
release rate of heme from o,a-DBBF-cross-linked Hb
as compared to HbA, paralleled the faster autoxida-
tion of this product.?>°533 Incubation of DBBF-cross-
linked Hb with liposomes also led to progressive
heme degradation.?®? Destabilization of the heme—
globin linkage was also observed with pegylated
bovine Hb.11% Heme release and iron-mediated oxy-
gen radical formation may be major contributors to
the endothelial oxidative stress and cytotoxicity
generated by this derivative. Elevated liver and
pancreatic enzyme levels have been reported with
various Hb products that may be indicative of free-
radical-mediated tissue injUry.238’304'476'491'528’1056’1105_1108

3. Impact of Hemoglobin Modification on Hemodynamics

As indicated, most Hb products elicit, even at very
low doses, a “pressor effect”, which includes increases
in mean arterial pressure and systemic and pulmo-
nary vascular resistance, reduction of heart rate and
cardiac output, reduction in functional capillary
density and tissue perfusion, and failure to increase
cardiac output in response to hemodilution (Figure
15). These effects can offset the benefit of higher
arterial O, content and even decrease O, delivery.

Several mechanisms appear to participate in caus-
ing the pressor effect, including scavenging of endot-
helial cell-produced NO and autoregulation processes
triggered by excessive O, supply and/or reduced
viscosity. A number of solutions have been devised
in order to attenuate these effects. Whether molec-
ular size increase alone, as by polymerization or
pegylation, suffices to suppress Hb's pressor effect
remains controversial.

a. The Pressor Effect. The pressor effect has been
established in a number of in vitro and in vivo models
to be intrinsic to cell-free Hb.301:304,305491,1109-1112 | { hag
been observed to various extents upon infusion of
virtually all types of Hb products, including diversely
pU rlfled unmodiﬁed human178,186,304,305,421,489,491,1113—1120
or animal Hb,3%6.1120-1124 pyridoxalated Hb,14.1120.1125
intramolecularly a,a-cross-linked Hb167:237,304,416,417.454,
493,513,546,1021,1024,1026,1031,1034,1058,1116,1126—1146 or ﬂ ﬂ-cross-
linked Hb,7281118.1147 glytaraldehyde-polymerized
Hb 360,773,801,1041,1148—1155 dextran-conjugated Hb 845,1143,1156
PEG-decorated Hb,5451060 o q-cross-linked and po-
lymerized Hb,®"* pyridoxalated and polymerized
Hb,1042.1123,1157,1188 o_raffinose-cross-linked and polym-
erized Hb 491,513,1037,1074a,1143,1159—-1161 Carboxymethylated
and glycolaldehyde-cross-linked Hb,%° pyridoxalated
and pegylated Hb 455,513,645,646,1081,1120,1141,1162—1166 re-
Combinant HbS 307,315,462,476,1104,1106,1167,1168 or recombi-
nant and chemically cross-linked or polymerized
Hb.7%3

Failure to increase cardiac output upon hemodilu-
tion was observed consistently with Hb prod-
ucts 304,349,352—356,489,511,1158,1169 thus |mpa”—|ng one of
themost effective cardiovascular compensatory mech-
anisms that limits tissue hypoxia in hemodiluted or
volume-resuscitated hemorrhagic patients. A drop in
functional capillary density was observed upon he-
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Figure 15. Pressor effect elicited by an a,o-DBBF-cross-
linked Hb: (a) mean arterial pressure (MAP); (b) systemic
vascular resistance (SVR); (c) cardiac output (CO); RL =
Ringer’s lactate solution. (Reprinted with permission from
ref 511. Copyright Karger 2000.)

modilution with an o,a-DBBF-cross-linked Hb solu-
tion, whereas with a simple dextran solution, the
number of active capillaries was maintained and
dilution was compensated by higher flow rates.17°
The O, partial pressure in the surrounding tissues
was less with the O, carrying Hb solution than with
the dextran solution. The changes of vascular tones
can be different for different vascular beds.140

Residual renal impairment, still seen in rats with
DBBF-cross-linked Hb740.10%0.1126 gnd that was not
suppressed by subsequent polymerization,®! was
attributed, at least in part, to interaction with NO.
Further physiologic responses may be related to the
pressor effect. A DBBF-cross-linked Hb affected O,
delivery in dogs challenged with E. coli (possibly by
neutralizing the NO normally produced in response
to endotoxin challenge),*'* enhanced platelet deposi-
tion in certain animal models, which could result in
hypercoagulability and may have clinical implica-
tions,'72 and caused myocardial lesions in various
animal species.''”® Gastrointestinal disturbances (at-
tributed to defects in NO-mediated neuromuscular
communication) with DCLHb8 and rHb1.1,11041106.1174
and elevations of pancreatic plasma enzyme levels
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in preclinical and clinical studies with rHb1.1 were
reported.1°38v11°4v11°6

b. Mechanisms of the Pressor Effect. Several
hypotheses of mechanisms are currently defended
with compelling evidence and conviction. They differ
depending on whether the primary role in the hemo-
dynamic effects is thought to be held by direct
scavenging of NO (within the vessel lumen or after
crossing the endothelium) or by a largely viscosity-
driven mechanism that autoregulates the diameter
of precapillary arterioles or by impairment of NO
transport as S-nitroxylated Hb. It is likely that these
mechanisms are interdependent and all participate
in the phenomena to an extent that depends on
product and conditions.

The most widely accepted hypothesis is that NO
is being neutralized by one or more reactions with
Hb (section I11.A), especially when the Hb product
can leak out of the vascular space, thus gaining
access to the basal site of the endothelium where NO
iS produced.305,316,49’% 1028,1088,1111,1119-1121,1124,1128,1130,1136,1137,
1146,1159,1175-1179 Binding of NO to Hb occurred at
different rates for differently modified Hbs and was
usually faster than for unmodified Hb.?71314315 Deple-
tion of NO could also occur through reaction with Oy~
resulting from Hb autoxidation.?41.1091

Abundant data and arguments support Hb inacti-
vation of NO as a primary mechanism in Hb-
mediated vasoconstriction.?’”* The vasoconstrictive
potency of various types of Hb products, including
unmodified human or bovine Hb, intramolecularly
cross-linked Hb, recombinant cross-linked Hb (rHb1.1),
pegylated Hb (PHP), pegylated LEHb, and membrane-
polymerized LEHb, was assessed using arterial and
venous rings isolated from diverse animal blood
Vesse'S_301,1120,1146,1167,1175,1176,1178,1180 All the products
caused the vessels to contract and mimicked the
effects of a nitric oxide synthase inhibitor, e.g.,
N-nitro-L-arginine methyl ester (L-NAME). Scraping
the endothelium also blocked the pressor effect. Nitric
oxide precursors such as L-arginine and NO donors
such as nitroglycerint1281130.1181 gr jnhalation of NO
attenuated the Hb-induced pressor effect.1821183 Con-
versely, the potency of such agents was inhibited by
Hb solutions and cGMP was re-
duced.3051124,1140,1175,1180,1184 Both free Hb and metHb
were able to scavenge excess NO produced in endo-
toxin-treated isolated vessels in vitro.2%” Highly
purified ferrous Hbs, including oxyHb and carbon-
monoxyHb (but not nitrosylated Hb), elicited dose-
dependent contraction of rat aortic rings, while ferric
derivatives, including metHb (whose reaction with
NO is slower), did not.%% Access to intact heme
appeared to be required. Blocking the Cys-934 resi-
dues using N-ethylmaleimide did not notably attenu-
ate Hb vasoactivity,*% while blocking the heme with
a cyano ligand did. These results were interpreted
to mean that the primary mechanism was heme iron
inactivation of endothelial NO and that non-heme
interactions with NO did not play a significant role
in the vessel model investigated. Many authors
believe that extravasation is a prerequisite for Hb-
induced vasoconstriction, hence that reduction of
vasoactivity can be achieved by increasing the mo-
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lecular size of the product.?®®1178 However, based on
the rate of reaction of NO with oxyHb, free Hb should
have a 500-fold larger NO scavenging ability than
the same amount of Hb contained within RBCs,3%
meaning that NO scavenging by cell-free Hb could
be very rapid within the blood vessel lumen and that
extravasation may not be a prerequisite to NO
inactivation.

A linear correlation was found between the ampli-
tude of the pressor effect (mean arterial pressure
increase in rats) and the rate of reaction of NO with
a series of identically formulated recombinant Hbs
with heme pocket mutations, providing further com-
pelling evidence for a role for NO scavenging by
coordination to iron (Figure 16).%1®> No correlation was
found between pressor effect and O, affinity or
autoxidation rates, the latter indicating that metHb
production (and generation of superoxide) is unlikely
to take a significant part in NO scavenging. An rHb
mutant with decreased NO reactivity (rHb3011)
elicited reduced gastric dysmotility.%!®

In another study, however, comparison of the blood
pressure responses elicited in rats by cell-free HbA,
DBBF- or trimesoyl tris(methyl phosphate)-cross-
linked Hbs, o-raffinose-polymerized Hb, pyridox-
alated PEG-conjugated Hb, and pegylated bovine Hb
indicated an inverse correlation between pressure
response and NO binding affinity and no correlation
with NO reaction rates.5® The Hb solutions that
exhibited the tightest NO binding were actually those
which elicited the lowest increases in blood pressure,
leading to the unconventional conclusion that the
hypertensive effect could not be the result of NO
scavenging at the heme. An inverse correlation
between vasopressor response and O, affinity was
also found. However, the viscosity and other charac-
teristics of the various preparations investigated were
significantly different. An autoregulatory response to
increased O, availability and lowered blood vis-
cosity was invoked to explain these re-
sults.379:516,1029,1170,1185-1187 |ndeed, NO production and
vascular reactivity depend, among others, on shear
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stress applied on the endothelial cells, hence on blood
viscosity and flow.514:847.1170,1188-1193 F |eyated viscosity
increases shear stress, which stimulates release of
NO from endothelial cells, resulting in vascular
smooth muscle relaxation. On the other hand, excess
O, availability to the arterioles was demonstrated to
produce an autoregulatory reflexive constriction of
arterioles (possibly through inhibition of NO synthe-
sis) and a decrease in functional capillary density,
thus reducing O, availability to tissues.1170.1194.1195
Vascular hindrance (the vascular resistance/blood
viscosity ratio) in hemodiluted rabbits was lower with
Hb preparations capable of maintaining blood viscos-
ity.515 Solutions of Dex-BTC—Hb, o-raffinose-polym-
erized Hb, and, to a lesser extent, o,,a-DBBF-cross-
linked Hb all induced an immediate small decrease
in arteriolar diameter (mesentery) upon infusion in
rats.’'% These discoveries are important, although
it seems unlikely that the observed complex hemo-
dynamic effects can be reduced to solely a mechanical
effect.

Further alternative theories to direct NO scaveng-
ing include stimulation by Hb of production of en-
dothelin  (an  endothelium-derived  vasocon-
strictor),1028,1124,1128,1197-1199 gtimulation of adrenergic
receptors,1031.1131,1179,1200,1201 djrect effect on peripheral
nerves,?°! interference with NO transport in the form
of S-nitrosylated Hb,36317 implication of the platelet-
activating factor,'?® and, in the liver, scavenging of
C0.122 gyrvival of hemorrhaged rats administered
DCLHb was reduced when the pressor activity was
inhibited by an endothelin receptor antagonist.1028.1198
Differences in pressor activity among Hb derivatives
and the relative contributions of these mechanisms
some of which are interrelated (for example, NO
inhibits the conversion of proendothelin to endothe-
lin), likely depend on Hb modification, molecular size,
accessibility of NO to the heme or Cys-93f residues,
changes in heme affinity for NO or in thiol reactivity,
aptitude to permeate endothelial walls, formulation
and rheologic properties, experimental model, dose
regime, O, demand, patient condition, and other
factors. The type and mechanism of vasoactivity of a
given product may even differ depending on dose.1139.1203

Clearly, despite considerable progress, the mech-
anism(s) and implications of Hb-induced vasocon-
striction are not yet fully understood.*42

c. Preventing Hemodynamic Perturbations
by Cell-Free Hemoglobin. The principal strategies
investigated for preventing vasoconstriction by Hb
products have consisted in increasing the size of the
Hb molecule by polymerization or conjugation to a
polymer or in encapsulating the protein, so as to
reduce extravasation, in reengineering the heme
pocket genetically, so as to favor coordination of O,
over NO, or in increasing solution viscosity, so as to
stimulate NO production. Grafting of vasodilatory
drugs onto the protein is also being explored.

Endothelial permeability of Hb products depends
on molecular mass or size. Intramolecular cross-
linking led to marginally decreased permeability;
reduction was substantial with pegylation and even
more so with liposome encapsulation.'?%* Acellular
Hbs moved more rapidly through endothelial layers
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Figure 17. Glutaraldehyde polymerization of Hb reduces

but does not suppress vasoactivity. (Reprinted with per-
mission from ref 795. Copyright 1998 Elsevier.)

which had been rendered permeable by pretreatment
with cytokine IL-6 in order to mimic a pathophysi-
ological situation found in trauma patients; liposomes
with a mean diameter of 200 nm appeared large
enough to prevent extravasation even in these condi-
tions.1178

Polymerization, by increasing molecular size, was
expected to prevent Hb from leaking through the
endothelial walls and reaching the NO production
sites. The reports on this approach are mixed. On one
hand, the glutaraldehyde-polymerized pyridoxalated
human Hb PolyHeme (section 1V.1), which is carefully
freed from tetrameric species, was reported not to
elicit any vasoconstrictive activity in trauma
patients.'205-1207 On the other hand, virtually all the
data from other investigators indicate that polymer-
ization (including another glutaraldehyde-polymer-
ized pyridoxalated human Hb’®), although it usually
reduced vasoactivity, was unable to suppress it
entirely (Figure 17).7°51114 Definite evidence for vaso-
constriction was found with polymerized bovine Hb
in animal models®'12% and in the clinic.360.1148.1153
o-Raffinose polymerization diminished but did not
eliminate systemic vascular resistance and mean
arterial pressure increases.*915131143,1159,1161,1209 | jke-
wise for dextran-conjugated Hb84%1143 and a pyridox-
alated PEG-decorated and polymerized Hb 4551178
Further purification of an o-raffinose-polymerized
Hb, which reduced the proportion of tetrameric Hb
species from 32% to about 1.8%, did not reduce
systemic vascular resistance further.*®? In a com-
parative study, a Dex-BTC—Hb and an o-raffinose-
polymerized Hb both elicited increases in mean
arterial pressure and vascular resistance similar to
those elicited by the smaller size tetrameric DCLHb,
although with somewhat different rising trends.!43
Despite the large molecular size of Dex-BTC—Hb, the
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presence of Hb was detected inside the aortic endo-
thelial cells of guinea pigs exchange-transfused with
this product, indicating that an endocytosis mecha-
nism may help Hb cross the endothelial barrier.12%0
Also noteworthy is that the vascular resistance
elicited by a nonpolymerized (i.e., “decorated”) glu-
taraldehyde-modified rHb and by a glutaraldehyde-
polymerized rHb were similar, although these effects
were, in both cases, reduced relative to the unmodi-
fied rHb, suggesting that surface modification and/
or intramolecular cross-linking rather than an in-
crease in molecular size were responsible for the
effect.”®3

In addition, various theoretical arguments have
been put forward as to why eliminating the tetramer
should not suffice to suppress the pressor effect of
polymerized Hb. Why, for example, should bis-tet-
ramers or linear oligomers not be able to cross the
same size pores of the vascular epithelium as the
tetramer since they have essentially the same cross-
section?*?!! Transcapillary exchange of large mol-
ecules is only minimally affected by MW in the range
from 60 000 to 300 000.%*' Furthermore, ischemia
under hypovolemic conditions, as in hemorrhagic
shock, and endotoxemia®?'? are known to increase
endothelial permeability, which could allow leakage
of large molecules. Substantial extravasation of a
polymerized pyridoxalated Hb has been observed in
a hemorrhagic shock model.#** According to one
hypothesis, the attenuation of the vasoconstrictive
activity of Hb by conjugation to a polymer could, at
least in part, be due to increased viscosity, which,
by increasing shear stress, would increase NO pro-
duction either directly or by increasing endothelin-1
production.84”

The importance of the molecular dimension of the
O, carrier in determining hemodynamic effects, as
compared to direct interaction of NO with Hb, has
become the latest hot debate in the field. The pressor
effect was seen to diminish with increasing molecular
size, the least vasoactive products being PEG-deriva-
tized Hbs,®®° but the reason for the variation is not
yet well established. Another study compared DBBF-
cross-linked Hb, a pegylated pyridoxalated Hb, a
HES-conjugated Hb, and a pegylated LEHb with
diameters of 7, 22, 47, 68, and 224 nm, respectively,
in the hamster skin microcirculation.*?'® The larger
the size, the lesser the hypertensive activity and
ability were to constrict the so-called “resistance”
arterioles, the smallest changes being found for PEG-
conjugated Hb vesicles (Figure 18).

The effects of increasing the size of Hb by pegyla-
tion are being actively investigated. Pegylation sig-
nificantly attenuated the effects of bovine Hb on the
Gl tract.1079.1214 A pegylated human Hb did not cause
any hemodynamic response, although it had the same
NO scavenging kinetics as the a,a-cross-linked Hb
to which it was compared, which elicited a significant
response; however, numerous other parameters were
different between the two solutions.'%> On the other
hand, the increase in arterial blood pressure was
similar for an mPEG-conjugated pyridoxalated Hb
and for nonpegylated Hb in a rat model of hemor-
rhagic shock.54> Vasoactivity of various acellular Hb
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products, including a pyridoxalated Hb and a PEG-
conjugated Hb, on rabbit aortic strips was almost
independent from MW.1120 Although it is hydropho-
bic, NO is extremely diffusible and it is unlikely that
the hydrated outer layer of a pegylated Hb can slow
its diffusion significantly. The rate of NO binding to
the oxidized form of a PEG-polymerized, DBBF-cross-
linked Hb with MW in the 320—645 000 range was
essentially the same as that for the DBBF-cross-
linked tetramer.8”° PEG polymerization did not sup-
press vasoactivity in a hypovolemic rat model, lead-
ing to the conclusion that polymerization of Hb may
not be an effective strategy in overcoming vasoreac-
tivity.8”* While pegylation is used by some research-
ers to attenuate vasoconstrictive effects, clinical trials
currently investigate a pyridoxalated pegylated Hb
product (PHP) for use of its NO scavenging potency
in the treatment of NO-dependent shock (section
|V_|).455,1166

The hypothesis that excessive O, delivery elicits an
autoregulatory vasoconstrictive response led to the
counterintuitive suggestion to use Hbs with higher
O, affinity (i.e., that normally do not deliver O,
substantially) and solutions with higher viscosity
(i.e., which trigger shear stress-induced NO produc-
tion but hinder cardiac output and may reduce O,
diffusion facilitation by cell-free Hb).380514.1185 Thjs
hypothesis was challenged by the observation that
Hb mutants with O, affinity so high that they cannot
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significantly contribute to O, delivery nevertheless
induced a strong pressor effect.3’®> Conversely, no
autoregulatory response was reported with PFC-
based O, carriers, which have little O, affinity and
provide very high tissue pO,. However, an mPEG-
decorated DBBF-cross-linked Hb, yielding a slightly
more viscous preparation, was superior to the non-
pegylated product for resuscitating rats from hemor-
rhagic shock.’?’®> The interrelations between size,
viscosity, oncotic pressure, and vascular tone control
are obviously complex.

Genetic engineering, including substitution in the
distal heme pockets of Hb of Leu, Val, and Leu
residues by larger, more hydrophobic aromatic Phe
or Trp amino acids, allowed selective slowing down
of the diffusion-controlled NO scavenging by cell-free
Hb resulting in significantly reduced pressor ef-
fect.307.:315908 Restricting access of NO to the heme
pocket without also restricting the access of O, is
quite a challenge as the two molecules have very
similar sizes and electronic coating. It is noteworthy
that structural differentiation of CO and O, binding
using polar pocket effects had been demonstrated
with model iron porphyrins.1216

Encapsulation of Hb was also effective in reducing
hemodynamic effects. Encapsulation is expected to
hinder diffusion of NO, as is the case with RBC-
enclosed Hb.3%® A 30- to 100-fold reduced vasocon-
strictive effect on rabbit arterial strips was mea-
sured.11251217.1218 N significant hemodynamic pertur-
bations were seen with a LEHb in the isolated rat
liver,1292.1219 or with a lyophilized LEHb in rats,® or
in awake conscious cynomolgus monkeys following
administration of clinically relevant doses of LE-
Hb.1220 polymerized and pegylated liposome-encap-
sulated Hb products were significantly less vasoactive
than acellular Hb products on rabbit aortic strips and
in in vitro coronary perfusion experiments.11201221 Are
vesicles large enough to undergo hydrodynamic sepa-
ration under vascular flow conditions, resulting in
an Hb-free zone near the vessel wall in which NO’s
vasodilatory action would not be inhibited? Such a
mechanism has been proposed to contribute to the
reduced consumption of intraluminal NO by
RBCS.308'1222

Further approaches to reducing vasoconstriction
included cross-linking Hb with adenosine (which is
known to have vasodilatory properties),8°6.8% grafting
nitroxides onto Hb (turning it into a vasodilator,
antioxidant, and antiinflammatory agent),10691101a
and cross-linking Hb with Trolox (a vitamin E
analog) to provide antioxidant activity.1??3

4. Impact on the Reticuloendothelial System

Clearance of excess cell-free Hb from circulation
is primarily effected by the RES, principally the
liver.?2 The extent and mechanism of removal of
modified Hb is still largely unknown. The pharma-
cokinetics of Hb solutions are complex because most
products consist of mixtures with each individual
component having its own actions and rates of
disappearance and because many components can
leave the vascular space by several pathways and
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diffuse into the interstitial and

spaces. 188,414,415,417,418

Accumulation in the liver and spleen was seen with
cross-linked Hb,*5416 raising the possibility of de-
pressed host defense mechanisms. No such depres-
sion was found in rats submitted to septic challenge
5 days after treatment with a pyridoxalated Hb.*?3
On the other hand, the capacity for Hb to enhance
bacterial growth has been repeatedly reported (sec-
tion I11.E). Perturbation of liver function was evoked,
possibly as a consequence of the disposition of non-
physiological amounts of Hb and of vasoconstriction
consequent to scavenging of carbon monoxide,*?°? a
product of Hb degradation to biliverdin by heme
oxygenase that appears to participate in liver cell
function regulation.??*

Liposome-encapsulated Hb is captured by the RES,
which may cause dose-dependent transient blockade
of the RES, comparable to that seen with empty
liposomes. 3994274281225 Histopathologic studies in rats
confirmed that liver and spleen are principally in-
volved with LEHb removal, resulting in transient
alterations in the weight and structure of these
organs.®*? The presence of LEHb in vacuoles in fixed
phagocytes was seen, which declined after 24 h, but
still remained significantly above controls at 2 weeks.
Lyophilized LEHb provoked further effects, including
pulmonary infarcts, i.e., embolic injuries that may
be associated with trapping of large particles or
agglutinated LEHb. The highly species-dependent,
complement activation-mediated side effects by LEHDb,
including impairment of cardiopulmonary function,
and their clinical relevance have recently been dis-
cussed.®®? As for other particulates, the visibility of
LEHDb to the RES can be reduced by pegylation.

lymphatic

5. Miscellaneous Effects

Hemoglobin and certain Hb products have been
associated with thrombocytopenia, platelet activa-
tion and deposition, and accelerated RBC
aggregation,836.1081,1172,1226-1232 A glutaraldehyde-po-
lymerized Hb induced hemorrhagic lesions;’** an-
other caused RBC aggregation.’?3® Removal of NO
(which inhibits platelet aggregation), generation of
free radicals, and Hb-catalyzed metabolism of arachi-
donic acid were suggested as possible mechanisms
for these effects. Incubation of white cells with
purified cell-free Hb led to increased procoagulant
activity in mononuclear cells*” and to the release of
inflammatory cytokines, interleukin-8, and tumor
necrosis factor that caused leukocyte migration and
adherence to umbilical vein endothelial cells.*®® De-
naturation of Hb may cause white cell activation.5%
The capacity of Hb products to stimulate bacterial
growth and amplify the response of macrophages to
endotoxins has been reviewed in section I11.E.

The effects of modification on Hb’s neurotoxicity
have not yet been fully assessed.1885041233 The ner-
vous system may be particularly at risk of peroxida-
tion damage as it contains large proportions of
polyunsaturated lipids. When mixed cultures of
neurons and glial cells were exposed to purified cell-
free Hb, the neurons were killed while the glial cells
remained intact.>% Low amounts of a,a-DBBF-cross-
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linked Hb were highly toxic to cortical cell cultures.>%*
The effects were dose dependent and could be re-
versed by administration of an antioxidant or an iron
chelator. Large infarcts were observed when Hb was
injected in the hipocampus of gerbil brain, indicating
deleterious effects in the central nervous system.1233
Subarachnoid injection of autologous hemolysates
resulted in DNA fragmentation and cell death.5%

Myocardial lesions, characterized by cell degenera-
tion and necrosis, have recently been reported to
occur in certain animal species, primarily pig and
rhesus monkey, upon infusion of DCLHb and other
Hb or polyHb solutions.'*”® These lesions were also
observed after administration of an NO synthase
inhibitor and were decreased for rHbs having reduced
rates of interaction with NO (rHb 3011), indicating
a relation with NO scavenging.

A reduction in plasma volume was observed fol-
lowing administration of DBBF-cross-linked Hb,045
which could result in a dehydration effect, an out-
come that is not desirable in hemorrhagic patients.5'!

|. Commercial Development of Hemoglobin
Products

This section briefly summarizes the various Hb
products that went into commercial development in
the recent years. At this point, the cost of the
different O, carriers remains difficult to project, as
many issues, especially those concerning raw materi-
als and large-scale manufacturing, are not yet fully
resolved. The information available on the status of
ongoing clinical trials has recently been reviewed.1?3*

1. Diaspirin Cross-Linked Human Hemoglobin—HemAssist

A DBBF-cross-linked Hb product was prepared
from outdated banked human blood by Baxter Health-
care Corp. and became known as DCLHb (Diaspirin
Cross-Linked Hb). The product, after formulation as
a hyperoncotic (42 Torr), 10 g/dL solution, was
trademarked HemAssist. The main difference be-
tween the Baxter and Letterman Army Institute
products appears to be in the use of Ringer’s lactate
versus Ringer’s acetate solutions for formulation,
respectively. Since extensive preclinical and clinical
investigation consistently documented a significant
pressor effect, the possibility of using this feature as
an advantage for treating critically ill hypotensive
patients was investigated.>*>%4 The combination of
O, carrying capacity, volume expanding effect, and
ability to restore blood pressure was expected to
participate in hemorrhagic patient resuscitation.

Preparation and characterization of o,0-DBBF-
cross-linked Hb710,738,1235,1236 (and DCLHb)739,789,123771239
is well documented. Tripolyphosphate was used in
lieu of 2,3-DPG to maintain Hb in its deoxy form and
block the Lys-824 site during the cross-linking reac-
tion. Ultrafiltration was used at several stages of the
process to remove viruses. Denaturation and precipi-
tation of non-cross-linked Hb and other proteins was
achieved by heating. Extent of cross-linking in the
final preparation was superior to 98%; metHb content
was 2—5%, and Psg reached 32 + 3 Torr.”*® A heat
treatment step for virus inactivation was included
(60 °C for 10 h or 74 °C for 90 min),536:537.738,1240 The
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Table 3. Characteristics of HemAssist (DCLHb 10%);
Reprinted with Permission from ref 739

typical value at

parameter batch release
total Hb concentration (g/dL) 9.5-10.5
metHb concentration (%) 2-5
pH at 37 °C 7.3-75
extent of cross-linking (%) >98.0
total yield? (%) 55
Pso Torr (37 °C) 32+3
osmolarity (mOsm) 285—310
colloidal osmotic pressure (Torr)? 42
endotoxin (EU/mL) <0.06
sterility; rabbit pyrogen test Pass

a From ref 511. » From ref 1033.

final product, DCLHb (Table 3), was filter-sterilized,
filled into poly(ethylene-vinyl acetate) bags, and
frozen at —20 °C for storage. It was to be thawed at
user point.

DCLHb consisted of a family of proteins, first
because Hb itself is microheterogeneous, then be-
cause DBBF, although it reacts predominantly with
the Lys-99a residues, can additionally react at other
sites on the protein (section 1V.D). Multiple attach-
ment of the reagent on a same Hb molecule can also
occur, and some intermolecular cross-linking was
seen.”%1241 The product was also heterogeneous in
terms of net charge. Autoxidation of a,o-DBBF-cross-
linked Hb was more rapid than for the native Hb,?3"
yielding 21% metHb after 5 h at 37 °C,198 and
depended strongly on freezing/thawing conditions.?°
DCLHb was also more susceptible to oxidation by
H,0; than unmodified Hb, releasing iron, which could
promote the formation of oxygen radicals.” Filtra-
tion of DCLHb into lymph was 2—3 times faster than
for an albumin solution of similar COP, possibly due
to pressor activity.*t’

Relatively small doses of DCLHb consistently
produced a rapid and significant (20—30 Torr) in-
crease in mean arterial pressure and systemic vas-
cular resistance and a depression of cardiac output
in essentially all animal species investigated, as well
as the contraction of isolated blood vessels. Investiga-
tion of the pressor effect's mechanism indicated that
this response is most likely multifactorial (section
IV.H). Improved tissue oxygenation and reversal of
base deficit by DCLHb solutions was demonstrated
in a range Of Circumstances_167,454,1050,1132,1198,1242—1247
Efficacy as a resuscitation fluid was reported
in various hemorrhagic shock
models.294v739'1021‘102‘“1026~1030'1033*1034'1133'113511248‘1250'1251a
Improved survival was reported in septic rats treated
with DCLHb.'?5! Redistribution of blood flow to vital
organs was observed.1129.1247.1251,1251a Attenuation of
postischemic reperfusion injury in skin muscle has
been reported.’**2 On the other hand, greater pul-
monary contusion lesion size and stiffer lungs were
observed after treatment with DCLHb, as compared
tosaline, inaporcine model of pulmonary contusion. 251
Clinical data indicated a reduction of allogeneic blood
transfusion with HemAssist in cardiac surgery pa-
tients.1145v1252

The redox chemistry of DBBF-cross-linked Hb has
recently been reviewed.?®” The modified Hb tended
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to be more cytotoxic to endothelial cells in vitro than
native Hb, likely because of the generation of a long-
lived ferryl species and suppression of protective
pseudo-peroxidase activity.1°? Alterations of redox
behavior in vivo®’ and increased sensitivity to en-
dotoxins*481253 were also discussed. Defective throm-
boregulation, with enhanced platelet deposition on
injured blood vessel surface, was observed in a
surgical rat model and determined to occur via NO
scavenging.’*?> As mentioned earlier, myocardial
lesions were seen consistently in certain animal
species.1173

No significant adverse events or toxicities, except
for the expected immediate increase in blood pressure
and, in some patients, for transitory abdominal pain,
were reported following a Phase | safety study of
HemAssist in healthy volunteers'® or renal dialysis
patients.192 A circulation half-life of 2—4 h was
reported for 25—100 mg/kg b.w. doses. Subsequent
safety and efficacy studies uncovered no significant
side effects either.5#6:12521254 No immunogenicity was
found.**” Several randomized multicenter clinical
studies in various patient populations with doses up
to ~1.5 g Hb/kg b.w. of HemAssist confirmed the
anticipated arterial pressure and systemic vascular
resistance increases, and some blood saving was
reported.546:1145.1252,1255,125 There were, however, also
indications of depressed cardiac output and decreased
0O, delivery.’?5” The trials and development of He-
mAssist were terminated in early 1998 after drug-
related serious adverse events including brain and
pulmonary edema, pancreatic insufficiency, myocar-
dial ischemia, and death were reported following use
of DCLHb in patients with acute ischemic
stroke,19%6.1211 and analysis of data from a Phase 111
trial enrolling 112 traumatic hemorrhagic shock
patients in 17 trauma centers revealed serious ad-
verse effects and higher mortality in the HemAssist
patient group versus control group.t144.1258

A recent hindsight analysis concluded that the
failure of HemAssist was predictable on the basis of
preclinical testing but that other Hb-based products
could still be successful provided the fundamental
mechanisms of physiological effects such as the
vasoactivity of Hb, interaction with bacterial infec-
tion, the endothelium, and the blood-brain barrier are
better understood.5*!

2. o-Raffinose Cross-Linked and Polymerized Human
Hemoglobin—Hemolink

Hemolink is produced by Hemosol Inc. (Toronto,
Canada) from outdated human blood using o-raffi-
nose 4.111 as an intra- and intermolecular cross-
linker.527:528.776,1259 The Hb resulting from cell lysis is
converted to COHb, pasteurized, filtered, and chro-
matographed on both anionic and cationic ion-
exchange columns. The reaction with o-raffinose is
performed on deoxyHb in view of favoring the forma-
tion of a stabilized tetramer with low O, affinity.
Excess o-raffinose is used, which also causes some
intermolecular cross-linking to occur, leading to
multiple Schiff bases, within and between individual
Hb molecules. These Schiff bases are reduced with
dimethylamine borane. The final product consists of



2860 Chemical Reviews, 2001, Vol. 101, No. 9

Scheme 12
CH,OH
COH COH o " O
HOCH, o\/?\ |'
~ o O/\"'C(O)H
: CH,OH 4.111
C(O)H C(OH
Hb
aI-?B
CH,OH

cH,oH NH o
HOCH, o o i /( | ,L
\/ \/\O o o

: \ ys-82p
\EN P CH,OH m
K)f:f}% 4112

about 33% cross-linked tetramers and 63% oligomers
having MW comprised between 128 000 and about
600 000.4°1:528 The primary sites involved were the
Val-13 and Lys-824 residues of both § chains; modi-
fication of the o chains was observed to occur at later
time points.5281974 Evidence for the formation of cyclic
tertiary amines has been found, indicating further
complexity. An example of a possible structure, 4.112,
with the o-raffinose residue in the tetramer's DPG-
binding pocket is shown in Scheme 12.

Hemolink is formulated as a 10% w/v polymerized
Hb solution in Ringer’s lactate, has a Psy around 34
Torr, a COP of 24 Torr, and no cooperativity. Its shelf
life was reported to be up to 1 year at 4 °C when in
the deoxy form. A composite circulation half-life
around 7.5 h was determined in the rat.5?"1074 Sepa-
ration of fractions with diverse MW allowed measur-
ing half-lives of 3.5 h for the tetramer, 9 h for a
128 000 fraction (Hby), and 12—15 h for a 192 000—
576 000 fraction (Hbs—g). Cross-linking effectively
prevented renal filtration. The product became mainly
concentrated in the liver, spleen, and kidneys and
was eventually excreted in the urine.527.1074

Preclinical studies involving massive infusions of
Hemolink to rats and dogs resulted in no death or
adverse effects on renal function.*12% Changes in
blood and urine chemistry and in liver enzymes and
creatinine clearance were all reversible. Little or no
effect on the human immune or blood coagulation
systems was seen.

Increases in mean arterial blood pressure and
systemic vascular resistance were seen in several
animal models,1074:1161.1209.1260 Thege effects were com-
parable to those caused by unmodified Hb in the
hemorrhaged hypotensive rat,}'> while they were
significantly less in 20% exchange-transfused rats.*°
A greater pressure rise was elicited in hypertensive
rats but could be attenuated with anesthesia or
treatment with antihypertensive agents.116! Effects
on intestinal motor function were similar to those
caused by an NO depleting agent and could be
attenuated by administration of an NO donor.1169
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A single-dose, blinded, randomized, placebo-con-
trolled Phase | dose-escalation safety study conducted
with healthy volunteers (up to 0.6 g/kg b.w.) demon-
strated only a modest, dose-dependent increase in
blood pressure and a decrease in heart rate.5281074
Small changes in liver and pancreas enzymes were
noted. Average plasma half-life was around 5 h at
0.1 g/kg and 14 h at 0.5 g/kg (7.4 and 18.4 h for
tetramers and oligomers, respectively). Renal func-
tions were normal, and there were no blood coagula-
tion anomalies or evidence for complement activation
or immune response.

Adverse effects, none of which were considered life-
threatening, included “moderate to severe” gas-
trointestinal pain, with dysphagia, dyspepsia, and
abdominal cramps serious enough to interfere with
normal daily activity, and mild to moderate geni-
tourinary discomfort.528.10741261 These effects were
suggested to arise from smooth muscle spasm related
to NO scavenging.

Multicenter, placebo-controlled Phase 11 trials dem-
onstrated safety as direct blood replacement in
orthopedic surgery. A further Phase Il study in
cardiac surgery involved patients undergoing coro-
nary artery bypass grafting and intraoperative au-
tologous donation (IAD).*?> Increased blood pressure
was again noted. An appearance of jaundice, probably
related to high levels of bilirubin associated with
metabolic clearance, was observed in a large propor-
tion of patients. No significant coagulation distur-
bances or changes in hepatic enzyme levels were
reported. The Company recently announced comple-
tion of a Phase Il trial in patients undergoing
coronary artery bypass surgery with ANH in Canada
and the United Kingdom; avoidance or reduction of
allogeneic blood transfusion was demonstrated.'?5?
Phase 111 studies have begun in the United States.

3. Glutaraldehyde-Polymerized Bovine Hemoglobin—
Hemopure

The glutaraldehyde-polymerized bovine Hb cur-
rently being developed by Biopure Corp. (Cambridge,
MA) under the trade-name Hemopure is destined to
serve as an O, carrier and plasma expander; its
vasoconstrictive activity is also expected to contribute
supporting blood pressure.’’® The manufacturer
specifies that it sources its raw material only from
cattle from bovine spongiform encephalopathy-free
regions of the world. Bovine Hb purification prior to
modification includes ion-exchange HPLC. The po-
lymerization procedure was not disclosed. The prod-
uct, also known as HBOC-201, is “highly” polymer-
ized (>95%), consists of a family of oligomers ranging
predominantly in MW from 130 000 to 500 000, and
is formulated as a 13 g/dL concentrated solution in
a Ringer’s lactate-type solution. Chemical character-
ization is limited to the mention of the expected
modification of e-amino groups of lysines by glutaral-
dehyde. There is no indication that the product is less
heterogeneous than usually obtained by random
reaction of this cross-linker with the protein. He-
mopure has a very low O; affinity (Pso = 38 Torr) and
a shelf life of 2 years. OxyglO,bin, a less refined
version of this polymerized Hb (the yield with respect
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to the starting material is 2.4 times larger than for
Hemopure), is now commercially available for vet-
erinary use. However, the product was reported to
elicit a pronounced vasoconstrictive action and was
ineffective at restoring O, delivery as compared to
blood transfusion in a canine model of acute hypo-
volemia.’?83 A recent study confirms that glutaral-
dehyde polymerization of bovine Hb alters its allo-
steric mechanisms and increases its autoxidation
rate'1084a

The O, delivery efficacy of Hemopure was demon-
strated in diverse animal models,'1% including hy-
potensive hemorrhagic shock,?641265 profound iso-
volemic hemodilution,®*® augmented preoperative
autologous blood donation,'%4? near complete blood
exchange,%2 or hemodilution followed by artificial
arterial stenosis.'?¢ Its capacity for reducing the
hypoxic regions of tumors (for the purpose of sensi-
tizating tumors to radiation therapy or chemo-
therapy) depended on tumor model and antitumor
agent.t267.1268 Increased O, extraction and improved
tissue oxygenation were generally attributed to the
product’s right-shifted O, dissociation curve.

Some papers reported significantly increased arte-
rial pressure and systemic and pulmonary vascular
resistance upon administration of Hemo-
pure,801,1150~1153,1155,1265,1266 nthers the absence of such
effects.355:1043,1264,1269 Ateration of the metabolism of
the heart accompanied by increased O, consumption
was noted in dogs.'*®® Conversion to metHb in vivo
was rapid.8ot

Adequate oxygen transport and delivery were
achieved with bovine Hb products in rats!®* and
sheep®?® in the near complete absence of RBCs. No
unwanted side effects were seen on the microcircu-
lation of striated skin muscle of the hamster.}14°
However, when used for isovolemic hemodilution of
dogs in a range of clinically relevant hematocrit
values down to 10%, the product, due to a significant
decrease in cardiac output, failed to improve systemic
O, delivery in comparison with a non-O,-carrying
HES solution.*5! Actually, O, delivery was signifi-
cantly lower in the treated animals until hematocrit
reached 10%, indicating that the immediate increase
in vascular resistance and marked decrease in car-
diac output observed upon infusion outweighed the
benefit of substantial additional O, content. Oxygen
consumption was maintained because of a high
extraction ratio.

A transient increase in total peripheral resistance
and decrease in heart rate was observed during a
dose-escalation Phase | safety study (doses up to ~0.6
g/kg b.w.) in healthy volunteers.'5° A small clinical
study of HBOC-201 in liver resection patients (0.4
g/kg b.w.) indicated increased arterial blood pressure
and systemic vascular resistance and reduced cardiac
index and O, delivery.'1531270 The product was oth-
erwise well tolerated.

When subjected to a bicycle exercise experiment,
healthy human volunteers phlebotomized of about
150 g of RBC Hb, who had received Hemopure,
experienced greater O, uptake and CO, production
and lower lactate levels as compared to controls who
had received their own blood back.'*® Since exercise
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capacity was maintained at a comparable level in
both groups, the product was estimated to be about
3 times more efficient than RBCs on a gram-for-gram
basis. A transient increase in peripheral vascular
resistance and a decrease in heart rate and cardiac
index were again noted. Phase Il trials conducted in
various populations of surgical patients revealed
transient jaundice, elevation in liver enzyme levels,
and gastrointestinal disturbances, but these side
effects were not considered serious.*%®11%® A small
study in sickle cell patients not in crisis uncovered
no safety issues.'05!

Contradictory reports were published on the prod-
uct’s efficacy in the clinic. A small study in aortic
surgery patients resulted in avoidance of allogeneic
blood transfusion for 27% of the patients, although
it did not reduce total transfusion needs.'** On the
other hand, no demonstrable benefit to the patients
over hemodilution with a HES solution was found in
patients undergoing preoperative hemodilution for
abdominal aortic surgery.30912 Arterial O, content
was maintained at levels higher in the HBOC-201-
treated group of patients (0.9 or 1.2 g/kg b.w. doses),36°
but this advantage was offset by significant increases
in systemic and pulmonary vascular resistance and
a decrease in cardiac output, leading to decreased O,
delivery.

Clinical experience with Hemopure had, by the end
1999, involved over 500 patients who were exposed
to up to about 3.5 g/kg b.w. of the product over a
period of 6 days. Reduced need for allogeneic blood
was reported. Only some nonspecified “low” antige-
nicity was mentioned to have been observed during
these trials, which was not considered to raise safety
issues.*®® Further investigations seem to be in order
to determine these antigenic responses exactly. A
multicenter, single-blind Phase 11l study in ortho-
pedic surgery patients has recently been completed,
efficacy was demonstrated, but the safety results
have not yet been announced. The use of bovine
material in humans is still overshadowed by the
possibility of interspecies transmission of diseases,
including spongiform encephalitis,*3444° whose agent
could be transmitted by transfusion,*® appears resis-
tant to thermal treatment, and could stay dormant
for many years.

4. Pyridoxalated Polymerized Human Hemoglobin—
PolyHeme

The pyridoxalated and glutaraldehyde-polymerized
human Hb-based product that is being developed by
Northfield Laboratories Inc. (Evanston, IL) under the
tradename PolyHeme is intended to serve as an
alternative for blood in surgery and trauma.1°0.1205
The suppression of Hb’s vasoactive activity was listed
among the desirable goals. Although details are
scarce, the product's preparation is undoubtedly
based on this group’s extensive experience with Hb
polymerization.?%127t The Hb obtained from outdated
human banked blood is first pyridoxalated, then
glutaraldehyde-polymerized. A further important
step is the removal, presumably by chromatographic
fractionation, of any nonpolymerized tetramer in
view of preventing extravasation and reaction with
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NO. In the absence of published information, one can
only conjecture that the product consists of a highly
heterogeneous mixture, in line with the standard
published outcome of successive Hb pyridoxalation
and glutaraldehyde polymerization reactions.524705769
A unit of PolyHeme consists of 500 mL of a 10 g/dL
solution of the modified Hb (MW 128 000—400 000;
less than 1% residual tetramer) that was reported
to have a COP of 20-25 Torr, a Pso of 28—30 Torr (the
process improvements which allowed Pso to raise
from 18 to 22 Torr?721273 to 28—30 Torrio012741275
were not publicized) and metHb < 3%.19%.1275 pPgly-
Heme can be stored for at least 1 year at 4 °C.

Preclinical efficacy studies in baboons at near zero
hematocrit indicated that the product supported life
better than nonpolymerized pyridoxalated Hb in such
extreme conditions.354366.1276 No hemodynamic effects
were noted.

No significant safety issues, vasoconstriction, or
other adverse effects were reported following Phase
I and Phase I/11 clinical safety studies conducted in
healthy volunteers and trauma or surgical pa-
tients.1°0.1205.1277 Ffficacy assessment was primarily
based on measurement of Hb concentration. A small
randomized trial in acute trauma and urgent surgery
patients who received an average 4.4 units of Poly-
Heme (about 3 g/kg b.w.) indicated a reduction in use
of allogeneic blood.*?% Two Phase Il trials in trauma
and urgent surgery involved about 150 patients. A
few patients with very low Hb levels received high
doses of the product and demonstrated improvement
of their condition, but massive transfusion of alloge-
neic blood could not be avoided.*?°” Randomized
Phase 11l studies in elective aortic surgery with up
to six units of PolyHeme are in progress.

5. Polyethylene Glycol “Decorated” Hemoglobin

A pegylated bovine Hb is being developed by Enzon
Inc. (Piscataway, NJ) using a succinimidyl carbonate-
PEG methodology®* to graft mPEG chains at the
surface of the protein. The sparsely documented
5-day/33% overall yield processing cycle!?’® yields a
product in which each Hb molecule is derivatized at
multiple sites with about 12 PEG strands of MW
5000 each, leading to a total MW of about 125 000,
i.e., with about equal amounts of Hb and PEG.107°
Extensive hydration of the POE chains resulted in
greatly increased molecular size of Hb and very high
COP.529 Autoxidation was significant, leading to 53%
metHb after 10 h at 37 °C.11% The product could,
however, be stored for greater than 18 months at —20
°C without significant autoxidation.?”® This Hb, which
is not cross-linked, neither intra- nor intermolecu-
larly, was strongly destabilized with respect to heme
transfer from Hb to serum albumin, especially when
Hb concentration was low.'1% Pg, was strongly de-
pendent on temperature and Hb concentration. It was
suggested that PEG chains could access the central
cavity of the bovine Hb tetramer through binding to
Lys-813 and disrupt interdimer interactions. The
pegylation procedure was also expected to reduce the
immunogenicity of bovine Hb.539.1103

A 6 g/dL solution of this pegylated bovine Hb was
evaluated in various animal models 1079127971281 A
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very significant increase in circulatory half-life with
respect to unmodified bovine Hb was demonstrated,
and some of the adverse effects, including vasocon-
striction, were substantially reduced. The PEG—Hb
product still inhibited the vasorelaxation effect of
acetylcholine and NO donors in isolated aortic
strips.1?0 Rapid extravasation from the intestinal
mucosa capillaries, by a mechanism that includes
widening of interendothelial gaps, and inflammation
were observed in rats, potentially compromising the
transport of nutrients and drugs between blood and
tissue.#181076 The product allowed resuscitation of
hemorrhaged dogs and piglets®3°1282 and improved
survival of 80—85% exchange-transfused rats and
piglets.1?79:128 Increased tumor oxygenation and en-
hanced radiation sensitivity were demonstrated in
rodents.1060.1962 The product is currently undergoing
clinical trials as a radiosensitizer for use in radiation
treatment of hypoxic tumors.

6. Polyethylene Glycol-Cross-Linked Pyridoxalated
Hemoglobin (PHP)

In a procedure initially utilized for pegylating
albumin,®* developed by Ajinamoto (Kawasaki, Ja-
pan) for Hb and now licensed to Apex Bioscience, Inc.
(Durham, NC), a pyridoxalated Hb made from out-
dated human RBCs was decorated and cross-linked
intra- and intermolecularly using a difunctional PEG
ester, namely, the N-hydroxysuccinimide ester of an
o-carboxymethyl, w-carboxymethoxy-PEG 4.28 of
MW 3600.525526646,1284,1285 Acylation occurred on a
number of amino groups on both o and f chains. The
half-life in circulation of the conjugate increased with
the number of PEGs attached, while Psy decreased.
An average six PEGs per Hb was deemed an accept-
able compromise. Adjustment of COP was achieved
by controlling the degree of intermolecular cross-
linking. In an early version the product consisted of
about 83% monomers, 12% dimers, and 4% trimers,
had an average six PEG strands per Hb, and was
described as Hb(PLP)3(POE)e.1?8 The present pyri-
doxalated-hemoglobin—polyoxyethylene conjugate
(PHP) is highly heterogeneous, has a weight average
MW of about 187 000 with two main distributions
around 106 000 (~70%) and 300 000 (~30%), and an
average 3.3 pyridoxal phosphate groups and 5 PEG
strands per Hb molecule.5?® It has a large hydrody-
namic radii of approximately 7.2 nm. Some catalase,
superoxide dismutase, and carbonic anhydrase from
the original RBCs are maintained, which are also
derivatized with PEG and sometimes bound to Hb
through PEG cross-links. The product thus retains
some antioxidant activity and resistance to oxidative
modification.°’° The injectable product is formulated
as 6 and 8 g/dL Hb solutions that are stored frozen.

The O, transport efficacy of PHP has been estab-
lished in various models.1?841286.1287 However, in a
subsequent study of resuscitation after hemorrhagic
shock in dogs, transient restoration of hemodynamic
parameters with PHP solutions was followed by a
large decrease in O, delivery, and massive use of PHP
for resuscitation from hemorrhagic shock was not
recommended.%! Aggregation of red cells and plate-
lets and thrombocytopenia were observed in vitro.*23!
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Vasoconstrictive activity was demonstrated in ani-
mals and in heart perfusion experiments,*551162.1163,1178
The product restored cardiac index and small-bowel
blood flow in a swine hemorrhagic shock model;
however, O, delivery was decreased compared to
blood and gastric mucosal pH remained low, indicat-
ing possible ischemia.'*! No renal 1228 or hepatic!?®®
toxicity were found.

As PHP strongly increased blood pressure, which
was assumed to relate to NO scavenging, it was
targeted for treatment of septic shock patients.?9445
The systemic inflammatory response associated with
septic shock leads to NO overproduction and subse-
quent loss of vascular tone. Because of its ability to
neutralize NO, it was hypothesized that PHP could
“mop up” this excess NO and restore blood pressure
in NO-induced shock patients.#55:1070.12%0 Reaching the
NO production sites should be facilitated under some
pathophysiological conditions when endothelial bar-
rier functions are deteriorated.'!”® Continuous infu-
sion of low doses (0.1 g/kg b.w.) of PHP restored mean
arterial pressure in a septic sheep model.*512%0 An
increase of pulmonary arterial pressure and pulmo-
nary vascular resistance but no impairment of organ
or RES function were seen at these doses. However,
treatment of endotoxemic swine with PHP, while
improving mean arterial pressure, significantly ex-
acerbated endotoxin-induced pulmonary hyperten-
sion and arterial hypoxemia.165

Currently, PHP is in clinical trials for treatment
of NO-dependent shock.'9° The product showed no
significant effect on blood pressure in a Phase | study
in healthy volunteers at doses up to 0.1 g/kg. Similar
doses of drug were reported to restore blood pressure,
increase systemic vascular resistance, and decrease
heart rate in septic shock patients. A Phase Il
continuous injection trial in such patients (up to 2.5
g/kg) concluded that PHP is indicated for the treat-
ment of this type of shock. The vasopressor activity
of PHP was deemed consistent with an NO-scaveng-
ing mechanism.

7. Recombinant Mutant Human Hemoglobin from E.
coli—Optro

A variant of human Hb (rHbl.1, trademarked
Optro), whose O,-binding characteristics were close
to those of Hb in human RBCs, has been successfully
cloned, expressed, and purified by Somatogen, Inc.
(now Baxter Hemoglobin Therapeutics, Boulder,
CQ).473.476,888 |0 this variant, the two o globin chains
were fused together by a glycine bridge located
between the C-terminal arginine (Arg-141qa) of one
a chain and the N-terminal valine of the other for
the purpose of preventing dissociation into dimers.
rHb1.1 also featured an Asn-1085—Lys mutation in
both A chains. This mutation, which is found in
nature and known as Hb Presbyterian, increases Psg
to around 30 Torr. The product contained methionine
instead of valine at the N-terminus of the 3 chains
(the fused di-a chain and the two f chains). An extra
copy of the gene for ferrochelatase was subsequently
introduced in order to improve the production of the
enzyme that converts protoporphyrin IX into heme.*7®
Accumulation of soluble rHb1.1 in E. coli implies
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proper protein folding, heme association, and subunit
assembly. Endogenous heme was not present in
sufficient amounts, requiring supplementation with
heme from bovine origin.8& Insoluble, misfolded rHb
was also formed, especially in the absence of ad-
equate amounts of heme.®88 Extraction, purification,
and virus inactivation of rHb1.1 required a number
of steps, including chromatography on a zinc-ion-
chelate affinity capture resin and chromatography on
an anion-exchange resin.*’¢

Optro was formulated as an isotonic 8% solution
of rHb1.1 in a phosphate-buffered saline and was
stable to storage at 4—8 °C for over 1 year.107

Preclinical investigation of rHbl1l.1 has recently
been reviewed.*¢? Efficacy of Optro in delivering O,
was established in exchange-perfused rats whose
brain and gut were monitored for ATP, phosphocre-
atine, and pH by 3P NMR.4’® The close-to-totally
exchange-transfused animals survived the 5 h ob-
servation period and demonstrated normal oxidative
phosphorylation. Oxygen consumption was main-
tained in rHb-treated sheep undergoing CPB.*62
Resuscitation of dogs subjected to profound shock
consecutive to severe hemorrhage and repayment of
the O, debt were more effective with the rHb1.1
solution than with colloids and their own shed
blood.1938.1291 A rise in pancreatic enzymes was,
however, observed.

The product was found to inhibit vasorelaxation by
NO donors (such as arginine) or acetylcholine of
vascular smooth muscle in vitro.1167.1175 The effect was
comparable to that elicited by purified cell-free Hb.
Increased mean arterial pressure and systemic vas-
cular resistance was observed in rats.'%® Experimen-
tation on opossumsti741292.1292a gnd observations in
human volunteers (0.11-0.15 g/kg b.w. dose)'1%
indicated significant impairment of the motor func-
tion of the esophagus in some subjects. These disor-
ders were suggested to result primarily from NO
scavenging and defects in the NO-dependent neuro-
muscular communication. rHb1.1 did not exacerbate
bacterial growth in mice.*62

A Phase | safety trial of Optro in healthy volunteers
(25 g maximum total dose) provided no evidence for
immunogenicity, coagulation changes, or renal toxic-
ity.476.1073 Plasma half-life of rHb1.1 increased with
dose, being 2.8 and 12 h for plasma concentrations
of 0.5 and 5 mg/mL, respectively. The most prevalent
adverse reactions were those affecting the gas-
trointestinal tract (68% of patients), including nau-
sea, vomiting, diarrhea, dysphagia, abdominal pain,
and chest discomfort.

Arterial blood pressure increased in the rHb1.1-
dosed patients and remained elevated until 6—8 h
after infusion while heart rate decreased. “Flu-like”
symptoms consisting of fever, chills, and headache,
transitory increases in serum levels of the pancreatic
enzymes amylase and lipase, and urticaria and
pruritus were also noted. The gastrointestinal and
hemodynamic symptoms indicated ischemic events
possibly related, at least in part, with NO scaveng-
ing_476,1073,1104,1107

No clinically significant treatment-related adverse
events were reported following Phase Il safety/
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efficacy studies in surgical patients (25—100 g total
dose), with or without ANH, or enhanced ANH,
including CPB surgery patients.#’611%7 Increased
blood pressure was seen in two-thirds of the intra-
operative blood replacement patient group as well as
transient increases in lipase and amylase levels.
Clinical trials with Optro were discontinued in 1998.
Improved rHbs are now being developed by Baxter,
including an octamer with both lower NO and lower
0O, binding capacity.%151258

8. Recombinant Human Hemoglobin from Transgenic Pigs

Commercial development of transgenic pig-derived
human rHb was attempted by DNX Biotherapeutics
Inc. (Princeton, NJ). The choice of swine was dictated
by relatively short gestation time, large litter size,
and rapid growth.*”® Also, porcine Hb has some
features in common with human Hb, including 2,3-
DPG-dependent O, affinity. Transgenic pigs were
produced by microinjection into the pronucleus of a
fertilized single-cell pig egg of a genetic construct that
contained the genes encoding human a and f globins
along with a regulatory element, the g globin locus
control region, which enhanced Hb expression and
ensured that the gene will be expressed irrespective
of its position in the chromosome.#”48% The micro-
injected eggs were transferred into a mother pig for
gestation. Of the order of 0.5—1% of the offspring may
then carry the added gene (the transgene) and will
be transgenic. The transgenic pigs can than be bred
to a nontransgenic pig, and about one-half of their
progeny will be transgenic, allowing a Hb-producing
herd to be progressively generated.

An advantage of this expression system is that the
Hb that is produced is confined and concentrated in
the RBCs, which facilitates its recovery and purifica-
tion. However, the actual level of expression of
human Hb was low and the harvested human rHb
needed to be separated (using ultrafiltration and
preparative ion-exchange chromatography) from the
highly preponderant and structurally very similar pig
Hb, and from an even more closely related and hard
to separate interspecies hybrid that comprised a
human o chain and a pig 8 chain.*”® Finally, the
human rHb thus produced still required modification
in order to display functionality. Transgenic Hb was,
for example, cross-linked, primarily between j chains,
with bis(3,5-dibromosalicyl) sebacate 4.21b under
deoxy conditions.*"®

A number of challenging issues were listed that
still needed resolution in order to obtain an exploit-
able system.*”® These issues include significant im-
provement of expression level of human Hb; improve-
ment of hematopoiesis in pigs; development of new
or more efficient technologies of breeding, blood
collection, processing, separation, and control; dem-
onstration of absence of immunological reaction due
to pig or chimerical Hb; achievement of a functional,
chemically or genetically cross-linked, or polymerized
Hb; reduction in production cost; and acceptance of
transgenic Hb by the regulatory agencies and, even-
tually, the public. The promoters of this source for
Hb may not have foreseen the unprecedented legal,
regulatory, and religious hurdles raised by the fate,
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processing, and disposition of animal carcasses that
contain human Hb. The efforts to develop human Hb
in transgenic pigs were discontinued in 1996.

9. Pegylated Liposome-Encapsulated Human
Hemoglobin—Neo Red Cells

Neo Red Cells, which are being developed by
Terumo (Kanagawa, Japan), consist of human Hb
that is co-encapsulated in liposomes with an allosteric
effector (IHP) and a metHb reduction system (the
coenzyme NAD with glucose, adenine, and inositol
as substrates).?33°72 The lipid formulation comprises
hydrogenated soy phosphatidylcholines, cholesterol,
myristic acid, and a-tocopherol. The liposomes are
subsequently coated with PEG strands using PEG—
phosphatidylethanolamine 4.106d. The final lipo-
some (180—220 nm) suspension contains 6 g/dL of Hb
and has an encapsulation efficiency of 1.9 g of Hb
per 1 g of lipid. These LEHDb display a Pso of about
45 Torr and a circulation half-life of 21 h (1.5 g Hb/
kg b.w. in rats). The rate of metHb formation was
decreased 2- to 3-fold with respect to Hb liposomes
not containing the reductant system.%3%°72 Frozen
storage was nevertheless deemed preferable.

Blood pressure increased transiently during injec-
tion of this material to rats but returned rapidly to
preinjection levels. Rabbits survived replacement of
85% of their blood by the preparation. Increased
vascular resistance and decreased cardiac output
were observed in dogs subjected to severe hemor-
rhagic shock, when treated with Neo Red Cells,
despite the low viscosity of the preparation.'2®?
Another study showed no such effects and concluded
that normal aerobic metabolism could be maintained
in severely hemodiluted animals.*?% Heart preserva-
tion experiments were also reported.’?®> Clinical
testing in humans does not seem to have yet begun.

10. Miscellaneous Development Efforts

Further documented efforts that were made to
develop Hb-based O, carriers or that are in the early
stages of development include a glutaraldehyde-
polymerized human Hb (Dutch Red Cross, Amster-
dam, Netherlands);"®®> a recombinant human Hb
expressed in yeast (Delta Biotechnology Ltd., Not-
tingham, U.K.);*’® conjugates of Hb from human
placenta with dextran benzene tetracarboxylate or
of pyridoxalated Hb with an mPEG (Pasteur-Mérieux,
Marcy I'Etoile/University of Nancy, France);1143.1297
an Hb encapsulated in polymerized lipid vesicles
(NOF Corp., Tsukuba, Japan);9949%.129%8 gn o-ATP-
cross-linked, o-adenine-polymerized, and glutathione-
decorated bovine Hb (Texas Tech University, Lub-
bock, TX);8% Hemospan, a relatively viscous, high O,
affinity pegylated human Hb preparation developed
by Sangart, Inc.;87" a hyperpolymerized porcine Hb
product (SanguiBioTech AG, Witten, Germany);*6°
and HemoZym, a dextran-polymerized polynitroxy-
lated Hb with antioxidant and antiinflammatory
properties (SynZyme Technologies, Irvine, CA).106°

Although not based on an O, carrier per se, another
strategy for improving tissue oxygenation involves
administration to the patient of an allosteric modifier
that binds noncovalently to the central cavity of the
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Hb tetramer, thus facilitating the release of O, to
tissues.?% One such agent, RSR13 4.113, developed
by Allos Therapeutics, Inc. (Denver, CO), is in clinical
trials for improving tumor response to radiation
therapy.*3% Improvement of the outcome of moderate

NHC(O)CH;@—OC(CH?,)ZCOOH 4.113

cerebral ischemia has been seen in the rat with this
product.*3! Introduction of IHP, a powerful allosteric
effector, in a patient's RBC by continuous flow
electroporation (EntreMed, Inc., Rockville, MD) fol-
lows a similar line.’32 The latter technique also
allowed exchanging native Hb with an exogeneous
Hb with altered characteristics.30%2

V. Fluorocarbon-Based Oxygen Carriers

The basis for using PFCs for in vivo O, delivery is
their unique combination of high gas-dissolving
capacity (the highest known among liquids) and
outstanding chemical and biological inertness. Chart
5 lists the PFCs that have been most investigated

Chart 5
(F\ N(C,F,) N(C.F.) F F
o C4Fg 4" 9/3 373 (F:G\‘\ N
|
5.1 (FX-80)  5.2(FTBA) 5.3 (FTPA) 5.4 (FMIQ) 5.5 (FMOQ)
CF, 2cF,
(F N@f CIC,F,Cl @@ @
5.6 (FMCP) 57 (PFDCO) 5.8 (FDC) 5.9 (FMA) 5.9a (FMN)
C,F,Br C,oF5:Br C,F,CH=CHC,F,
510 (PFOB) 5.1 (PFOB) 5.12 (F-44E)

for this purpose. Recent reviews on this topic include
refs 153, 155, 185, 215, 218, 219, and 1303—1306.

A. The Challenges

In line with the paradigmatic differences that
underlie the two approaches, the challenges encoun-
tered with PFC emulsions are very different in
nature and resolution from those of the Hb-based
products. Some issues concerned the PFC itself,
others the emulsion; in many cases, the character-
istics of the two cannot be dissociated. Many of the
issues reflect our initial lack of knowledge about the
in vivo behavior of PFCs and, consequently, of the
most effective way to use them.

1. |dentifying the “Right” Fluorocarbon

When PFCs were first investigated for O, delivery,
there was no clue about which PFC—from among the
hundreds that were a priori possible—would be
appropriate. An essential task was to identify a PFC
with high O, solubility that would be well tolerated,
rapidly excreted, and amenable to producing a stable
emulsion. The relationship between PFC structure
and fate in vivo, particularly what determines excre-
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tion rate, needed to be established. Fluorocarbons
have a number of distinctive characteristics in com-
mon, yet surprisingly few such compounds turned out
to be appropriate for in vivo O, delivery. The selection
process also needed to take into account the PFC'’s
manufacturability and cost.

2. Engineering a Stable, Biocompatible Emulsion

Obtaining a stable, injectable, small-sized, nar-
rowly distributed PFC emulsion was another abso-
lute requirement that needed the chemist’'s skills.
Related questions concerned the emulsion’s formula-
tion, concentration, fluidity, scale-up and steriliza-
tion, and user-friendliness. Manufacture of a sterile
parenteral PFC emulsion, although it relied on
existing technologies, required the development of
specific know-how.

3. Understanding Fluorocarbon’s “Physiology”

Understanding the mechanisms of O, delivery by
PFCs and their implications in terms of product
efficacy, assessing and understanding the PFC’s
absorption, distribution and excretion characteristics,
as well as the emulsions’ effects and side effects was
mandatory. Such knowledge was also indispensable
to identify the therapeutic indications and optimizing
the methods of use that would maximize the benefits
of PFC-based O, delivery for the patient.

4. Assessing Potential Effects on Host Defenses and
Lung Function

Emulsion droplets being particulate matter are
primarily handled by the RES. Phagocytosis limits
the product’s intravascular persistence. The potential
side effects related to phagocytosis required investi-
gation. Although no clinically significant side effects
were seen at the currently investigated doses, tem-
porary saturation of the RES may, like for other
emulsions and particulates, constitute a dose-limiting
factor for PFC emulsions or may preclude repeated
dosing at intervals that are too close. Possible effects
on the physiology of the lungs (the principal excretion
route for PFCs) needed to be assessed. No antigens
against PFCs have been reported to develop following
infusion of PFC emulsions.

B. Some Fundamentals about Perfluorocarbons

1. A Sense of the Extremes

Liquid PFCs are uniquely characterized by excep-
tionally strong intramolecular (covalent) bonding and
exceptionally weak intermolecular (van der Waals)
interactions. These extremes are directly related to
the position of the element fluorine in the extreme
upper right corner of the Periodic Chart. The char-
acteristics of fluorine are directly responsible for the
specific properties of PFCs, including the lowest
surface tensions (<20 mN m™1), dielectric constants,
and refractive indices of any liquid; high fluidity,
density, compressibility, and gas solubilities; extreme
hydrophobicity (as well as lipophobicity); and chemi-
cal inertness. Perfluorocarbons and perfluoroal-
kylated (F-alkylated) materials, including fluorosur-
factants, have found multiple uses in the chemical,
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electronic, nuclear, magnetic media, and aerospace
industries, when extreme performance and/or resis-
tance to highly corrosive environments are de-
manded_130771309

As noted above, the two essential features that are
the foundation of the PFCs’ major potential applica-
tions in medicine are their high gas-dissolving ca-
pacities and exceptional inertness. The first is a
direct consequence of the weakness of the cohesive
forces between molecules in liquid PFCs. This weak-
ness facilitates the formation of “holes” that can
accommodate gas molecules (which are also fluids
with low cohesive forces) within the liquid. Because
of weak intermolecular interactions, PFCs behave as
nearly ideal liquids; their boiling points are close to
those of the noble gases with comparable MW.

The PFCs' inertness, on the other hand, reflects
the strength of the intramolecular chemical bonds
and the low polarizability of the fluorine atoms.
Several factors contribute to this inertness. The C—F
bond is the strongest single bond encountered in
organic chemistry (average 485 kJ mol~!, compared
to ~413 kJ mol~! for a standard C—H bond).*31° Its
strength is further increased when several fluorine
atoms are present on the same carbon, reaching 530
kJ mol~t in CF3;CF; as compared to 450 kJ mol~tin
CH3CH,F.131 The C—C backbone bonds are also
reinforced due to the electroattracting character of
the fluorines. The C—C bonds are, for example,
stronger by 34 kJ mol~! in poly(tetrafluoroethylene)
compared to polyethylene.’3'! The larger size of
fluorine atoms relative to hydrogens (estimated van
der Waals radius of 147 versus 120 pm)*312 and their
high electron density result in a compact electron
shield that ensures effective protection of the mol-
ecule’s backbone. This dense electron sheath is also
expected to have some sort of repellent “Scotch-
guard”-type effect against reagents at the molecular
level. The bonds between F-alkyl chains (CnFan+1 =
Rg) and oxygen, nitrogen, chlorine, or bromine are
usually also strengthened and the potentially func-
tional sites inactivated. When chlorine or bromine
atoms are present in the F-alkyl chain, the enhanced
electronegativity of the carbon to which they are
bound tends to counterbalance their own electroat-
tracting character, resulting in reduced bond polarity,
polarizability, and reactivity. No enzymatic system
is known to digest PFCs, and no bacterium or other
microorganism is known to feed on them.

2. Hydrophobic and Lipophobic

Another direct consequence of low van der Waals
forces—and a key characteristic of PFCs relevant to
this discussion—is their extreme hydrophobicity.
There are probably no two molecular liquids more
different and more opposed in their structures and
properties than PFCs and water. Fluorocarbons are
significantly more hydrophobic than hydrocarbons.
They are actually not only hydrophobic but lipophobic
as well, repelling both water and lipids. The mixing
of fluorocarbons and hydrocarbons is highly non-
ideal 13131314 This explains why PFCs need to be
emulsified for intravascular administration as well
as why obtaining stable emulsions can be difficult.

Riess
Table 4. Gas Solubilities (vol %, 25 °C) of
Representative Perfluorocarbons and Related
Compounds
compound O, CO; N, CO H;
H,0 3.1 83 1.59 2.33 191
CCly 27.8 244 14.9 20.3 7.73
n-C7H15 15.2—-16.7 26.3 10.4
n-C7F16 54.8 207 386 38.6 14.1
n-Cngg 28.6 18.0 9.4
n-CgF1g 52.1
CsHs 20.6—225 245 113 16.9 6.5
CsFs 46.8—48.8 426 348 411
CngyBr 8.4
CsF17Br 50.0-52.7 210

Hydro- and lipophobicity also contribute to the inert-
ness (or passivity) of these compounds in vivo and
largely determine their excretion rates. Extremely
low solubility in water is the basis for the use of PFCs
to osmotically stabilize injectable gas bubbles that
can serve as contrast agents for use with ultrasound
imaging.'®?® These characters of F-alkyl chains also
explain the propensity of F-alkylated amphiphiles to
self-assemble into a variety of stable colloidal and
supramolecular systems.1316:1317

3. Oxygen-Dissolving Capacity

Fluorocarbons have the largest gas-dissolving ca-
pacities known for liquids.33?1318 They behave like
typical nonassociated, nonpolar liquids, with solubil-
ity for gases depending essentially on the molecule’s
shape,®®® with small enthalpies and entropies of
dissolution.'32° At a given temperature, the solubility
of a given gas in a PFC is directly proportional to
the gas’ partial pressure.

A formal two-step dissolution process, consisting
first of opening a cavity in the solvent large enough
to fit the gas molecule and then introducing the gas
in this cavity, is often postulated for the purpose of
discussing and predicting solubility data. The dis-
solution of O, or NO in diverse liquid PFCs has been
investigated by NMR using the perturbation induced
on the nuclear relaxation of the *3C nuclei of the PFC
by the paramagnetic species.'3?1:1322 The results were
rationalized on the basis of ease of formation of
cavities within the liquid rather than the existence
of any specific interaction and indicated that the
cavities opened by these solutes in PFCs are signifi-
cantly larger than in hydrocarbons. The compress-
ibilities of PFCs were much higher and their internal
pressures lower than those of hydrocarbon analogues,
as expected for lower intermolecular interactions.323
The excess chemical potential, i.e., work needed to
insert the 133Xe radioisotope into a solvent, was much
lower for PFCs than for hydrocarbons.13241325 | jke-
wise, the Gibbs free energy for opening a cavity in
PFCs was much lower than in hydrocarbons.

The solubilities of O,, CO,, and N3 in some typical
PFCs and, for comparison, in a few other solvents
are displayed in Table 4. Discrepancies found in the
published solubility data may arise from differences
in experimental methods and procedures and uncer-
tainties about the purity of the PFC sample.?3 The
methods utilized were manometric,*326 volumetric,*3?’
chromatographic,?191328.1329 or spectroscopic.*3?* The
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Figure 19. Solubility (vol %) of O, at 37 °C in various
PFCs as a function of MW. The homologous series of bis-
(F-alkyl)ethenes (striped dots) illustrates the decrease of
solubility as MW increases. The window of MW relevant
to intravascular use is highlighted. (Reprinted with per-
mission from ref 1332. Copyright 1988 Ellis Horwood Ltd.)

O, solubilities of the PFCs pertinent to intravascular
use range, under 1 atm, from 40 to 52 vol % and those
for CO; from 140 to 240 vol %.339.1328.1330 They are
larger than in water by a factor of 20 or more if
expressed in vol % or by a factor of 200 if expressed
in molar fraction. Within a homologous series of
PFCs, O, solubility increases with decreasing MW,
as exemplified in Figure 19.13811332 Solubilities of
gases decrease in the order CO, > O, > CO > N, >
H, > He, apparently following the decrease in mo-
lecular volume of the solute.®3°

Oxygen solubility depends somewhat on molecular
structure. For similar MW, the differences in O,
solubility can reach 20—25% (Figure 19), a factor that
cannot be neglected when selecting a PFC for in vivo
O, delivery. Linear PFCs, including those that have
a double bond, an oxygen atom, or a terminal bromine
atom, have an advantage over the cyclic and polycy-
clic PFCs.13311332 Terminal alkyl chain resulted in
slightly reduced O, solubility.1333 Lesser O, solubility
was also reported for a,w-dichlorooctane.*®® The
higher gas-dissolving capacities and compressibility
of F-44E with respect to its saturated analogue was
attributed to the “notch” introduced in the structure
by the centrally located double bond, which was
thought to facilitate the formation of the cavities that
host the gas.'3?!

Predictions of gas solubilities in PFCs have been
made using Hildebrand'’s solubility parameter ¢ (eq
5.1)

0 = (AE IV, )2 (5.1)

where AE, is the energy of vaporization and V,, the
molar volume of the fluid.*3*2 In order for two fluids
to be mutually soluble, they need to have similar 6
values. The 6 values of PFCs are close to 6 hilde-
brands, as compared to 5.7 for O,, 7—9 for hydrocar-
bons, and 23.4 for water. Semiempirical approaches
to gas solubilities were derived from the scaled
particle theory. These approaches express the free
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energy of solution as the sum of the free energies for
formation of cavities in the solvent and that of the
interaction between solute and solvent.1320.1334 Cor-
relations also exist between O, solubilities and the
solvent’s surface tension, compressibility,’*?® and
viscosity,'3?8 since these are all manifestations of the
solvent’s degree of cohesiveness. An empirical group
additivity system was developed that provides esti-
mates of the energy of vaporization and molar volume
of PFCs from their structural formulas, thus allowing
prediction of their vapor pressure and O, solubil-
ity.1335

Solubility of gases in PFC emulsions has been
measured by chromatographic,'33 polarographic,33°
NMR,1337 manometric, or radioisotopic'33® methods,
by redox titration after oxidation of ferrous thiocy-
anates by the O, present in solution,’®° and by
enzymatic determination of O, using glucose oxi-
dase.'®® The values obtained were close to those
calculated by adding the gas solubilities of the PFC
and aqueous phase, indicating that emulsification
had no effect on the PFC's gas solubility. An NMR
study of 19F spin—Ilattice relaxation rates in Fluosol
as a function of O, dissolution led to the same
conclusion.**3” The solubilities of xenon and hydrogen
in water, blood plasma, F-tributylamine (FTBA), and
Oxypherol (a 20% w/v FTBA emulsion from Green
Cross) have been measured. Gas solubilities were
about 9% less in plasma than in water, possibly
reflecting a salting-out effect due to the Na* ions
present in plasma.’®¥® Increased solubility in F-
decalin accelerated the elimination of xenon from
tissues in dogs; elimination of tissue nitrogen should
be even faster in view of the higher solubility in
PFCs.3*® The O, content of Fluosol was not affected
by the presence of blood.*3*%1342 |t was not signifi-
cantly affected by an increase in pH, while CO,
solubility was reduced, as expected.1342

The gas transfer capacity of a liquid depends not
only on gas solubility, but on the gas’ aptitude to
diffuse as well. The diffusion coefficients of O,, Ny,
and CO; in three 8- to 10-carbon fluorinated ethers
were about twice as large as those in water,'34 while
in the heavier FTBA they did not exceed those in
water.'3# Kinetic measurements using stopped-flow
spectrophotometry indicated that uptake and release
of O, by an FTBA emulsion (half-time for uptake ~2
ms) was about twice as fast as that by a cell-free Hb
solution.t34%

4. Synthesis of Fluorocarbons Relevant to in Vivo Use

The candidate PFCs should be well defined and
pure—which would seem rather obvious for com-
pounds that are intended for injection in 100-gram-
size doses. This requirement was not always met in
the early days. Some of the materials investigated,
including some PFCs that underwent significant
development effort, consisted of complex, poorly
defined mixtures with questionable batch-to-batch
reproducibility.*346-1348 This is because some perflu-
orination methods are not selective. No wonder these
PFCs were sometimes toxic, and some of the pub-
lished physicochemical data were subject to caution.
This situation has changed: the number of PFCs of
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interest has been reduced to a few, the manufacture
of which (although the procedures used are not fully
disclosed) appears to be under proper control, yield-
ing material that reaches 99.9% purity.

Two major strategies are available for manufactur-
ing PFCs: substituting fluorine atoms for hydrogen
atoms in the parent hydrocarbon analogue of the
desired PFC or combining smaller, already fluori-
nated, reactive building blocks.'33? Electrochemical
fluorination, fluorination by high-valency metal fluo-
rides (usually cobalt trifluoride), and direct fluorina-
tion by elemental fluorine belong to the first category,
while telomerization of tetrafluoroethylene or hexaflu-
oropropene belong to the second. The preparation of
cyclic, polycyclic, and branched compounds and of
amines and o,w-disubstituted compounds relies pri-
marily on the substitution route. Telomerization
readily provides well-defined pure linear PFCs but
is limited in the number and diversity of products
that can be prepared.34

a. The Fluorine Substitution Processes. Re-
placing one hydrogen by a fluorine atom in a hydro-
carbon releases about 75 kJ mol~*; when 20 hydrogen
atoms are to be replaced, the energy released can
reach some 1500 kJ mol~!. If the reaction is not
properly controlled, this very large amount of energy
easily causes C—C bond breakage, elimination of HF,
isomerization, cyclization, and other structural rear-
rangements, while incompletely fluorinated com-
pounds may still be present. Laborious purification/
detoxification steps are then required.35%1351 The
product’'s purity and consistency are highly depend-
ent on individual molecular structures.

The first reported fluorocarbon, CF,4, was isolated
during the preparation of beryllium by electrolysis
of beryllium fluoride in an alkali fluoride in 1926.13%2
The first kilogram-size batches of higher MW PFCs
were produced using Simons’ electrochemical fluori-
nation process shortly before World War 11.13%3 Elec-
trochemical fluorination (ECF) consists of the elec-
trolysis of organic compounds dissolved in anhydrous
liguid HF.1358-13% Flyorination takes place at the
anode, probably through a radical cation mecha-
nism,'3%7 and hydrogen is liberated at the cathode.
The anode potential needs to be greater than 3.5 V
(versus the hydrogen reference electrode) in order for
appreciable fluorination to occur but should remain
less than 5.0 V in order to prevent extensive break-
down.3%6 The process requires that the substrate be
somewhat soluble in HF and is, therefore, particu-
larly effective for amines and acids. ECF usually
results in complex mixtures of cleavage, coupling,
rearrangement, and incomplete fluorination prod-

Scheme 13
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ucts. Several of the PFCs of Chart 5 were prepared
by ECF. F-(2-n-Butyltetrahydrofurane) 5.1 (Chart 5),
the major component of FX-80 (the 3M Company, St.
Paul, MN) and one of the earliest PFCs investigated
for medical use, results from cyclization during ECF
of F-octanoyl chloride (eq 5.2).1354.1358

ECF C,F. C.F.
N +[F3”+ [FfS“ (5.2)
o o
5.1 5.2
+ HCl + H,

A sample of FX-80 used for in vivo distribution
studies showed 6—8 peaks by GC.13%° A sample of
distilled FTBA 5.2 showed at least 15 components.1348
After process optimization, a batch of electrochemi-
cally produced F-tripropylamine 5.3, (FTPA, one of
the constituents of Fluosol), contained actually 27%
of the perfluorinated parent compound, along with
numerous other materials.**° Electrochemical fluo-
rination of N-methyldecahydroisoquinoline yielded
FMIQ (cis and trans) 5.4 (selected by Green Cross
for its second-generation emulsion!31.1362) as a mix-
ture of the corresponding amines, plus diverse isomer-
ized and fragmented products (Scheme 13).13% Lengthy
purification was needed to remove products contain-
ing residual hydrogens or unsaturations and nitrogen
fluorides. The similarly produced isomeric F-4-me-
thyloctahydroquinolidizine (FMOQ) 5.5 was also
given some consideration.'3%* F-Methylcyclohexylpi-
peridine 5.6 (FMCP, 3 isomers), present in Perftoran
(Perftoran Co, Pushchino, Russia),'®? and numerous
other F-amines investigated for O, delivery,'3%5 as
well as F-a,w-dichlorooctane 5.7, the PFC used in
Oxyfluor (HemaGen-PFC, St Louis, Mo),*¢ were all
produced electrochemically.

In the high-valency metal fluoride perfluorination
process,366.1367 the material to be fluorinated is
circulated in the vapor phase in a stream of nitrogen
over a bed of CoF; at 200—400 °C. CoFs; is regener-
ated in situ by passing F, over the bed of CoF; (eq
5.3).

CyH, +2nCoF, —= CF, +nHF +2nCoF, (5.3)
n F, ]

Although the reaction, for which a radical cation
mechanism was suggested,'*®® involves less energy
than direct fluorination, it generally yields complex
mixtures and, because of the harsh reaction condi-
tions, requires that the starting material be volatile
and rather sturdy. Proper control of process and

@O @ﬁ @ é{j @ .....

Possible isomers: # 3 3

Yields (non isolated) 16.6

18.4 9.1

Total yield of mixture: 44.1%
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feedstocks may allow higher yields in the desired
compound.3%® Extensive purification is again needed
to obtain a medical-grade product. This method
applies well to fused ring aromatic compounds, which
are then both fluorinated and saturated. Perfluori-
nation of benzene yielded, however, 25—30 com-
pounds.'®% F-Decalin 5.8 (PFD, cis and trans), the
primary PFC in Fluosol, is produced from naphtha-
lene and available commercially in 94—98% purity
for medical use. Perfluorination of 1,3-dimethylada-
mantane using CoF3 gave only a small, 5—10% yield
of the corresponding PFC 5.9; ring opening was
extensive.13% Better yields (60—65%) were obtained
when the partially fluorinated substrates trifluoro-
methyladamantane (eq 5.4) and bis(trifluoromethyl)-
adamantane were used.'®° Despite a seven-step

CF, CF,
SF CoF, CF,
— A —D——— + + - (5.4)
5.9 5.9a

purification procedure, complex mixtures were ob-
tained, with large proportions of derivatives of the
F-bicyclononane 5.9a present.’®*° Such PFCs were
nevertheless used in Addox, an emulsion developed
by Adamantech, Inc. (Marcus Hook, PA). A first
emulsion used products derived from CoF; fluorina-
tion of dimethyladamantane,'®* but the tissue resi-
dence half-life of more than 50 days was deemed
unacceptable, and the PFCs derived from fluorination
of monomethyladamantane were subsequently
used.1372

Direct fluorination by molecular fluorine now also
provides an effective industrial access to well defined
PFCs.13%6.1373.1374 The difficulty was to control and
dissipate the enormous amount of energy of the
reaction (eq 5.5) in order to avoid C—C bond breaking
and structural rearrangements?373

F, 4+ (R)C—H — (R)C—F + HF
AG,s = —433 kJ mol™* (5.5)

COOH

Such control was achieved by diluting F, and
gradually increasing its rate of addition, controlling
the rate of addition of the compound to be fluorinated
and the temperature (the LaMar process).1373.1375
Reaction conditions need indeed to be very mild at
first and progressively more forcing. The process has
been particularly successful with ethers and poly-
ethers. It is currently widely applicable but does not
seem to have yet been implemented on the 100-ton
scale relevant to use as O, carriers. Liquid-phase
photofluorination with elemental fluorine has been
used for synthesizing diverse O, carrier candi-
dates.1376-1378 An aerosol direct fluorination process
has also been developed.'37°

b. The Telomerization Route. Telomerization
involves the reaction of a telogen, such as C,Fsl, with
an olefin, such as tetrafluoroethylene, to form a series
of longer PFC products, the telomers 5.13, in high
yields (Scheme 14, eq 5.6)'8° The reaction, which
follows a free-radical pathway, is initiated thermally,
photochemically, or using a free-radical initiator.
Stoichiometry and reaction conditions are used to
maximize the yield in the desired telomer. Separation
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Scheme 14
5 CF=CF, + IFg + 2], —= 5CF,l

C,FJ + n CF=CF, —= C,F{CF,CF;)| 513 (5.6)
Y2Bh . G (CF.CF)Br  510:n=3 (57)

511:n=4

of individual PFCs by distillation is facilitated by the
100-mass-unit difference between successive homolo-
gous telomers. Higher yields can be achieved by
recycling the lighter telomers.’38 Production of a
homologous series facilitates the investigation of
structure/properties relationships.

The F-alkyl iodides 5.13 (about 2000 tons produced
annually worldwide'3®?) are, for a large part, con-
verted into fluorosurfactants for numerous industrial
uses.1308.1382.1383 The chemistry of F-alkyl iodides is
notoriously different from that of alkyl iodides. This
is due, among other things, to the inversion in
carbon—iodine bond polarity and steric and electronic
shielding against nucleophilic attack. Substitution of
the halogen is extremely difficult. Direct bromination
of F-octyl iodide produces F-octyl bromide (PFOB,
also known as perflubron) 5.10 in high yields (eq 5.7).
Purity of the distilled product is greater than 99.9%.
For comparison, a sample of electrochemically pro-
duced PFOB was reported to consist of 82% n-CgF17-
Br, 17% iso-CgF17Br, and 17 trace products.*®#* F-Oc-
tyl bromide 5.10 and F-decyl bromide 5.11 are the
main components of Oxygent AF0144, the emulsion
developed by Alliance Pharmaceutical Corp. (San
Diego, CA).2%°

A series of linear and branched 1,2-bis(F-alkyl)-
ethenes 5.12 (code-named F-nn'E, where nand n' are
the number of carbons in the F-alkyl chains and E
indicates the olefinic linkage) were obtained from
F-alkyl iodides in a two-step process (eq 5.8) that can
easily be scaled up for industrial production.1329.1349.1385

Rql + CH,=CHR'; — R.CH,~CHIR'y —
ReCH=CHR'; (5.8)

5.12
Re=C Fons
an=n=4
b: n=n"=6

The materials isolated were essentially the trans
isomers. Such compounds were also obtained by
reaction of 1-bromo-1-(F-alkyl)ethylene with F-alkyl-
copper compounds (eq 5.9); only the vic-disubstituted
product 5.12 was formed.!38¢

R.CBr=CH, + Rl =M%

RCH=CHR'c (5.9)
The internal double bond turned out to be very inert;
F-44E 5.12a and F-66E 4.12b, for example, remained
unaffected when heated at 130 °C with diethylamine
or bromine for several weeks or treated by m-
chloroperbenzoic acid or various biomimetic oxidation
systems.1329.1385 The availability of such homologous
series contributed to determination of O, solubility
(Figure 19) and organ retention half-times versus
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Figure 20. Semilogarithmic plot of organ retention half-
times for PFCs versus MW. Triangles for linear and circles
for cyclic compounds; striped signs indicate the presence
of a heteroatom in the backbone; the lipophilic PFCs are
indicated by squares. (Reprinted with permission from ref
219. Copyright 1998 Harwood Academic.)

MW (Figure 20).13291385 No evidence of metabolic or
enzymatic degradation was found when the PFCs
extracted after several weeks from the liver of rats
were chromatographically and spectroscopically ana-
lyzed. F-44E 5.12a was selected by E. I. du Pont de
Nemours, Inc. (Wilmington, DE) for preparing Therox,
a concentrated PFC emulsion that was available in
the 1980s and early 1990s for experimental use, and
subsequently by Neuron Therapeutics Inc. (Malvern,
PA) for the development of an emulsion for treatment
of stroke. Copper-promoted coupling of ReECH=CIR'
yielded the tetrakis(F-alkyl)butadienes 5.14, which
were conceived to provide bundles of covalently
interconnected F-alkyl chains!®®7 but proved too
heavy for i.v. use.

F-Alkyl iodides also afforded easy access to fluo-
rocarbon—hydrocarbon diblock compounds 5.15 and
5.16 by addition onto terminally unsaturated al-
kanes,13831388 removal of HI, and optional hydrogena-
tion (eq 5.10).

Rql + RCH=CH, — R.CH,CHIR —
ReCH=CHR — RCH,CH,R (5.10)
5.15 5.16

Riess

Compound 5.17 was obtained by condensing an (F-
alkyl)ethyl phosphonium iodide with an aldehyde (eq
5.11).1%89 A general synthesis of 1*C-labeled F-alkanes
was developed from F-alkyl iodides and ethyl ac-
etate.3%

R-CH,CH,P"(C4Hy)5l~ + RCHO —
ReCH,CH=CHR + (C,H.),PO + HI (5.11)
5.17

C. The First Generation of Fluorocarbon
Emulsions

1. Groundbreaking

The famous experiment of Clark and Gollan, in
which they showed that a mouse could live while
breathing an O,-saturated liquid PFC, was published
in 1966.21> The fact that PFCs had the ability of
dissolving larger amounts of gases than any other
solvent was known.*3181326 What Clark and Gollan
demonstrated in a spectacular fashion was that
animals could withstand such treatment, i.e., that the
PFC supported respiration and caused the animal no
harm. Although PFCs had already been used in
cellular microsurgery,®®! in a blood oxygenator,3%2
and for isolating viruses,'3% this experiment stimu-
lated imagination and somewhat “officially” marked
the entry of PFCs into the biomedical field. The same
authors also reported that isolated rat hearts would
continue to contract vigorously when perfused alter-
natively with an oxygenated liquid PFC and with
diluted blood.13%4

The first preparation of a physiologically adjusted
PFC emulsion was originated by Sloviter and Ka-
mimoto the following year,?'® making intravascular
infusion of PFCs possible. The PFC was FX-80
(primarily compound 1), and the surfactant was
bovine serum albumin. This emulsion was as effective
as if not superior to a suspension of RBCs in a
buffered electrolyte solution for maintaining the
spontaneous electrical activity and metabolic function
of an isolated rat brain. Shortly thereafter, in 1968,
Geyer et al. published the first blood substitution
experiment in which a PFC assumed the O, transport
function in live animals.?1413% The authors replaced
virtually all of the RBCs of rats with a poloxamer-
stabilized FTBA 5.2 emulsion and succeeded in
keeping the animals alive for about 8 h while breath-
ing pure O,. During this time, while their Hb level
was essentially zero, these rats continued to eat,
drink, and display normal activity. The PFC-treated
animals survived for a considerably longer time than
untreated controls in carbon monoxide/air or oxygen
mixtures,1396:1397

The first symposium on “Inert Organic Liquids for
Biological Oxygen Transport” was held barely 3 years
after Clark and Gollan’s seminal paper.'° By then,
improved emulsions with lower particle sizes, comple-
mented by blood serum, had allowed continuous
survival of rats after better than 90% RBC replace-
ment.13% Exchange-perfused rats thrived and recon-
stituted normal blood composition in 1—3 weeks. A
greater than 3-fold increase in oxygen cathode cur-
rent had been measured from polarographic elec-
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Table 5. Composition of Fluosol6t
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composition (w/v%)

function

perfluorodecalin? 5.4 14.0}
perfluorotripropylamine? 5.3 6.0
Pluronic F682 5.18 2.7
egg yolk phospholipids? 0.4
potassium oleate? 5.19 0.03
glycerol® 0.8
NacClb 0.60
KCIe 0.034
MgCl,° 0.020
CaCly? 0.028
NaHCOs¢ 0.21
dextrose® 0.18

oxygen carriers

emulsifiers

cryoprotector

ionic balance, pH and osmotic pressure controld

a From stem emulsion. ® From annex solution H. ¢ From annex solution C. 9 The earlier Fluosol-DA formulation contained 3%

HES and glucose instead of dextrose.

trodes implanted into the cortex of O,-breathing cats
perfused with an FC-43 (mainly FTBA)/poloxamer
188 emulsion, indicating a significant increase in
cerebral O; tension.*3%° The possibility of preserving
isolated heart, kidney, lung, and liver had been
explored. For example, in an isolated rat liver per-
fusion experiment, an FX-80/albumin emulsion was
shown to deliver O, to the organ in greater amounts
than an RBC suspension.4® Neat PFCs had been
used in liquid breathing experiments, and emulsified
PFCs had already been injected intravenously in
hamsters, rabbits, cats, dogs, chickens, mice, and
frogs. As one would expect of such groundbreaking
experiments, contradictory results, diverse side ef-
fects, and a host of unexplained observations were
also reported. Hindsight tells us that the emulsions
utilized were often too crude and the PFC, when FX-
80 was used, too volatile to allow satisfactory results.
In any case, reading the proceedings of this sympo-
sium played a decisive role in the present author’s
involvement in the then emerging field.'8>

2. A Capital Dilemma

A major problem with the PFCs used in the early
experiments was that they were retained in the
animals’ tissues for an excessively long period of time.
The half-life of FTBA in the rat was later estimated
to be about 2.5 years.'3% Such organ retention was
not acceptable for a blood substitute, and the PFC
approach would have been terminated in its embry-
onic stages had it not been for the discovery that
F-decalin 5.8 was excreted within a few weeks of its
administration (organ half-life of about 7 days).1401.1402
This finding removed the first major roadblock from
the development path, only to reveal another one, by
no means less formidable: the difficulty of obtaining
stable emulsions of such excretable PFCs. Indeed, in
its attempt at developing an FDC-based commercial
product, Fluosol-DC,1403.1404 Green Cross was unable
to produce a stable emulsion. A frustrating dilemma
had surfaced, since those PFCs that gave stable
emulsions were retained in the organism for an
unacceptably long period of time, while those that
were excreted rapidly did not produce an emulsion
stable enough for practical use.133!

3. The First Commercial Emulsions—Fluosol-DA

Producing a stable, small-particle-size, physiologi-
cally compatible emulsion from excretable PFCs thus

turned out to be a serious challenge. The emulsion
also needed to be fluid, heat sterilizable, have large-
scale industrial production feasibility, have long-term
shelf stability in standard conditions, be easy to
implement, and have minimal side effects. Progress
in achieving these goals was discussed periodically
by thiS author.185v219v13°6114°5‘14°9

The early PFC emulsions were often crude and
uncontrolled. Inappropriate (or insufficiently pure)
components, particle sizes, osmotic pressure, steril-
ization conditions, etc., led to toxicities that had
nothing to do with the PFC itself, although it was
often blamed for them.#1% For example, an endocrine
toxicity elicited by a commercial FTBA emulsion was
removed by dialysis and resin treatment.*!! Like-
wise, the toxicity to human and animal cell lines of
the surfactant used to prepare such emulsions, Plu-
ronic F68, was substantially reduced by supercritical
fluid fractionation.''? In general, these emulsions
will not be reviewed here.

The first emulsion that was developed on a rational
basis in a well-controlled industrial environment was
Fluosol-DA. Having failed to produce a stable FDC
emulsion, Green Cross added some F-tripropylamine
(FTPA 5.3, 30% of total PFC) to the formulation. By
virtue of being, as FTBA 5.2, a tertiary amine, FTPA
was expected to provide stability.1#13-1415 The addition
of FTPA resulted in some improvement in stability,
at the cost, however, of a 65-day-long organ half-life.
Yet, the product’s stability was still not adequate:
Fluosol-DA (later renamed Fluosol) had to be frozen
for shipping and storage and reconstituted prior to
Use.161'1413

Fluosol’s low PFC concentration (~11 vol %) was
probably dictated by the necessity to maintain proper
emulsion fluidity, which is no longer preserved at
higher concentrations when poloxamers are the sur-
factant. Fluosol actually utilized a three-component
surfactant system consisting primarily of poloxamer-
188 (Pluronic F68) 5.18 accompanied by small
amounts of egg yolk phospholipids (EYP) and potas-
sium oleate 5.19 (Table 5).161,2221414,1416 The poloxamer

HO(CHZCHZO)n((EHCHZO)p(CH2CH20)n'
CH, 5.18 (Poloxamer 188)
cis-CH,(CH,),CH=CH(CH,),COOK 5.19

provided steric stabilization and also a hydrophilic
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droplet coating. Potassium oleate introduced negative
charges on the droplets, thus hindering flocculation
(section V.E). The pH was adjusted to 7.3 and
osmolarity to 410 mOsmol/L using mineral salts,
glycerol, and dextrose. Glycerol also acted as a
cryoprotectant. Hydroxyethylstarch was present in
the early formulation to provide additional oncotic
pressure. Weight average particle size was around
0.12 um.

Fluosol underwent extensive preclinical evaluation
and eventually human clinical trials, leading to
approval in the United States for use in conjunction
with an angioplasty procedure. A 35% w/v-concen-
trated version of Fluosol (Fluosol-DA 35%), with
somewhat higher viscosity and possibly larger par-
ticles (the surfactants/PFC ratio remaining the same),
was also available for laboratory experimenta-
tion.222’386’1417‘1419

Another emulsion, similar to Fluosol in many
respects (~11% PFC by volume; also based primarily
on FDC, and incorporating a higher MW cyclic
tertiary F-alkylamine, namely, FMCP 5.6, also using
a poloxamer as the emulsifier, was developed in
Russia under the tradename Perftoran (Russian
Academy of Sciences/Perftoran Company, Pushshino,
Russia; this emulsion was initially known as Ftoro-
san).162:3721420.1421 An grgan half-life of 90 days has
been reported for FMCP.1422 Perftoran, which is filter-
sterilized, is stable for about 1 month at 4—8 °C but
requires freezing for longer storage. The product was
licensed by the Russian health authorities in 1997
for a wide range of indications. A further but very
poorly documented emulsion that appears to have
been similar to Fluosol in its formulation was inves-
tigated in China in the 1980s and was reported to
have been administered to at least 340 patients,
including war casualties.1423.1424

A highly stable 20% w/v FTBA/Pluronic F68 emul-
sion, Fluosol-43 (later renamed Oxypherol),???> was
commercially available for many years for experi-
mental use. In view of the several-year-long organ-
dwelling time of FTBA, use of this emulsion in
humans can obviously not be considered.

4. What Was Wrong with Fluosol?

The first generation of PFC emulsions failed to
meet several of the above outlined requirements. The
shortcomings of Fluosol have been reviewed to
Satiety_219,406,1331,1362,1406,1407,142571427 They include pro—
longed organ retention of FTPA, complement activa-
tion and hemodynamic effects attributed to Pluronic,
excessive dilution, limited intravascular persistence,
insufficient stability, and lack of user friendliness.
Due to poor stability, the product actually came as
three separate preparations: the frozen stem emul-
sion plus two annex salt solutions. The latter had to
be admixed sequentially to the carefully thawed stem
emulsion, and the reconstituted product had to be
used within 8 h. This cumbersome procedure and the
further need for administering a small test dose to
patients prior to infusion in order to identify those
patients who were sensitive to Pluronic contributed
seriously to compromising the product’s acceptance.

It should be noted that the reason Fluosol did not
gain approval when first submitted to the FDA in
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1983 was not related to side effects but to the fact
that the proposed indication, anemia, was incompat-
ible with the product’s short circulation life. Stabi-
lization of highly anemic surgical patients upon
administration of the drug was demonstrated, but the
benefit, being short-lived, did not change the outcome
for these patients who, being Jehovah's Witnesses,
refused blood transfusion.361.1428.1429

Fluosol was eventually licensed in 1989 for a more
realistic indication: use in conjunction with
PTCA. 1791804301432 |n this procedure, a catheter
fitted with a balloon is introduced into a blood vessel
that is partially obstructed by an atheroma plaque.
The balloon is inflated to crush the plaque and reopen
the artery. During the inflation period, coronary
blood flow is interrupted and the myocardium is
deprived of oxygen, leading to transient myocardial
ischemia and left ventricular contractile dysfunction.
Such myocardial ischemia could be mitigated,
both in preclinical'#33-14%  and clinical
studies,1791430,1432,1436-1439 [y infusion of oxygenated
Fluosol distal to the balloon. Efficacy was demon-
strated in patients based on reduced myocardial
ischemia, maintenance of ventricular function, al-
leviation of angina, and decreased wall motion ab-
normalities. However, the unwieldy handling and
testing requirements impeded the product’s com-
mercial success. The development of autoperfusion
catheters (which allow blood to be perfused through
the catheter during balloon inflation) eliminated the
need for an O, carrier in this setting, leading Green
Cross to halt manufacturing Fluosol in 1994.

5. In Search of Improved Emulsions

Research on Fluosol established firmly that PFC
emulsions did carry and deliver the expected amount
of O, to tissues. It also helped establish that large
doses of such a product could be administered with-
out significant side effects. The availability of Fluosol
to researchers allowed collection of valuable informa-
tion. Finally, the analysis of this preparation’s short-
comings paved the way for the development of
improved products. It must be emphasized indeed
that the shortcomings of the Fluosol-type emulsions
were, for the most part, related to the specific
formulations, components and characteristics of these
products, and not inherent to PFC emulsions in
general. On the other hand, the failure of Green
Cross to produce a practical emulsion and identify
an application compatible with the product charac-
teristics has created a negative image of the PFC
approach, probably retarding the development ef-
forts.

An essential lesson from the Fluosol experience
was that the emulsion needed to be ready for use,
hence significantly more stable. Frozen storage,
complex reconstitution, and a short window of time
for use were simply not acceptable. At least 1 year
of shelf stability under standard refrigeration storage
conditions was indispensable for the actual injectable
preparation. It was also imperative that particles be
small and remain small during heat sterilization and
throughout shelf life. Small particle sizes (0.1-0.2
um) translate into longer intravascular persistence
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and reduced side effects, as these effects are related
to phagocytosis and macrophage activation (section
V.G). Although it is eventually the dose of PFC
infused in the circulation that counts, rather than
the volume of vehicle that is used, it was deemed
necessary that the emulsion be relatively concen-
trated and yet fluid. Viscosity, convenience of use,
marketing, and manufacturing considerations led
eventually to the choice of a 60% w/v PFC concentra-
tion. The manufacturing process needed to be as
“forgiving” as possible, i.e., insensitive to small
changes in processing conditions, so bottle-to-bottle
and lot-to-lot consistency could be easily achieved.
Standard-temperature heat sterilization was also
sought.

Intense efforts were devoted to the synthesis of new
PFCs with cycles, branches, double bonds, and het-
eroatoms present within their structure and
the experimentation of new formula-

tions,1349.1350,1371,1385,1440-1446 Green Cross was not the
last in this race,13621364.1365.1416 |5 efforts were directed
to improving emulsion stability by identifying both
a new PFC and a better surfactant system. The new
PFC, FMIQ 5.4, was selected among a series of
bicyclic tertiary amines, i.e., compounds that com-
bined the structural features of FDC 5.8 and FTPA
5.3. Its organ half-life was 10 days (4 g/kg b.w. dose
in rats). The surfactant was EYP, with which no
anaphylactic reaction was seen. The new emulsion
was fluid, heat sterilizable, and ready for use and
could be stored in normal refrigerated conditions; its
concentration (25% w/v) remained low. Its develop-
ment did not, however, survive the difficulties en-
countered by the company.

D. The Critical Components, Fluorocarbon and
Surfactant

The question of the relationship between a PFC's
molecular structure and its excretion characteristics
and ability to provide stable emulsions remained
open and central. Comparison of the published PFC
and formulation evaluation data is not easy because
of differences in protocols for measuring highly dose-,
species-, and particle size-dependent excretion rates
and often a subjective way of assessing emulsion
stability. Only those data originating from the same
team can usually be compared meaningfully. Par-
ticularly valuable in this respect were the papers by
Green Cross, who reported data on no less than 53
different PFCs,1364.13651447

Proper selection of a biocompatible emulsifier or
emulsifier system is also essential for successful PFC
emulsion development. One of the emulsifier’s roles
is to reduce the large interfacial tension that opposes
the dispersion of the very hydrophobic PFC into the
aqueous phase; another is to stabilize the emulsion
once it is formed. For intravascular use, the surfac-
tant(s) must be devoid of significant toxicity. As it
constitutes the external appearance of the PFC
droplets, the surfactant may also play a part in
particle recognition and clearance, hence influencing
the particle’s intravascular persistence and the PFC'’s
organ distribution. The emulsifier should preferably
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be commercially available and, if possible, already
used in pharmaceuticals.

Except for a range of new fluorinated surfactants,
much less effort has been devoted to synthesizing and
assessing surfactants suitable for emulsifying PFCs
than to synthesizing and assessing new PFCs. This
may arise not from lack of interest, but from the cost
and delays involved in determining the pharmacology
and toxicology of a new molecule and having it
accepted by the regulatory authorities. Essentially
two surfactants have so far been utilized in PFC
emulsion development, namely, poloxamers and EYP.

1. Excretable Fluorocarbon and Stable Emulsion. Can
One Have Both?

What structural features were responsible for
organ retention and emulsion stability and whether
the two characteristics could be dissociated were
thoroughly investigated and intensely de-
bated.1331.1364,13651371 Thjs research was, however,
somewhat biased by preconceived ideas stemming
from the early observations. Because FTBA contained
a heteroatom, it was hypothesized that heteroatoms
were responsible for increased organ retention40t.1440
(and for emulsion stability as well). Likewise, because
the first PFC shown to be rapidly eliminated from
the body, FDC, was cyclic, the presence of cycles was
deemed responsible for rapid excretion.’®% The het-
eroatom-plus-cycle approach became the basis for the
synthesis of FMIQ 5.4, FMOQ 5.5, and other nitro-
gen- or oxygen-containing cyclic compounds by Green
Cross1362.1363.1365 gnd of FMCP 5.6 by the Russian
Academy of Sciences.1621448 All three compounds 5.4—
5.6 are bicyclic (like FDC) and contain a nitrogen
atom within their structure (like FTPA). Certain
patents on PFC-based O, carriers voluntarily—but
unnecessarily—teach away from noncyclic compounds.

Analysis of the available excretion data, including
linear, branched, cyclic, and polycyclic alkanes,
amines, ethers, and polyethers, mono- and dihaloge-
nated PFCs, F-alkylated ethenes, etc., indicated that
excretion rates were actually, within experimental
error, an exponential function of the PFC’s molecular
weight (Figure 20).1331 Neither the presence of cycles
per se nor the presence of heteroatoms per se had
any observable impact on excretion rate. These
structural features appear to influence organ reten-
tion only inasmuch as their introduction changes the
compound’s MW. Thus, for example, FDC 5.8 (C;oFs,
MW = 462; bicyclic) has, within experimental error,
the same excretion rate (6—7 days) as F-44E 5.12a
(C1oF18H2, MW = 464; noncyclic).1385144° The addition
of a nitrogen atom (and consequently of a fluorine
atom), as in FMIQ 5.4 (CyoF19N, MW = 495), in-
creases organ half-life (Ty, ~ 11 days), while the
replacement of a carbon atom by a nitrogen, as in
5.20 (CoF17N, MW = 445) accelerates excretion (T,
~ 5 days), in line with the respective increase or
decrease in MW. For a given number of carbons,

@E:N_ 5.20

excretion rate increased rapidly when the number of
cycles increased, 71371 reflecting the fact that each
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cyclization implies the ejection of two fluorine atoms,
hence 28 MW units.1331 Another detailed analysis
found that neither the connectivity (cyclization and
ramifications) nor the presence of heteroatoms had
significant effects on organ retention.'3%> Retention
times were proposed to correlate best with a linear
combination of the PFC’s critical solution tempera-
ture (CST) in hexane and vapor pressure.'3%5 Vapor
pressure alone is a poor indicator of excretion poten-
tial. For the series of PFCs investigated in these
studies, the CST in hexane actually correlated closely
with MW, 1450

The dependence of excretion rate on MW is con-
sistent with the fact that excretion requires a certain
degree of solubility of the PFC in lipids (section V.G),
a characteristic that decreases rapidly with increas-
ing MW. Likewise, the increase in emulsion stability
with increasing MW is logical now that the mecha-
nism of particle growth in PFC emulsions has been
determined.

When MW diminishes, vapor pressure tends to
increase, which can cause pulmonary complica-
tions.222.1451-1454 gy ch reactions were observed with
the volatile FX-80 1 in diverse but not all animal
species.’®! These observations set an upper limit
(around 20 Torr) at the acceptable vapor pressure,
hence a lower limit (around 460) for the PFC's MW.
The range of MWs acceptable for i.v. use was then
established to be from ca. 460 to ca. 520,23t which
leaves only a narrow window of possibilities, consid-
ering that the difference between these two limits
equates to little more than one CF; group and less
than a CF3!

The above analysis also identified a “puzzling
deviant point”, a PFC for which excretion was faster
than would have been predicted on the sole basis of
its MW.131 This PFC was 1-n-F-octyl bromide (PFOB,
11). Its half-life in rats has been determined by Long
et al. to be 3.7 and 11 days for 1.5 and 5 g/kg b.w.
doses, respectively,#%® despite a MW of 499.

2. A Touch of Lipophilicity—Perfluorooctyl Bromide

The favorable impact of lipophilicity on PFC excre-
tion was recognized rather early on,347:1361 and
measuring the CST of a PFC in hexane (which
reflects the PFC's lipophilicity) was proposed as a
means of identifying excretable PFCs.237t However,
the decrease of CST that was observed when, for a
given number of carbon atoms, the number of cycles
increased reinforced the authors’ belief that it was
the cycles that favored excretion.

The next significant breakthrough occurred rather
serendipitously. Because they wanted to explore the
possibility of using PFCs as contrast agents, Long,
Mattrey, et al. became interested in brominated
PFCs, the bromine atom providing the desired opac-
ity to X-rays.#%6-1458 |t turned out that one such
compound, F-octyl bromide, 5.10, had the benefit of
a short organ-dwelling time and the capacity to be
formulated into stable emulsions. The faster excre-
tion of F-octyl bromide was subsequently attributed
to the touch of lipophilicity induced by its well-
exposed terminal bromine, facilitating uptake of the
PFC by circulating lipids and transit through the
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Figure 21. Critical solution temperatures (CST) in hexane
of various regular PFCs (A, acyclic; O, monocyclic; O,
bicyclic; v, tricyclic) and lipophilic PFCs (a). A lower CST
indicates a higher solubility in lipids and correlates with
faster excretion. (Reprinted with permission from ref 219.
Copyright 1988 Harwood Academic.)

Critical solution temperature (°C)

Table 6. Physical Properties of F-Octyl Bromide
(PFOB, 1) and F-Decalin (FDC, 6)

FDC

property (units) PFOB (cis + trans)

molecular formula CsF17Br CioF1s
molecular weight (amu) 499 462
molar volume (cm® mol—?) 261 237
molecular volume (A3) 432 393
density (g cm~3, 25 °C) 1.92 1.94
melting point (°C) 5 -10
boiling point (°C) 143 142
vapor pressure (Torr, 37 °C) 10.5 14
heat of vaporization (kJ mol™?) 4.83 45.8
refractive index (25 °C) 1.30 1.313
kinematic viscosity (cS, 25 °C) 1.0 2.9
surface tension (mMN m1) 18.0 15
interfacial tension vs saline 51.3 ~60

(mMN m™1)
spreading coefficient (MmN m™) +2.7 -15
O solubility (vol %, 25 °C) 50 40
CO; solubility (vol %, 25 °C) ~210 ~140
critical solution temperature —20 +22

(n-hexane, °C)
solubility in water (mol L™1) 5 x 107° 10 x 107°
solubility in olive oil (mmol L™Y) 37 4.6

organism,. 140614591460 Enhanced lipophilicity is re-
flected by a significantly lower CST in hexane or
octane as compared to regular PFCs with similar
MWs (Figure 21, Table 6).

PFOB 5.10 stands out as unique among candidate
PFCs for therapeutic use. In addition to its excep-
tionally fast excretion rate (about 3 days in humans
for a 2.7 g/kg dose), this PFC can easily be manu-
factured in very high purity using the telomerization
route. It is just one step away from the industrially
well developed F-alkyl iodides 5.13, and a 100 ton/
year production capacity is already in place that can
be scaled higher without difficulty. PFOB also ranks
among the PFCs that have the highest O, and CO,
solubilities (50 and 210 vol %, respectively, at 37 °C);
despite its bromine atom, it is inert in the conditions
of processing, storage, and use relevant to applica-
tions for O, delivery; its emulsions show improved
stability when phospholipids are the emulsifier; its
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opacity to X-rays allows use as a contrast agent for
radiography;1457.1461.1462 jts hromine atom also allows
direct measurement of concentrations in tissues
using X-ray computed tomography or neutron activa-
tion analysis;**% finally, its very low surface tension,
low viscosity, and positive spreading coefficient could
be advantageous in  pulmonary applica-
tions.1303.1464-1467 The principal physicochemical fea-
tures of F-octyl bromide are collected in Table 6,
where they are compared with those of F-decalin.?'®
Table 6 shows that all PFCs are not equal, as
indicated, for example, by differences in O, and CO;,
solubilities, lipophilicity, viscosity, surface properties,
and solubility in water. PFOB is about 8 and 28 times
more soluble in olive oil than FDC and FTPA,
respectively.'#®® In view of this favorable combination
of characteristics, F-octyl bromide was selected for
developing a second-generation emulsion (section
V.F).

The benefits of introducing lipophilic termini such
as bromine or chlorine atoms or a short hydrocarbon
segment into PFCs were confirmed with other com-
pounds (Figures 20 and 21). Emulsions of various
PFCs terminated by one or two Cl or Br atoms were
investigated.1#%® The critical solution temperatures
sharply decreased upon introduction of Cl or Br in
the PFC, leading to the prediction of faster excretion
rates. F-a,w-Dichlorooctane 5.7 (MW 471) was chosen
for development of Oxyfluor,*% despite a somewhat
longer organ half-life (~8 days for a 4 mL/kg b.w. dose
in rats) and lesser O, solubility (43 vol % at 37 °C)
as compared to PFOB. A group additivity scheme for
predicting CST values has been proposed. The influ-
ence of one bromine atom on CST is essentially
equivalent to that of two chlorine atoms and almost
comparable to that of a C;Hs group.468

3. Phospholipids

Egg yolk phospholipids have been selected as the
emulsifier in the presently developed PFC emulsions
for a number of reasons. Significantly better emulsion
stability with EYP versus Pluronic was generally
observed (see, for example, refs 1469—1471), al-
though at least one paper reports the opposite.144*
The stabilization effect is particularly remarkable
with F-octyl bromide.291472-1474 The low PFC/water
interfacial tension achieved with phospholipids47
and the excellent match between the hydrophilic—
lipophilic balance of EYP and PFOB were empha-
sized.?191460 An interfacial tension (o') of 4.0 MN m™!
was measured with C12-diacyl phosphatidylcholine
at the PFOB/water interface, and the ¢' value for
EYP was estimated to be even lower.**7® It is likely
that the lower Ostwald ripening rates observed with
emulsions stabilized with EYP as compared to polox-
amers are a consequence of these low interfacial
tensions.

Emulsions of PFCs prepared with EYP do not
cause complement activation, as when poloxamers
are used.?05441.1476 | onger intravascular half-lives
have been measured in rats for an EYP-based FDC
emulsion (24.4 + 0.9 h) as compared to a poloxamer-
based FDC emulsion (13.5 + 0.5 h).**"" Egg yolk
phospholipids also have the advantage of having a
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long history of use in pharmaceuticals. They have
been in use for over 35 years for stabilizing intra-
venous injectable lipid emulsions for parenteral nutri
tion.1478-1480 The rationale behind the design of lipid
emulsions was that the small phospholipid-coated oil
droplets should mimic chylomicrons, i.e., the natural
blood fat particles produced by the mucosal cells of
the small intestine.!481.1482 Phospholipid’s pharmacol-
ogy is well documented,®¢148 and there exist reliable
commercial sources of pharmaceutical-grade EYP.
Few side effects, without clinical consequences, were
reported with such products, and these side-effects
appear to relate to the particulate nature of the
emulsion rather than to the EYP. Egg yolk phospho-
lipids are, however, sensitive, oxidizable materials
whose preparation, analysis, and handling require
specific expertise.

Phospholipid composition, including minor compo-
nents, such as phosphatidylinositol, phosphatidic
acids, and lysophosphatidylethanolamine, and fatty
acid composition and the level of fatty acid unsat-
uration can affect the oxidative stability, particle size
stability, and viscosity of PFC484.1485 gnd lipid emul-
sions.18 Hydrolysis and oxidation of EYP can limit
the shelf life of such emulsions. Generation of free
fatty acids (FFA) in EYP-stabilized PFC emulsions
is minimal at a pH arround 6.0.14¢” Increasing droplet
growth rate with decreasing pH was reported, pre-
sumably due to a decrease in zeta potential as the
pK, of FFAs is approached. Phospholipid composition,
degree of unsaturation, and the presence of trace
metals can all have an effect on oxidation rate.'48
Oxidation of EYP in PFC emulsions can be mini-
mized by addition of minute amounts of metal ch-
elators (e.g., EDTA) and antioxidants (e.g., a—b-
tocopherol).

The strength of the surfactant film is related to the
lateral hydrophobic interactions between the non-
polar moieties of the surfactant molecules. The
stability of the emulsion also depends on cohesion at
the PFC/water interface. The latter depends on the
solubility of the surfactant’'s hydrophilic moiety in the
aqueous phase and of its hydrophobic moiety in the
PFC phase, which is expressed as the hydrophilic—
lipophilic balance of this surfactant. The mixing of
regular hydrocarbons and PFCs is highly nonideal.
Because of PFOB's slight lipophilic character, cohe-
sion between this particular PFC and the fatty acid
chains of EYP is significantly enhanced, translating
into higher emulsion stabilities than for standard
PFCs. In other words, the hydrophilic—lipophilic
balance between EYP and PFOB is, quite fortu-
itously, much closer than with other PFCs.219.1460

4. Poloxamers

Poloxamers are neutral block copolymers such as
5.18 consisting of two terminal hydrophilic polyoxy-
ethylene (POE) blocks flanking a central hydrophobic
polyoxypropylene block. When at an oil/water inter-
face, the latter segment will tend to adhere onto the
surface of the oil droplets, while the two POE chains
will extend in a brush-like fashion into the aqueous
phase and become substantially hydrated. Poloxam-
ers are low-cost materials, produced in large tonnages
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for countless applications in the food, cosmetic, and
pharmaceutical industries.1489-1492 Standard grade
commercial poloxamers are, however, highly poly-
disperse and not intended for intravascular use. They
may also contain traces of acetaldehyde, propional-
dehyde, formic and acetic acids, unsaturated prod-
ucts, and an antioxidant that is added for preserva-
tion. Purification can be achieved by treatment with
ion exchangers, charcoal or silica gel, dialysis, crys-

tallization, and supercritical fluid fractiona-
tion.1412'1493*1496

Poloxamer 188 (e.g., Pluronic F68) has been the
primary emulsifier in all Fluosol-type, first-genera-
tion PFC emulsions. In addition to providing a steric
barrier against coalescence, the hydrophilic POE
brush coating could also beneficially alter the op-
sonization and uptake of emulsion droplets by the
RES. Poloxamer 188 is not metabolized, and its
excretion occurs through the urine.?? Its acute toxic-
ity is low, with reported LDs, values of 8 and even
14-16 g/kg b.w. when given i.v. to rats.37214%7

However, the use of poloxamer 188 for emulsifying
PFCs raised several problems. First, its surface
activity is relatively poor. For example, the interfacial
tension o' between FDC and water is only reduced
from 56 to 20—30 mN m™1, translating in lower
stability for PFC emulsions made with poloxamers
as compared to those prepared with EYP. Another
difficulty arises from the fact that poloxamer 188 has
a cloud point at about 110—115 °C (i.e., below the
standard sterilization temperature of 121 °C), where
dehydration of the POE chains suddenly occurs with
consequent breakdown of the emulsion. The thresh-
old temperature for destabilization of a PFC emulsion
could, however, be raised to 128 °C by the addition
of 2% soya 0il.14%® Poloxamers also tend to form gels
at room temperature, 149014991500 \whijch limits the PFC
concentration in emulsion, as higher concentrations
require larger amounts of surfactant while the vol-
ume of the continuous aqueous phase becomes smaller,
resulting in increased viscosity.

Finally, Pluronic F68 has been found to be respon-
sible for the unpredictable transient complement
activation-mediated reaction observed in some
patients in response to the injection of
Fluosol 4397441.1501,1502 Sayeral papers indicate that
dogs (a species particularly sensitive to complement
activation) experienced an abrupt drop in arterial
pressure when infused a FTBA/Pluronic F68 emul-
sion®™% or Fluosol-DA.?221504-1506 Complement activa-
tion by Fluosol was also observed in the pig.t5%” There
are a number of other, sometimes contradictory
reports on physiological activities and side effects of
Pluronic F68 or Pluronic-based emulsions,150%:1508-1518
It is still uncertain, however, how much of these
effects were due to the poloxamer itself and how
much to some specific MW fraction(s) or impurity-
(ies). Purified Pluronic F68 fractions showed mark-
edly reduced toxicity.1412:1493149514% | gne study,
Pluronic F68 alone did not activate complement in
dogs, while the same material used in combination
with FDC, FTPA, silicone oil, or mineral oil did;
however, the same PFCs emulsified with phospho-
lipids and glycerol did not.'#’¢ In Perftoran, a slightly
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different, somewhat more lipophilic, highly purified
poloxamer was claimed not to cause complement
activation.'®? Properly purified or modified poloxam-
ers, poloxamines, or POE derivatives, as they are
known to influence the distribution and disposition
of injectable particles,4°1:151971521 may need to be
reinvestigated for emulsion droplet surface engineer-
ing, intravascular persistence prolongation, and tar-
geting purposes.

5. Fluorosurfactants

Fluorinated surfactants (or fluorosurfactants, i.e.,
surfactants with hydrophobic tails comprising a
fluorocarbon moiety) are a logical choice for emulsify-
ing PFCs as they can provide very low PFC/water
interfacial tensions. Several F-alkylated monodis-
perse'®?? or polydisperse!®?3-1527 POE or poloxamer
derivatives, such as 5.21-5.23, were synthesized
with the aim of preparing PFC emulsions or micro-
emulsions. Industrial-grade fluorinated surfactants,
including the amine oxide derivative 5.24, were also
investigated.1493.1528

Rp(CH,),O(CH,CH,0)H  5.21
ReC(O)NH(CH,CH,0),H  5.22
ReO(CH,CH,0),(CRHCH,)(CH,CH,0),R;  5.23
ReC(O)NH(CH,);N(CH,),0  5.24

Commercial fluorosurfactants are usually complex
mixtures, obviously not suited nor destined for bio-
medical uses.'3% A range of fluorosurfactants with a
modular structural design was synthesized for the
purpose of providing well defined and pure material
acceptable for pharmaceutical use.1316:1529-1532 The
polar heads included various types of polyols, anhy-
dropolyols, mono- and disaccharides, amino acids,
amine oxides, phosphoramides, phosphocholine, phos-
phatidylcholine, and other phosphatides and lipids
as well as telomers with an adjustable number of
hydrophilic THAM groups (see, for example, 5.25—
5.30). Tensions at the PFC/water interface were on

TN
RF(CHz)mOP(O)(N\_/O)z
5.25

Re(CH,)m(0)CO

RF(CHz)m(O)CO:L
OP(O),0CH,CH,N'(CH,),  5.26

OC(OXCH,),,

OH
/\/\O/YK/
o O
OPOCH/ (CH)CeF s
O~ ™c.H
O(CH,),Rr o 9119
OH OH
H

5.30
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the order of 1—-10 mN m~1. Hemolytic activity,!533.1534
impact on the growth and viability of cell cultures,*%
and acute toxicity in mice!361537 were determined.
Hemolytic activity was surprisingly low and often
undetectable, despite high surface activity. The self-
aggregation behavior of the new amphiphiles was
explored.*317:1537 Fluorocarbon—hydrocarbon diblocks,
such as 15 and 16, also have amphiphilic character
(fluorophilic/lipophilic) and can play a role as part of
a surfactant system at a PFC/water or PFC/hydro-
carbon interface.

E. The Emulsion Stability Issue and Its
Resolution

Stability is a sine qua non condition for PFC
emulsions to be of practical use. The mechanisms
that can contribute to particle size increase over time
and eventual breakdown of a PFC emulsion, namely,
molecular diffusion, sedimentation or creaming, floc-
culation, and coalescence, have recently been dis-
cussed in detail.?® The principal mechanism for
irreversible droplet growth in such emulsions was
determined to be molecular diffusion Coalescence
may contribute to instability when mechanical stress
is applied and at higher temperatures, as during heat
sterilization. Sedimentation and flocculation are fully
reversible and usually not considered as problematic.
Several physicochemical responses to stability prob-
lems have been devised. It is essential that the
biological implications of these solutions be taken into
account.

1. Emulsion Degradation Mechanisms

a. Molecular Diffusion. Molecular diffusion (also
known as Ostwald ripening or isothermal distillation)
causes irreversible particle growth over time in
submicronic PFC emulsions,?19.1331.1470.1538-1543 ayen in
highly concentrated emulsions, where coalescence is
a priori favored.'®41% During Ostwald ripening,
individual PFC molecules leave the smaller droplets,
where the chemical potential is higher due to the
Kelvin effect, diffuse through the continuous aqueous
phase, and join larger particles. As a result, the
larger particles enlarge further at the expense of the
smaller ones. The smaller droplets have a higher
curvature and capillary pressure, which results in
greater local concentration of dispersed phase in their
vicinity,'>*6 as represented by eq 5.12

i i
m

20V, 20V
C(a) = C(x)exp RTa ~ C(oo)(l + RTa) (5.12)

where C(a) is the solubility of the PFC in the vicinity
of particle a, C(») its bulk phase solubility, ¢' is the
interfacial tension between the two phases, Vy, is the
molar volume of the PFC, and T is the absolute
temperature. The differences between C(a) and C()
are significant only for submicronic droplets.

Particle growth by Ostwald ripening in crystalline
dispersions is described by the Lifshitz—Slezov—
Wagner theory,%471548 which was subsequently
adapted to emulsions®*® and predicts a linear in-
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Figure 22. Increase of droplet volume over time for

diverse PFC and surfactant combinations (F-68 is Pluronic

F68). (Reprinted with permission from ref 1471. Copyright

1992 Dekker.)

crease in number average particle radius a versus
time (eq 5.13)

d, s _ 83DC(w)V,
@) =o=—go—9)  (513)
where o is the droplet's growth rate, D is the
diffusion coefficient for the PFC in the aqueous phase,
and y(¢) reflects the dependence of w on the volume
fraction ¢ of PFC in the emulsion. Droplet volume
was indeed observed to increase linearly with
timel470,1471,1474,1544,1545,1550,1551 and gl"OWth rate to in_
crease nearly proportionally with PFC volume frac-
tion in the 8—57% volume fraction range.'*%? It should
be noted, however, that eq 5.13 does not take into
account the presence of the surfactant film and
supposes that the two phases are isotropic, which
may not necessarily be the case, for example, in the
vicinity of the interface for a multicomponent sur-
factant system.

The PFC has a dramatic influence on particle size
growth with time (Figure 22).339.1471v,1550,1553,1554 Ag
noted earlier, highly stable emulsions can easily be
produced with FTBA, while this was quasi-impossible
with FDC. Of the parameters of eq 5.13, only C(),
the solubility of the PFC in the aqueous phase, varies
significantly among PFCs; hence, it is an effective
predictor of emulsion stability.1471:1542,1555.155% Qgstwald
ripening is indeed slowed when the PFC is heavier,
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hence generally less soluble in water. Measuring C(c)
is difficult because the values are often below the
limits of sensibility of the usual analytical methods.
The C() values estimated from the growth rate of
emulsions of 14 PFCs with 5—11 carbons using eq
5.13 were in the 1076 to 1071° mol L™! range.'>* As a
rule of thumb, C(») decreased by a factor of 8 with
each added CF; in a homologous series and by a
factor of 2 when a tertiary amine nitrogen was added.
The presence of cycles increased the solubility of
PFCs in water, in line with reduced volume, hence
the reduced surface area of the solvent cavity re-
quired to accommodate such structures. Thus, F-44
emulsions were more stable than FDC emulsions,
although their MWs are similar.*’° The single most
important determinant of emulsion stability is even-
tually MW. However, as we have seen, organ reten-
tion increases exponentially with MW, an increase
that can fortunately be mitigated by using lipophilic
PFCs (e.g., F-octyl bromide).

b. Flocculation. Flocculation of a PFC emulsion
is generally reversible. It can be limited by increasing
the charge on the droplet, decreasing the concentra-
tion of electrolyte in the aqueous phase, or adding
hydrophilic macromolecular components that provide
a steric barrier between droplets. Minor components,
such as negatively charged phospholipids and free
fatty acids, can help prevent flocculation by increas-
ing the zeta potential on the droplet’s surface, which
increases electrostatic repulsion between droplets.
The small amount of potassium oleate present in
Fluosol is likely to be related to preventing floccula-
tion in this way. A significant zeta potential of around
—24 mV was measured for phosphatidylcholine-
stabilized FDC emulsions.'#4 Values close to zero
were reported for a PFOB emulsion when a saturated
phospholipid was used.'®5” Addition of negatively
charged cholesteryl hemisuccinate prevented floc-
culation. Inducing a positive zeta potential was less
effective, indicating that electrostatic forces alone
cannot account for the prevention of flocculation. The
role of hydration forces and steric effects was il-
lustrated by the reduction of flocculation observed by
addition of saccharides to the aqueous phase of
emulsions.'®57:15%8 The importance of droplet surface
charge in improving the stability of injectable lipid
emulsions during autoclaving was also recognized.5%°

Emulsions stabilized by EYP usually have suf-
ficient negative surface charge to prevent floccula-
tion. Addition of cations can neutralize this charge,
causing a decrease in zeta potential and flocculation
when the repulsive electrostatic forces are no longer
able to overcome the attractive van der Waals forces.
Electrolytes, and in particular divalent cations such
as Mg?" and Ca?*, tend to collapse the electrical
double layer that forms around droplets, thus favor-
ing flocculation. Such cations are known to complex
phosphate headgroups.t>®° As the concentration of the
cation increases, the surface charge can actually be
reversed. The flocculation rate then diminishes as
positive charge builds up.148¢

Droplet flocculation can be promoted by free polox-
amer. When distances between droplets become
smaller than the surfactant micelle, the latter is
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excluded from the interparticle region, leading to an
osmotic pressure difference that can cause droplets
to flocculate.’®6* However, critical flocculation con-
centrations of poloxamer measured for F-decalin
emulsions prepared with various poloxamers were
found to be 2—4 times larger than the concentrations
used in O, carrier formulations.'54

c. Coalescence. The stability of vesicles with
respect to coalescence is controlled to a significant
extent by the bending energy it takes to depart from
the film's spontaneous curvature.®62 The same prin-
ciples hold for emulsion droplets. Monolayer elasticity
and bending properties contribute to droplet coales-
cence by affecting the thermally activated rupture of
the surfactant film at the oil—water interface.1563:1564
The influence of monolayer curvature on emulsion
stability is often overlooked because the surface of
the droplets is virtually flat at the molecular level,
even in submicronic emulsions. It was hypothesized
that although the droplets are indeed not signifi-
cantly curved, the monolayer at the edge of a nucle-
ation hole, however, is.1¢3 The strong dependence of
the coalescence barrier on the film’'s curvature,
especially when actual curvature is in the vicinity of
spontaneous curvature, has been confirmed experi-
mentally in the case of the ternary n-C;,H,5(OCH,-
CH,)sOH/n-octane/NaCl solution system.1%%® The data
were in good agreement with the model, relating the
rate of coalescence to the free energy penalty of hole
nucleation in the emulsion film.

With EYP as the surfactant, the spontaneous
curvature is nearly balanced at the PFC/water in-
terface.?®® Fine adjustments of surfactant film char-
acteristics can be made by changing the headgroups,
length and degree of unsaturation of the fatty chains,
and proportion of minor lipid components, including
cholesterol and lysolecithins, electrolyte composition,
FFA content, and PFC lipophilicity. Emulsion viscos-
ity and stability to mechanical stress were, for
example, affected by the degree of phospholipid chain
unsaturation.14841566 For a given phospholipid head-
group, increasing the length and degree of unsatura-
tion of the acyl chains led to increased tail volume,
hence to decreased spontaneous curvature and de-
stabilization.’*®* Increased temperatures likewise
increase tail volume by increasing the proportion of
gauche conformers in the acyl chains, thus resulting
in destabilization.

Poloxamers are believed to provide a hydrophilic
steric barrier that can help prevent coalescence of
emulsion droplets. A small angle neutron scattering
study of the adsorption of various poloxamers to the
surface of PFC emulsion droplets confirmed this
view.1%7 The thickness of the poloxamer layer in the
FTBA emulsion Fluosol-43 was estimated to about
12 nm.???2 The force required to achieve droplet
coalescence of an FDC emulsion was measured for
diverse poloxamers.'¢® Higher MW and longer POE
chains, hence increased layer thickness, led to in-
creased stability.

2. Counteracting Molecular Diffusion

a. Heavy Fluorocarbons as Stabilizers. Higushi
and Misra demonstrated that molecular diffusion in
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emulsions could be slowed by including in the dis-
persed phase a small amount of a component with
lesser water solubility.’>° An emulsion of hexane
could be stabilized by adding a PFC!%®® and PFC
emulsions by adding a secondary, higher MW
(“heavier”) PFC.14431569 Molecular diffusion then modi-
fies the composition of small versus large droplets
over time. The smaller droplets become richer in the
less soluble, heavier PFC, while the larger droplets
are enriched in the more soluble primary PFC.
Eventually the mass transfer stops when the differ-
ences in capillary pressures are compensated. Theo-
retical treatment of two-component dispersed phase
emulsions showed that the rate of particle growth in
such systems can be approximated by eq 5.141542.1570

Omix = (P01 + $lw,) ! (5.14)
where subscripts 1 and 2 relate to the more and less
water-soluble components, respectively. Experimen-
tal verification for emulsions made of mixtures of
CgF17Br and CyoF2:Br was achieved using sedimenta-
tion field-flow fractionation to separate droplet popu-
lations according to size.’®® The fractions, when
analyzed by gas chromatography, showed the pre-
dicted component partitioning.

This emulsion stabilization principle had been used
in Fluosol, where FTPA 5.3 is the heavy PFC, and
in Perftoran, which utilizes FMCP 5.6 as the stabi-
lizer. This does not go without a penalty, however,
since these PFCs have organ half-lives of ~65 and
~90 days, respectively. One percent of the 16-carbon
atom polycyclic PFC F-perhydrofluoranthene was
sufficient to significantly stabilize FDC emul-
sions,443.14% phyt the organ half-life of the additive is
likely to be on the order of hundreds of days.
F-Dimorpholinopropane (organ half-life 55 days) has
also been proposed as a heavy PFC stabilizer.15"*

The increased organ retention of the heavier PFC
was mitigated by choosing a lipophilic PFC as the
“heavy” additive.'4741572 The desired lipophilic touch,
which improves PFC excretion, can be obtained by
introducing polarizable halogen atoms, e.g., Cl or Br,
or a short hydrocarbon segment in a terminal position
in the PFC. F-Decyl bromide 5.11, which has an RES
half-life of only about 23 days, was thus selected as
a stabilizing additive in F-octyl bromide emulsions
(Figure 23).

b. Fluorosurfactants. The rationale for using
fluorosurfactants for stabilizing PFC emulsions is
that fluorosurfactants are capable of reducing PFC/
water interfacial tensions ¢/, one of the terms of eq
5.13, to very low values. Various types of fluorosur-
factants proved indeed to be highly effective in
stabilizing PFC emulsions,1316:1523-1525,1528,1573-1575 |n
some cases, small amounts of one single fluorosur-
factant sufficed. In other cases, a second surfactant
was needed. For example, the closely related F-
alkylated derivatives of trehalose 5.28 and maltose
5.29 demonstrated dramatically different behav-
iors: the former gave highly stable emulsions, while
the latter did not even allow obtaining an emulsion,
probably reflecting differences in polar head confor-
mation and hydration, hence in molecular
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Figure 23. Increase in stability (decrease in growth rate)
with increased proportion of F-decyl bromide incorporated
in an F-octyl bromide emulsion. The fit to the experimental
points is derived from eq 5.14. (Reprinted with permission
from ref 1474. Copyright 1994 Dekker.)

shape.®511576 Compound 5.29 (as well as the xylitol
derivative 5.27) provided, however, strong synergistic
stabilization when used in association with a polox-
amer, indicating hydrogen-bond interactions between
the two species.®”” Some such formulations showed
no significant change in particle size distribution for
the 6 years during which the emulsion was moni-
tored.?'® Other surfactants, such as the anionic sugar
derivatives 5.30, were synergistic with phospholipids
but not with poloxamers.155?

Fluorosurfactants attained their objective from the
PFC emulsion stabilization perspective. However, the
lack of knowledge about the pharmacology and pos-
sible toxicity of these compounds still hinders their
development. The fact that the surfactant is not the
active component, but only part of a delivery system,
is a serious handicap to spending the time and money
needed for their pharmacologic evaluation. The use
of a fluorosurfactant as the stabilizer of an F-pentane
emulsion-based contrast agent'®® that has been
licensed in Europe (which supposes that inocuity has
been established for this fluorosurfactant) may break
this reluctance.

c. Fluorocarbon—Hydrocarbon Diblocks. An-
other way of further stabilizing EYP-based PFC
emulsions consists of supplementing standard phos-
pholipids with mixed amphiphilic fluorocarbon-
hydrocarbon (FC—HC) diblock compounds, such as
5.15 or 5.16.157° It was hypothesized that the HC
segments would tend to meddle with the EYP’s fatty
chains, while the FC segments would anchor them-
selves into the PFC droplet, so that the diblocks
would behave as molecular “dowels” at this interface
(Figure 24). As a consequence, the local concentration
of the heavier diblocks at the interface would in-
crease, which could reduce interfacial tension and
dispersed phase solubility, hence slow down molec-
ular diffusion. Highly stable emulsions were indeed
obtained®®791580 that may provide the basis for a
future generation of O, carriers. Such diblocks were
more effective than a “heavy” PFC additive of similar
MW,?1% and their presence had a definite impact on



2880 Chemical Reviews, 2001, Vol. 101, No. 9

0.50

40°C

o

W

S
1

Average size (um)

Q

W

=
]

0 1(I)0 2(l!0
Time (days)

Figure 24. Particle size increase over time at 40 °C in a
90% concentrated F-octyl bromide/EYP emulsion prepared
(a) with EYP alone and (c) with an equimolar mixture of
EYP and Cg¢F13C10H2;: diblock; (e) hypothetical stabilizing
“dowel effect” of the diblock compound at the PFC droplet/
phospholipid film interface as compared to (d) a monolayer
of EYP. (b) Stabilization with a heavier PFC of similar MW
as the diblock. (Adapted with permission from ref 219.
Copyright 1998 Harwood.)

the characteristics of the phospholipid film.1%8 The
exact mechanism by which stabilization is achieved
has, however, not yet been fully elucidated. Recent
evidence confirms the aptitude of FC—HC diblocks
to organize at the interface around a PFC droplet in
water and reduce the interfacial tension.*>8 Partition
coefficients of FnHm diblocks between PFCs and
hexadecane indicated no marked preference nor
phobicity for either phase, meaning that such diblocks
could indeed improve the cohesiveness between the
PFC molecules and fatty chains of the EYP.1583
Because they are lipophilic, FnHm diblocks are
excreted rather rapidly; CgF13CH=CHC;oH,1, for
example, has an organ half-life of only 25 days at a
dose of 3.6 g/kg b.w. in rats.’®®* No overt toxicity was
seen at that dose, which is about 2 orders of magni-
tude larger than that required for emulsion stabiliza-
tion. Pluronic/diblock combinations proved less ef-
fective, with the most stable FDC emulsions lasting
only about 80 days.'33® Use of fluorosurfactants or
cosurfactants or FnHm diblock cosurfactants are
probably the only way to effectively stabilize emul-
sions of volatile PFCs such as F-pentane.

d. Microemulsions. Microemulsions distinguish
themselves from the usual emulsions (also called
macroemulsions) in that they form spontaneously
and are thermodynamically stable within a certain
temperature-dependent composition domain. The
characteristics of microemulsions are therefore in-
dependent of preparation conditions and highly re-
producible. Since all particles are essentially identical
in size, molecular diffusion is no longer effective as
an emulsion coarsening mechanism. Obtaining mi-
croemulsions from PFCs usually requires at least one
fluorosurfactant.

Microemulsions of PFCs with F-alkylated amine
oxides and alcohols as surfactants and cosurfactants
were first proposed for organ preservation,'>® but no
toxicity data were provided. A single neutral F-
alkylated POE surfactant was subsequently shown
to suffice for obtaining PFC microemulsions.56
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Numerous PFC/fluorosurfactant/water phase dia-
grams have been investigated.”6.1586-1592 Mixtures of
fluorinated and nonfluorinated surfactants allowed
control over the temperature of microemulsion for-
mation.>% Microemulsions were also produced from
mixed FC—HC diblocks 5.17 using a pharmaceutical-
grade nonfluorinated surfactant.594.15%

Microemulsions could provide an ideal solution to
long-term shelf stability if biocompatibility can be
demonstrated. Possible problems could arise from the
large amount of surfactant that is usually needed and
from the very small size of the PFC particles, as such
small particles could escape the vasculature through
pores in the capillary endothelium. Also uncertain
is the fate of the dispersion when, after mixing with
blood, its composition falls outside of the often-narrow
domain of existence of the microemulsion. Although
the physicochemical aspects of this approach are
rather well understood, further research is needed
to evaluate it from a biological standpoint.

F. Formulation and Engineering of a
Biocompatible Emulsion

Technology for producing injectable emulsions in
compliance with pharmaceutically good manufactur-
ing practices is well established. Small particles and
narrow particle size distributions need to be achieved
reproducibly. PFC particles of less than 0.2 um
should facilitate O, transport and evade phagocytosis
more easily than larger ones, resulting in longer
intravascular persistence and lesser side effects. Heat
sterilization is a complex and challenging element of
the process. Details on industrial PFC emulsion
production are not disclosed.

1. Emulsification

The free energy of emulsion formation, AGrm, IS
given by eq 5.15

AGiorm = AAG' — TAS 144 (5.15)

where AA is the variation in total interfacial area, ¢
the interfacial tension between the two liquids, and
TASconiig @ configurational entropic term that, for a
macroemulsion, is negligible when compared to
AAG' 159 AGq,mm is positive and usually large, which
means that energy needs to be supplied for the
emulsion to form and that when it is formed this
emulsion is thermodynamically unstable or meta-
stable. As a consequence, the characteristics of PFC
macroemulsions, including those that can have an
impact on biological tolerance (e.g., particle size and
size distribution, lysolecithin and free fatty acid
content, viscosity, etc.) and their stability, depend not
only on formulation but also on processing conditions
as well.

Because deformation and disruption of droplets
require an increase in their surface’s curvature (local
increase of the Laplace pressure, which is propor-
tional to interfacial tension),'%%7 the amount of energy
that is involved is higher by several orders of
magnitude than AGsrm. The preparation of fine,
narrowly dispersed PFC emulsions therefore requires
emulsification procedures that provide a high-energy
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density. Lipophilic PFCs such as PFOB or F-octyl-
ethane are easier to emulsify than standard PFCs,
such as FDC, possibly because of lower interfacial
tension. Particle sizes follow a typical normal loga-
rithmic distribution.

For EYP-based PFC emulsions, the first step of the
process involves the dispersion of the water-insoluble
phospholipid in a saline solution. The PFC is then
added to the saline phase, where it is broken down
into fairly large droplets (average ~5 um) using a
high-shear rotor-stator-type homogenizer. This pre-
mix undergoes final emulsification by sonication,
high-pressure homogenization, or microfluidiza-
tion.?'® Minimal exposure to oxygen (through nitro-
gen sparging and blanketing), pyrogen-free water-
for-injection, and a particulate-free environment are
used throughout processing.

Sonication is often used in the research laboratory
as it allows the preparation of very small, milliliter-
size batches. This method, however, tends to yield
rather wide particle size distributions, suffers from
poor reproducibility, and has little large-scale feasi-
bility. Microfluidization has been introduced for
preparing parenteral emulsions relatively re-
cently.1598.1599 A flow of crude premix is divided into
two separate streams funneled through precisely
defined microchannels; these streams are forced to
impinge on each other under high velocities in an
interaction chamber. The device operates at pres-
sures up to 20 000 psi and allows preparation of
laboratory-size samples of ca. 50 mL as well as
medium- and large-scale production. The Gaulin-type
high-pressure homogenization process, which was
invented in the 1890s for preparing dairy products,
is the procedure of choice for industrial production
of pharmaceutical emulsions.'8% It is easy to control,
gives narrow, consistent particle size distributions,
and can be operated on very large scales. With EYP
as the emulsifier, the emulsions prepared by micro-
fluidization were consistently finer, more narrowly
dispersed, resisted better to heat sterilization, and
displayed higher shelf stability than those obtained
by sonication.?4%® Concentrated (60% w/v) PFOB
emulsions, with an average particle diameter of 0.16
+ 0.01 um, are currently being produced in a com-
mercial-scale facility using high-pressure homogeni-
Zation_219,1601

Terminal heat sterilization is required for parenter-
al emulsions to be licensed. The present PFC emul-
sions are steam-sterilized in a rotary autoclave at or
above 121 °C. In concentrated emulsions, it is difficult
to achieve uniform heat penetration while maintain-
ing emulsion integrity. Innovative sterilization pro-
cedures, providing the required probability of less
than one nonsterile unit in 106 as well as a means of
demonstrating sterility, were designed to meet this
challenge.'%9?2 Such parameters as headspace in the
bottles and cooling gradient after sterilization, which
are usually overlooked in the research laboratory,
were shown to influence the particle size profile and
acceptability for an F-44E emulsion.’®% Emulsions
stabilized with F-decyl bromide had improved resis-
tance to heat sterilization.'>’2 In the laboratory, low-
pressure room-temperature filtration on a 0.22 um

Chemical Reviews, 2001, Vol. 101, No. 9 2881

polyvinyldifluoride membrane provides an alterna-
tive to heat sterilization.160%4

2. Process Optimization

Computer-assisted experimental design has been
used for optimization of formulation, process, and
storage parameters.1%52.1695 Understanding how cer-
tain parameters can influence emulsion properties
is important. For example, the structure of the initial
EYP dispersion has a definite impact on emulsion
stability.16% Depending on the procedure used and
energy applied, this dispersion can consist of poorly
organized nonclosed “pre-liposomes”, MLVs, or SUVs.
A PFOB (90% wi/v) emulsion prepared from “pre-
liposomes” contained less PFC-free phospholipid
vesicles than those obtained from the other two
dispersions and was significantly more stable. The
amount of EYP utilized largely determines the size
of the emulsion droplets. It is difficult, however, to
obtain droplet diameters lower than ca. 0.08 um. The
EYP efficiency (percentage of total EYP that is
eventually present as a monolayer at the PFC/water
interface) levels off when the EYP/PFC ratio in-
creases. The percentage of phospholipids involved in
PFC-free vesicles increases then sharply, and an
excess of EYP can eventually impact negatively on
emulsion stability.1552.1607

Excess energy (for example an excessive number
of passes of the emulsion through the interaction
chambers of a microfluidizer), by stripping the phos-
pholipid layers from the PFC droplets, can result in
increased particle sizes and lesser emulsion stability.
The stripped lipids reorganize into liposomes whose
presence is detrimental to emulsion stability.219:1607
An optimal balance between number of passes and
pressure is required in order to avoid such “over-
working”.*5%2 Temperature, pressure, and number of
passes can also affect the viscosity of the emul-
sions.608

3. Second-Generation Formulations—Oxygent

Since the inception of Fluosol, PFC emulsion
formulation has undergone major mutations, includ-
ing selection of a PFC having some lipophilic char-
acter, replacement of the poloxamer by phospholipids
as the emulsifier, a severalfold increase in PFC
concentration, simplification of the overall formula-
tion, a considerable increase in stability, and, con-
sequently, a far superior user-friendliness.

All second-generation emulsions were 3—5 times
more concentrated than Fluosol. The first highly
concentrated PFC emulsion reported was a 100% w/v
(52% v/v) PFOB emulsion.**"2 This very high concen-
tration was dictated by the intended diagnostic
application. It was subsequently shown that a slight
decrease in concentration to 90% w/v (47% v/v) led
to substantially improved fluidity and a rheological
profile that was close to Newtonian.'”3 The physical
characteristics of the new emulsion were also less
sensitive to processing parameters; it was easier to
sterilize and displayed better resistance to mechan-
ical stress.

Further experimentation and optimization led to
Oxygent AF0144, a ready-for-use, osmotically and
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Figure 25. Viscosity at 25 °C of variously concentrated
PFOB/EYP emulsions as a function of shear rate. (Adapted
with permission from ref 1473. Copyright 1992 Dekker.)

pH-balanced emulsion of F-alkyl bromides. This
formulation comprises 60% PFC by weight (about 32
vol %) consisting primarily of F-octyl bromide and a
small percentage of F-decyl bromide as the stabilizing
additive. The 60% w/v concentration was deemed best
adapted to the clinical use in surgery. Egg yolk
phospholipids are the emulsifier. Osmolarity is ad-
justed with NaCl and pH with a phosphate buffer.
Minute amounts of a-b-tocopherol and EDTA are
added to protect the phospholipids against oxidation.
Average droplet size, after heat sterilization, is about
0.16 um, and viscosity is around 5 cPs (Figure 25).
This viscosity is close to that of blood and expected
to contribute to the maintenance of normal hemody-
namics. The product has a shelf life of at least 24
months when stored at 5—10 °C. It will be marketed
by PFC Therapeutics, a joint company formed by
Alliance and Baxter Healthcare Corp.

Several other post-Fluosol formulations have been
reported. Therox,'%% a concentrated emulsion of
F-44E 5.12a (48% v/v or 83% w/v) with a particle size
of 0.25 um, was developed by DuPont for research
purposes. Therox and other F-44E emulsions were
used in various studies.610-1613 Another F-44E emul-
sion is being investigated by Neuron Therapeutics
Inc. for treatment of stroke. Adamantech locked onto
a mixture of cyclic PFCs obtained by CoF; fluorina-
tion of methyladamantane (again in the belief that
cyclization would help excretion) to produced Addox,
a 40% w/v PFC emulsion.1372.1614.1615 Bath Therox and
Addox were EYP-based and had a shelf life of 1 year
at 4 °C. An FDC/poloxamer emulsion, stabilized by
F-perhydrofluoranthene, was also investigated.'#43
An FDC emulsion with F-dibutylmethylamine in-
stead of FTPA was reported!®6 but with no apparent
advantage. A 35% v/v-concentrated F-perhydrophenan-
threne/EYP emulsion destined to organ preservation
was briefly mentioned.6%”

A stable EYP-based emulsion of the radiopaque
mixed FC—HC CgF13CH=CIC¢H13, with an internal
iodine atom, was reported.1618161° Another radiopaque
emulsion, made from PFOB, FMCP 6, and a polox-
amer, required freezing for storage.'®?® A highly
stable PFOB/EYP formulation incorporating a FC—
HC diblock57°:1580 has been investigated for normo-
thermic organ preservation.1621-1623 Similarly stabi-
lized emulsions, but with a poloxamer as the emul-
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sifier, have been reported.**3® Following a different
approach, perfluorononane-filled microspheres have
been prepared that were made of bovine serum
albumin under ultrasonic conditions.%8°

HemaGen/PFC added some saffoil (essentially trig-
lycerides) to its formulation for the purpose of
improving emulsion stability.4°® An initial attempt
to develop a concentrated FDC emulsion, using this
principle, was, however, soon abandoned. The more
lipophilic PFC a,w-dichlorooctane 7 was eventually
used for the development of Oxyfluor.4°® No convinc-
ing evidence was provided for a stabilizing effect of
the added triglycerides. Attempts at reproducing such
emulsions resulted actually in two populations of
droplets, PFC droplets and saffoil droplets (Weers,
1998, unpublished results). On the other hand, ad-
dition of soya oil was reported to have some stabiliz-
ing effect on Pluronic-based FDC emulsions.4%8

4. The Structure of Fluorocarbon/Phospholipid Emulsions

The phase equilibria of unsaturated phosphatidyl-
cholines in water (e.g., dioleylphosphatidylcholine)
are characterized by the presence of a lamellar liquid
crystalline phase (L) in excess water.'%2* The addi-
tion of a PFC does not significantly alter this phase
behavior, due to effective demixing between the
phospholipid and the PFC.1625 The ternary mixtures
are thus characterized by a Winsor 111 equilibrium
of an L, phase in excess water and PFC. This
behavior is similar to that found in soybean oil/water/
EYP mixtures.'%% Qil-in-water emulsions with large
droplets, prepared within such three-phase regions,
may exhibit enhanced stability due to the formation
of a lamellar mesomorphic phase at the oil/water
interface.1%?” In the case of submicron emulsions,
however, the droplets are essentially coated by a
single monolayer of phospholipid, with excess phos-
pholipid forming SUVs.14781572,1628-1633 Assuming a
monolayer coverage, the area per molecule of EYP
(60—65 A?) on the emulsion droplet’s surface was
independent of droplet size'>2 and in agreement with
that reported for dipalmitoylphosphatidylcholine
monolayers in the condensed state at an FTBA/water
interface.'634

The coexistence of emulsion droplets and SUVs in
PFC emulsions has been confirmed by a number of
independent techniques. Figure 26 displays photo-
micrographs obtained by freeze-fracture transmission
electron microscopy (TEM) for a 70% wi/v dispersion
of FDC in water, stabilized by 8% w/v EYP.163 The
emulsion droplets are distinguishable from the SUVs
by a characteristic granular appearance following
cross-fracture. Because of large differences in density,
the particles could be readily fractionated by cen-
trifugation. The SUV-containing supernatant was
shown by °F NMR to contain no PFC. Partitioning
of the electron spin resonance label 2,2',6,6'-tetram-
ethylpiperidinenitrosyl (TEMPO) was also consistent
with the presence of SUVs in the supernatant phase.
Freeze-fracture TEM further confirmed the SUVs to
be in the supernatant and the dense PFC-containing
droplets (with their characteristic granular appear-
ance) in the infranatant. Emulsion droplets and
SUVs have also been separated using cross-flow field-
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re 26. Freeze-fracture transmission electron miérographs of a 70% wiv concentrated F-decalin emulsion stabilized

with 8% of EYP: (a) initial emulsion; (b) simultaneously frozen droplets of water (left) and PFC (on the right), showing
the difference in aspect of the two phases after freeze-fracture; (c) supernatant taken after centrifugation of the emulsion;
(d) infranatant taken after centrifugation of the emulsion; (e) micrograph showing rare multilamellar ordering on the
droplets; the bar represents 0.2 mm. (Reprinted with permission from ref 1630. Copyright 1991 Elsevier.)

flow fractionation with multiangle laser light scat-
tering detection. A fractogram obtained for Oxygent
showed that the emulsion droplet size (root-mean-
square radius) ranged from roughly 0.04 to 0.160 um,
with a peak at 0.060—0.065 um, as compared to
roughly 0.025—0.030 um for the SUV population
(Weers, unpublished results, cited in ref 219).

A description of PFC emulsions as vesicle-like
aggregates or “asymmetric lamellar phospholipid
aggregate systems”635 or “thermodynamically stable
vesicles”, 1536 possibly driven by the popularity of

liposomes in cosmetics, is misleading: the number
of lipid layers around a PFC droplet is uneven, as in
any emulsion.

G. Some Elements of Fluorocarbon “Physiology”

Because of their extraneous nature and the pres-
ence of abundant fluorine probes, PFCs are easy to

identify and quantify in blood, tissues, and expired
ai r_1463,163771644
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1. Pharmacokinetics

Numerous studies have focused on the intravas-
cular persistence, in vivo distribution, and excretion
of pFCS_402,405,1361,1452,1455,1638,1639,164571650 In ShOI’t, the
PFC droplets infused in the vasculature are op-
sonized (i.e., made recognizable by the binding of
specific plasma proteins, the opsonins), progressively
phagocytized by circulating monocytes and fixed
macrophages of the RES, the larger droplets being
removed first. This mechanism is largely responsible
for the limited intravascular half-life of the emul-
sions. The PFC is then temporarily stored in the RES
organs, primarily the liver, spleen, and bone marrow.
No evidence for metabolism has been reported for any
of the PFCs investigated.

Removal of a PFOB emulsion from the blood
stream over time was found to fit a double-exponen-
tial function.'%*° A rapid dose-dependent initial phase,
following first-order Kinetics, corresponds to loading
of the RES, thereby slowing down the removal of the
remaining emulsion droplets. The second much slower
clearance phase also involves release of PFC from the
RES back to the circulation and is no longer first
order. The rate of RES uptake during the initial
phase for EYP-coated emulsions was essentially
determined by droplet size (Figure 27) and indepen-
dent from identity of the PFC. The intravascular half-
life (ti2) in rats was 14 h for a 2.7 g/kg PFC dose of
an emulsion with average diameter of 0.09 um.
Surface modification using other surfactants than
EYP generally led to shorter t;,. Clearance rates
were also species-dependent.t639

When the PFC molecules diffuse back across cell
membranes from the RES organs into the blood (the
excretion rate determining step), they are taken up
by circulating lipid carriers (lipoproteins and chylo-
microns) and moved to the lungs for excretion. The
rates of these steps depend critically on the PFC'’s
MW and |ipophi|iCity.1347’1361'1365‘1406’1407'1460’1651 The
PFC is eventually excreted from the blood, through
the lung alveoli, in the expired air. Some of the PFC
is also deposited into adipose tissue, before being
excreted by the same pathway described above. A
small amount of PFC is found in the feces, the source
of which is thought to be the lipid compartment
reflected in bile. Interestingly, redistribution of the
PFCs between organs and blood after successive
administrations of different PFCs was shown to
follow the Ostwald ripening pattern.'%2 Thus, when
FDC or PFOB were injected in rats after FMCP had
been administered and had accumulated in the
organs, their elimination from circulation was ac-
celerated while some of the FMCP was extracted
from the organs back into the blood stream. Likewise,
FDC was extracted from the organs back into circu-
lation when FMCP was subsequently administered.
The RES does not appear to be involved in these
exchanges.

As indicated, the emulsion’s circulatory half-life ty,
is particle size-, species-, and dose-depend-
ent.222:4051452,1639,1652 Eor Fluosol, it was evaluated as
13, 25, and 29 h for rat, dog, and rabbit, respectively,
for a 4 g/kg b.w. dose.??? Dose response of Fluosol in
rats is illustrated by initial half-lives of about 18 and
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34 h for 4 and 14 g PFC/kg b.w., respectively.'%4” The
FTPA fraction of the PFC that remained in the blood
increased from the initial 30% to about 54% after 96
h (14 g PFC/kg dose). This is likely to reflect the
faster removal of the larger droplets, which are being
selectively enriched in FDC by Ostwald ripening,
while the remaining droplets are smaller and richer
in FTPA. Accelerated phagocytosis of Fluosol-43 in
mice (as monitored by °F NMR of ty) has been
attributed to rapid elimination of the poloxamer,
causing particle sizes to increase.’®%® Dose-depen-
dence in humans is illustrated by t;;, values of 7.5
and 22 h for doses of 4 and 6 g of PFC/kg, respec-
tively, for Fluosol-DA®%3 and 6.1 and 9.4 h for doses
of 1.2 and 1.8 g/kg, respectively, for Oxygent.??°

When Fluosol was administered to rats, the PFC
content of liver, spleen, and lung increased rapidly
and peaked after about 1 day whereas PFC in adipose
tissues increased more gradually and peaked after
ca. 2 weeks.'*¢! PFC concentration was highest in the
spleen and second highest in the liver, leading to
temporary enlargement of these organs; lung PFC
content was highly species- and PFC-
dependent.1654-165 As a normal consequence of RES
clearance, transient elevations in liver enzymes were
observed when large amounts of Fluosol were ad-
ministered.'%4 FDC was eliminated from the blood,
liver, spleen, and lung more rapidly than FTPA,
while the amount of FDC present in adipose tissues
became relatively larger, confirming that the fate of
individual PFCs depends on their affinity for lip-
ids.1361 Likewise, more FDC than FTPA was found
in the milk of sucklings after the mother rat had
received Fluosol. RES uptake of such emulsions

decreased with increasing droplet surface hydrophi-
|icity_1657,1658

Excretion of FTPA (administered to rats in the
form of an FTPA/EYP emulsion) could be accelerated
by subsequent daily intraperitoneal injections of
lecithin.®%® The ty, was prolonged 3- to 4-fold, the
amount of PFC temporarily retained in the liver
decreased, and organ half-life reduced from ca. 65 to
ca. 10 days, likely because of RES saturation by
liposomes. Likewise, t;, of an FDC/EYP emulsion and
reduced accumulation in the liver were achieved by
administration of EYP dispersions.*’” The role of
lipid carriers in PFC excretion was elegantly il-
lustrated in a different type of experiment by dem-
onstrating that the rate of excretion of FDC from
rabbits could be substantially increased by intravas-
cular injection of a fat emulsion after the PFC
emulsion had been cleared from circulation.'%%! When
the blood of rats that had been given an FMIQ/EYP
emulsion was fractionated by HPLC 1 week later,
most FMIQ was found in the high-density lipoprotein
(HDL) fraction.'3¢! This observation directly supports
the view that PFCs move across cell membranes from
the RES organs and return into the blood, taken up
by lipoproteins. In line with this view, both. FDC and
FTPA were shown by **F NMR studies to be partly
soluble in the bilayer of phosphatidylcholine vesicles,
while FTBA (whose organ half-life is several years)
was not.660
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Figure 27. Blood F-octyl bromide levels in conscious rats
following intravenous infusion (2.7 g/kg b.w. of PFC) of 90%
w/v emulsions of various average sizes (obtained by varying
the amount of emulsifier). (Reprinted with permission from
ref 1725. Copyright 1994 Dekker.)
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Figure 28. Pharmacokinetic compartment model for PFC
emulsions. A first-order output from each compartment was
assumed; kj; represents the rate constant from compart-
ment C; to compartment Cj; Kio represents the expiration
rate constant from C; to the air. (Reprinted with permission
from ref 1650. Copyright 1996.)

A three-compartment pharmacokinetic model pro-
vided good correlation between observed and simu-
lated blood and organ concentrations of FDC over
time.*¥51 It indicated that excretion of PFC as an
emulsion and of PFC per se had to be distinguished
and that the rate of excretion was lower for the
emulsion form. No adipose tissue compartment was,
however, taken into account, and the experimental
data covered only a two-week period. Subsequently,
a four-compartment model (PFC in blood, the RES,
blood lipids, and adipose tissues) suggested that the
rate-determining step in PFC excretion was the
dissolution of the PFC into lipid carriers, further
confirming that the excretion rate depended critically
on PFC plasma lipid concentration.'5* Another study
evaluated six possible pharmacokinetic compartment
models by nonlinear regression analysis with expira-
tion data over a 28-day period from rats having
received a 2.7 g/kg dose of a PFOB emulsion.'%%° One
of these models with four compartments (PFC emul-
sion in blood, blood lipoproteins, RES tissues, and
non-RES tissues; Figure 28) correlated the expiration
data with tissue distribution data rather well.

Chemical Reviews, 2001, Vol. 101, No. 9 2885

2. Oxygen Delivery Efficacy

The principles of O delivery by PFC emulsions
have been outlined in section 111 and contrasted with
those of Hb. Due to a linear increase in O, content
with O, partial pressure, an immediate, large O,
gradient is created between blood and tissues in the
oxygen-breathing patient upon administration of a
PFC emulsion. This provides a strong driving force
for O, diffusion, which, because of the weak O,/PFC
interactions, results in high O, extraction rates and
ratios by the tissues.

The efficacy of PFC emulsions in delivering O, to
tissues has already been demonstrated with the first-
generation emulsions. The aptitude of low doses of
PFC to immediately increase tissue pO, and signifi-
cantly contribute to O, consumption was further
established with the current EYP-based concentrated
emulsions.

a. Fluosol and Related Emulsions. Data from
hemodilution or shock models have established that
Fluosol could effectively increase O, consumption,
prevent tissue hypoxia, and improve survival of the
treated animals.166171664 For example, O,-breathing
baboons, exchange-perfused with Fluosol to Hct 1%,
all survived in the virtual absence of RBCs.3% PvO,
increased significantly, and O, consumption was
maintained despite decreased total arterial O, con-
tent and delivery. More importantly, a low PFC dose,
despite a modest contribution to O, delivery (10%),
substantially enhanced O, consumption (42 + 5)%,
even when almost one-half of the RBCs were still
present (Hct 20%). When Hct was 1%, the PFC
contributed about 55% to O, delivery and 60% to O,
consumption. At Hct below 10%, delivery and con-
sumption of O, were similar for Fluosol and a
pyridoxalated human Hb solution in baboons.565
Hemodilution of dogs with Fluosol-DA 35% after
predilution with HES resulted in substantial im-
provements in tissue pO, of heart, liver, kidney, and
skeletal muscle.381666 Resuscitation of dogs with
Fluosol after hemorrhage led to significant increases
in arterial pO; and PvO,, and O, consumption of the
heart was restored.'%¢” Fluosol was estimated to be
about 4 times as efficient as blood Hb in tissue O,
delivery in a canine adult respiratory distress syn-
drome model, despite lower arterial O, content.1658
Administration of Fluosol 35% to cats with focal
cerebral ischemia, although it transiently decreased
blood O, content due to hemodilution, resulted in a
net increase in O, delivery and cortical O, availability
due to increased cerebral blood flow.38

Clinical trials in humans have established that
Fluosol delivered the expected amount of O,, had an
immediate beneficial impact on the condition of
anemic patients, and could contribute meaningfully
to O, consumption in these patients; they also
confirmed the short intravascular persistence, hence
efficacy of the product.361.1426,1429,1669,1670 \A/hen Fluosol
(4 g of PFC/kg b.w.) was given to O,-breathing
severely anemic patients prior to surgery, PvO;
increased by ca. 60% and O, consumption by about
22%. The PFC provided (24 + 7)% of the patients’ O,
consumption while mixed venous Hb saturation
(SvOy) reached (90 + 6)%, indicating that Hb re-
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mained close to saturated.'®®® The amount of O,
provided by Fluosol was deemed clinically important.
However, the benefit was only temporary since the
circulation half-life of the PFC was only about 20 h.
An independent study with highly anemic surgical
patients confirmed that Fluosol unloaded O, very
effectively ((82 + 5)%) and contributed at least as
much to O, consumption ((28 & 7)%) as the patients’
own RBCs.%%! The outcome for these patients, who
refused blood transfusion on religious grounds, how-
ever, could not be improved in view of the product’s
short intravascular residence. As a logical result, the
FDA did not approve Fluosol when submitted as a
treatment for anemia in the early 1980s.

The correct conclusion from these trials is not that
Fluosol was ineffective as an O, delivery system, but
that treatment of sustained anemia is not a valid
indication for such a product. Subsequent approval
of Fluosol for use during PTCA implies that efficacy
(reduced ischemia of the myocardium?7°18%) had been
demonstrated for this application. As indicated ear-
lier, Fluosol has failed to reach commercial success,
not for lack of O,-delivering efficacy or because of side
effects, but because of poor stability, lack of user
friendliness, and inappropriate strategy of use.

b. Phospholipid-Based Emulsions. The early
EYP-based concentrated PFC emulsions have dem-
onstrated O, delivery efficacy as well. Intracoronary
infusion of Therox in dogs was more effective in
maintaining ventricular function than a non-O,-
carrying perfusion solution;'% intracranial hyper-
tension and infarct volume following experimental
stroke in cats were significantly reduced by perfusion
of the brain (through the ventriculocisternal route)
with an F-44E/EYP emulsion;*? substantially en-
hanced cardioplegic protection was obtained in an
isolated rat heart model of cardioplegic arrest with
Addox-type emulsions.1614.1615

The capacity of small doses of Oxygent to signifi-
cantly increase O, consumption has been established
in a number of models, in particular canine models
that mimic hemodilution and surgical bleed-
ing.152:348.1671-1674 Infysion of the emulsion preserved
the benefits of augmented cardiac input normally
observed in response to hemodilution. Cardiac output
was sometimes seen to increase even further upon
infusion of the emulsion to the hemodiluted ani-
mals.'65 The contribution to total O, delivery of a
3.3 g/kg b.w. dose of PFC, administered to O,-
breathing dogs, was only 8—10%, but due to high
extraction, it accounted for 25—30% of total O,
consumption, resulting in considerable sparing of O,
extraction from Hb.'672 This allowed O, consumption
to be maintained while Hb levels were decreased to
values as low as 2.0 g/dL (Figure 29). The treated
dogs could lose almost two-thirds of their blood (70
mL per kg b.w.), compared to 10 mL/kg in controls,
before PvO, fell below the initial 100%-0O,-breathing
baseline. Tissue pO, of skeletal muscle, gut, and
brain was seen to increase substantially. Another
study of this type concluded, on the basis of both
indirect global indicators (PvO,, coronary venous pOy)
and direct measurements, using O,-sensitive elec-
trodes, of tissue pO, on the surface of liver and
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Figure 29. Efficacy of a PFC emulsion in a canine model
mimicking surgical blood loss after acute normovolemic
hemodilution. Both the treatment group and the control
group animals are hemodiluted (from Hb about 14 to about
8 g/dL), breathe oxygen, and lose blood (hence Hb; x-axis)
in a controlled manner. Mixed venous O, tension (PVO,,
the oxygen tension in blood after tissues and organs have
been irrigated; y-axis) reflects the adequacy of tissue
oxygenation. The difference in tissue oxygenation in the
two groups of animals is significant; the PFC-treated dogs
(1.35 g of PFC per kg b.w. in this example) still have
adequate tissue oxygenation at Hb levels one-fifth of
normal. (Reprinted with permission from ref 1673. Copy-
right 1997 Birkhauser.)

skeletal muscle, that the emulsion was as effective
as fresh autologous RBC transfusion in preserving
normal tissue oxygenation during profound ANH and
could provide an additional margin of safety.34®
Cardiac output increased, and hemodilution of the
dogs could be extended to a 3 g/dL Hb level without
impairment of tissue oxygenation. A single infusion
of 1.8 g/kg b.w. dose of PFC was as effective as
transfusion of an amount of autologous RBC equiva-
lent to about 3.8 g of Hb. There were no changes in
systemic or pulmonary vascular resistance. Likewise,
dogs that had been hemorrhaged until their PVO,
was equal or less than 25 Torr restored their PVO,
better when resuscitated with Oxyfluor than control
animals treated with Ringer’s solution.'76 In a model
of surgical hemodilution to a Hct of 20%, the PFC
delivered 40% of the O, that was consumed.*677
Improved resuscitation and greater O, delivery
were achieved by supplementing a standard crystal-
loid resuscitation solution with a PFOB emulsion in
a swine model of near fatal hemorrhage.'6® Infusion
of the oxygenated emulsion into the aortic arch of
dogs with ventricular fibrillation improved myocar-
dial perfusion and restored spontaneous blood circu-
lation.'®7° The following observations, using Oxygent,
have further demonstrated that small doses of a PFC
emulsion can contribute significantly to tissue oxy-
genation: increase in maximal O, consumption by
an isolated working skeletal muscle in dogs in the
presence of PFC,3"7 effective preservation of cardiac
muscle function in a canine model of low-flow coro-
nary ischemia,'®® prolonged sustainment of cardiac
tissue oxygenation following arrest of coronary per-
fusion in the isolated rat heart,'%®! improved myo-
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cardial O, delivery and aerobic metabolism during
cold cardioplegic arrest of isolated rabbit heart with
a PFC emulsion-enriched perfusate,'8? protection of
myocardium and oxygenation in a supply limited
isolated perfused rat heart,'®8® graded increase in
PVO, and survival during CPB in dogs in response
to increased doses of PFC emulsion,®”* improved
tissue oxygenation and increased O, consumption in
a porcine model of CPB,%* preservation of cerebral
function following experimental brain stem ischemia
in dogs,'®85 increase in retinal O, tension and oxy-
genation in cats,38 improvement in primary visual
cortex tissue pO, upon infusion of the PFC emulsion
in cat,'%% restoration of cerebral O, delivery with the
emulsion in severely hemorrhaged rats,8” improve-
ment of systolic function and reduction of myocardial
edema and acidosis when standard blood cardioplegia
was supplemented with PFC emulsion in dogs un-
dergoing CPB and global myocardial ischemia fol-
lowed by cold cardioplegic arrest and eventually
normothermic reperfusion,*¢8 sustained tissue per-
fusion and oxygenation of myocardium, intestinal
mucosa, liver, lung, kidney, and skeletal muscle in
heavily hemodiluted dogs treated with PFC emul-
sion,*%2% improved myocardial oxygenation and toler-
ance to low-flow ischemia (as found with certain
surgical procedures) in isolated rabbit hearts,¢%° and
enhanced tumor oxygenation leading to improved
tumor-killer response to radio- and chemotherapy in
animals and humans.1690-1695

Oxygen delivery by PFC emulsions was not coun-
teracted by increased vascular resistance, and the
emulsions did not trigger autoregulatory vasocon-
striction despite substantial increases in PvO, and
tissue pO,. Efficacy during clinical trials of Oxygent
is discussed in section V. I.

Diverse observations suggest that in addition to
bulk O, convection, PFC emulsions may also facilitate
O, diffusion, although such facilitation has so far not
been demonstrated directly. Unsickling of sickle cells
in mice by administration of Oxygent indicates trans-
fer of O, from the PFC droplets to Hb within the
RBCs.1%% Improvement in local tissue O, supply
observed in Fluosol-perfused organs was greater than
expected from the increased amounts of O, delivered
by the emulsion, which was attributed to redistribu-
tion of microcirculatory blood flow.%%" Significant
increases in oxygenation were measured in the retina
of O,- or even air-breathing cats having received as
little as 1 g/kg b.w. of PFC (Figure 30).38 Several
mechanisms could account for this improvement:
contribution of PFC-dissolved O, to convective O,
transport, the ability of the small emulsion droplets
to reach microvessels that are usually only perfused
by plasma, the high O, extraction ratio at the tissue
level, characteristic of nonbonded O,, and, possibly,
facilitation of O, diffusion from RBCs to tissues by
the numerous PFC droplets. Infusion of a PFC
emulsion led to increased oxidation of cytochrome a,
as in tumors in rats, even when the animals breathed
room air when convective O, transport is negli-
gible.16%° A near-wall excess of PFC droplets may
explain the improvement of rheological properties
and reduced hemolysis in blood exposed to mechan-
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Figure 30. Effect of intravenous administration of a 100%
w/v F-octyl bromide emulsion on tissue oxygenation of the
cat retina. The difference in tissue pO, (as measured by
an O,-sensitive electrode) after three successive doses upon
breathing pure O, is about twice that observed with 100%
O, in the absence of PFC. (Reprinted with permission from
ref 388. Copyright 1992 American Physiological Society.)

ical stress when blood plasma was partially replaced
by Fluosol.??2 The rate of RBC oxygenation/deoxy-
genation was seen to increase in vitro in the presence

of small amounts of a poloxamer-based PFC emul-
Sion_1698,1699

H. Product Safety and Mechanisms for Side
Effects

Extensive efforts were devoted to establishing the
safety profile of PFC emulsions and to identifying,
understanding, and controlling their side effects.

1. Acute Toxicity

The intravenous LDsp of Fluosol was estimated at
26—29 and 35 g of PFC/kg b.w. in rats for 20% and
35% wi/v concentrated emulsions, respectively, indi-
cating that the volume injected (130—145 and 101
mL/kg, respectively) may have had a part in this
toxicity.??21415 Similar figures were reported for Per-
ftoran.2 For PFOB, the LDso reached 41 g/kg b.w.
for a 100% w/v emulsion in rats.17®

When toxicity is observed with a particular PFC
sample, this sample should be suspected of contain-
ing toxic byproducts or impurities. Distillation, wash-
ing with a KOH solution, and filtration over alumina
usually suffice to remove such toxicity. Cell cultures
provide a sensitive test for assessing impurity-related
toxicity and monitoring purification.1441.15351701 There
is no sound evidence that the presence of isolated
hydrogen, chlorine, bromine, secondary oxygen, or
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tertiary nitrogen atoms or of a double bond in the
PFC'’s structure induces any toxicity.

Fluosol elicited in some patients an anaphylactoid
reaction related to complement activation (alterna-
tive pathway) that could include hemodynamic per-
turbations and was attributed to the surfac-
tant.#40.1416.1702,1703 The approval by the FDA of Fluosol
for use during PTCA in high-risk patients!®! implies
that the product was nevertheless found safe for this
indication. This untoward reaction was no longer
seen with the EYP-based emulsions.405:441,1609.1704,1705

Contrary to Fluosol,'% Oxygent did not provoke
endothelial cell activation.1’°” No leucocyte activation
or substantial leucocyte adherence to vascular en-
dothelium was found in vivo.17%® Hypervolemic ad-
ministration of up to 6 mL/kg of this emulsion had
no adverse effects on the microcirculation in the
hamster.7%° Doses of 3 mL/kg induced no unwanted
side effects on microvascular perfusion during pro-
found ANH with the commonly used hemodiluents
hydroxyethylstarch, albumin, and gelatin. On the
other hand, use of a dextran solution in conjunction
with the emulsion led to deterioration of microvas-
cular perfusion, possibly related to activation and
adhesion of leukocytes. Another EYP-based PFOB
emulsion had no cytotoxic effect on cultured human
vascular endothelium, the cells most exposed to the
emulsion.16221710 This PFC was actually shown to
exert beneficial antiinflammatory effects and, in
particular, to attenuate neutrophil adhesion to acti-
vated endothelial cells.'”*' Some of these antiinflam-
matory effects may be related to the lipophilic
character of PFOB.171?

No carcinogenic, mutagenic, or teratogenic effects
or immunological reactions have been reported for
appropriately selected, purified, and formulated PFC
emulsions.

2. Particle-Related Side Effects

a. Flu-Like Symptoms and Effect on Platelet
Count. The clinical side-effect profile of the PFC/EYP
emulsions is typical of macrophage activation related
to RES uptake of particles. The side effects observed
with the initial 90% and 100% w/v concentrated
PFOB formulations consisted of early effects, includ-
ing headache and occasional lower backache, which
generally occurred during or shortly after infusion,
and delayed effects (2—12 h) referred to as flu-like
symptoms, e.g., fever, occasional chills and
nausea.*0>1713-1715 These reactions, generally catego-
rized as mild, were transient and fully reversible
within 4—12 h.4%6.1716 Transient increases in liver
enzyme levels consequent to RES uptake of emul-
sions were also consistently noted. A temporary,
moderate drop (about 15%) in platelet count was seen
about 3 days after dosing. Similar effects have been
reported with Oxyfluor,*% and thrombocytopenia has
been documented upon administration of parenteral
fat emulsions,'"*" liposomes,'"*® including Hb-loaded
liposomes,®” and other injectable particulates.t719-1721

The mechanism of the flu-like side effects appears
to be reasonably well understood. These effects are,
for the most part, the natural consequence of RES
clearance of particulate matter from the blood stream.
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Phagocytosis is accompanied by the release of prod-
ucts from the arachidonic acid cascade, including
diverse prostaglandins and pyrogenically active cy-
tokines.4051722 These responses could be effectively
suppressed by prophylaxis with cyclooxygenase in-
hibitors or corticosteroids, which are known to in-
terfere with the arachidonic acid cascade, and were
not associated with the release of histamine, seroto-
nin, bradykinin, or leukotriene D,.06.1722

Acute toxicity and the magnitude and frequency
of the above effects depend strongly on particle
Sizes. 405172371725 Sjze minimization is also known to
slow RES uptake of liposomes."?¢ Adjustments in the
F-octyl bromide emulsion formulation and processing
parameters and the addition of F-decyl bromide
helped reduce particle sizes and narrow particle size
distribution, resulting in significant attenuation of
the side effects profile. During clinical safety studies
in conscious volunteers with the optimized 60% w/v
Oxygent formulation AF0144, fever frequency (~15%
of patients) and amplitude (seldom exceeding 1 °C)
was not different from controls and platelet count,
although temporarily depressed with respect to base-
line, remained within normal range.?20.442.1727

There were no effects on platelet function and
coagulation parameters, no complement activation,
immunogenic or allergic reactions, vasoconstriction
or microcirculatory disturbances, abnormal changes
in liver function, pulmonary or renal function, or
clinically meaningful effects on blood chemistry at the
doses administered.*4?1727 No emulsion-related ad-
verse clinical events were reported in subsequent
Phase Il and 11l studies with Oxygent in surgical
patients.1541728

b. Potential Effects on Reticuloendothelial
System Function. Extensive uptake of PFCs by
macrophages results in enlargement of the liver and
spleen 404.1713,1729.1730 The effects of PFC emulsions on
RES organ morphology, histology, and function have,
therefore, been thoroughly investigated.402404.1505,1731,1732
Examination of liver, spleen, and bone marrow tis-
sues of rats exchange-perfused with PFC emulsions
indicated that the PFC-loaded cells had otherwise
normal organelles and that the effect was fully
reversible.

However, high doses of PFC can cause transient
depression of RES clearance function. Magnetometric
monitoring of ferromagnetic particles and °F NMR
provided noninvasive methods for evaluating the
influence of foreign particles on RES function.#4°
These effects were determined to be of the same
nature for PFC emulsions as those of other particu-
lates or colloids of similar size. Large particles are
eliminated more rapidly and have greater potential
for RES blockade.??>1733 Clearance of colloidal carbon
from circulation was transiently depressed in rats
receiving high Fluosol doses.1?%1733 Similar observa-
tions were made with colloidal iron chondroitin
sulfate in surgical patients treated with that emul-
sion.1”®! Survival of human erythrocytes transfused
to rats and primates was prolonged by infusing the
recipients with Fluosol but was on the same order
as that seen with a clinically used fat emulsion.493.1734
Clearance by the liver of 5'Cr-labeled sheep RBCs
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was slowed in rats injected with Fluosol-DA; overall
RES function was, however, not significantly com-
promised.1”3® Tolerance of mice to endotoxins from
E. coli was diminished by Fluosol in a dose-dependent
manner; sensitivity to toxins was, however, signifi-
cantly reduced by administration of hydrocorti-
sone.17361737 Interaction of PFCs with liver cyto-
chrome Pys (as also evidenced by changes in clearance
of various drugs) was PFC- and formulation-
dependent.16131738-1740 A| structural changes result-
ing from the accumulation of PFCs in the tissues of
rats having received very large 50 or 60 mL/kg doses
of Fluosol were, however, fully reversible and con-
sidered nondetrimental.17331741 The more recently
developed PFC emulsions appear to have a lesser
effect on the RES than the earlier ones.7421743 Slight
temporary overload and blockade of the RES is also
known to occur upon administration of fat emul-
sions408,1744,1745 and |iposomes_399,410,427,428,1745&1 As noted
earlier, Hb products as well as banked blood,®® which
contains nonviable RBCs, can also induce transient
blockade of the RES.

c. Effect on Analytical Methods. The presence
of a lipid emulsion in a blood sample can change its
turbidity, which can interfere with measurements by
CO-oximeters of oxyHb, carboxyHb, and metHb.1746.1747
Interference was also noted for PFC emulsions with
some instruments in the upper range of the intended
clinical doses.174871750 Use of a turbidity-correction
algorithm that had been developed for an emulsion
of the anesthetic Propofol (2,6-bis(1-methylethyl)-
phenol) eliminated the effect of the emulsion on the
CO-oximeter results.'™®® A PFDCO/saffoil/EYP emul-
sion led to overestimating platelet counts with certain
automated cell counters,’®* possibly due to the
presence of lipid droplets or liposomes.*%* Such an
interference was not found with emulsions with
smaller particle sizes, such as Oxygent, even after 2
years of storage (0.18 um).17%?

3. Vapor-Pressure-Related Side Effects

The observation that the lungs of rats,139%1441
pigs,t”® dogs, or rabbits4531454.1754 gjven Fluosol or
emulsions of certain PFCs, such as FX-80 or FDC,
did not deflate normally at autopsy raised concerns
about a possible toxic effect of PFCs in the lungs. This
phenomenon was shown to relate to increased pul-
monary residual volume (IPRV) due to retention of
air in the alveoli.t”517%6 |t was found to be highly
species-dependent and related to the PFC'’s vapor
pressure and excretion rate. Sensitive species include
rat, rabbit, swine, and macaque monkey, while the
effect was not observed in mouse, dog, or man.'’>” The
phenomenon was marked with FDC, unsignificant
with PFOB, and absent PFDCO0.4% Biomechanical
and O transfer functions of lungs were essentially
normal after administration of high doses (11 g/kg
b.w.) of PFOB to dogs.'”®® Addition of a few percent
of F-decyl bromide to F-octyl bromide reduced the
vapor pressure of the PFC phase to less than 8 Torr,
which sufficed to eliminate IPRV in most of the
sensitive animal species.*%® No such effect was ever
reported for the patients—several thousands—who
had received Fluosol, although it contains FDC.
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Careful monitoring of patients receiving Oxygent
revealed no effect either.1>17%° Investigation of the
mechanism of IPRV determined that the air bubbles
that normally and continuously form in the alveoli
are osmotically stabilized when water-insoluble PFC
vapor is present.17% High transpulmonary pressures
(which lead to bubble breakage), large airway dimen-
sions, and low PFC vapor concentration in the lung
(hence low capacity to stabilize the bubbles) ensure
that the phenomenon is not operative in humans with
the PFCs presently utilized.*’” Interestingly, the
phenomenon, once elucidated, was turned into a
novel principle of osmotic stabilization of micrometer-
sized air bubbles that was developed into a contrast
agent for ultrasound imaging.*®'®> The same principle,
using microbubbles produced in vivo by injection of
an F-pentane emulsion, has been proposed for O,
delivery.t760.1761 There is little doubt that microbub-
bles of O, can contribute to tissue oxygenation;
circulation half-times have, however, not yet been
reported for the F-pentane-stabilized bubbles, and
withdrawal of a new drug application in the United
States for use of this product as an ultrasound
contrast agent may indicate that safety was not
established.

|. Therapeutic Indications and Clinical Evaluation

Small doses of PFC emulsions are able to im-
mediately and effectively deliver O, to tissues. The
principal limitation of these products is, as for all the
O, carriers presently under development, their short
persistence in the circulation. While this limitation
prevents their use as a treatment of chronic anemia,
it does not restrict their temporary use, as for the
duration of a surgical operation,155215-217,219,220,1762

1. Avoidance and Reduction of Blood Use during Surgery

PFC emulsions could be important for avoiding or
reducing exposure of surgical patients to donor blood.
As indicated in section Il.E (Figure 2), a novel
strategy for reducing the need for donor blood trans-
fusions has been defined that involves the use of an
O; carrier in conjunction with ANH (or I1AD) in the
so-called “Augmented” ANH (or IAD) procedure. This
strategy takes into account the emulsion’s aptitude
for delivering O,, ability to preserve high cardiac
output, and limited intravascular half-life. A com-
puter model has been developed that allows predic-
tion of PvO, and other physiological responses to
ANH and surgical blood loss when an O, carrier is
administered to a certain patient.*® This program
was validated against a number of experimental and
clinical studies. It indicated, for example, that at an
FiO; of 1 and if the transfusion trigger is set at 7
g/dL, a single modest dose of 1.5 g/kg b.w. of PFC
could allow a treated patient to lose 1700 mL more
blood than a nontreated patient before PvO, (reflect-
ing global tissue oxygenation) falls below baseline.?'6
The PFC should provide about 15% of total O,
consumption when Hb levels decrease from 14 to 8
g/dL and cardiac output augments as a result of
isovolemic hemodilution. PvO; could be maintained
at or above predosing levels as Hb concentration
decreases from 8 to about 4 g/dL, corresponding to a
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blood loss in the 3-L range for an average 70 kg
individual.

Preclinical animal data and human clinical trials
with Oxygent confirmed these expectations. Overall,
the preclinical efficacy data indicated that the emul-
sion could allow for augmented ANH without impair-
ment of tissue oxygenation, thus reducing the need
for allogeneic blood transfusion.521920 Even a low 0.9
o/kg dose of PFC, administered to patients after
ANH, resulted in a measurable increase in PvO, and
Sv0,.17%° The PVO, values remained at or above
predosing levels, while Hb levels decreased substan-
tially due to surgical blood loss. The contribution of
a dose of PFC to O, consumption was subsequently
described in terms of an Hb equivalency value. Using
data from clinical trial patients the Hb equivalent of
a 2.7 g/kg b.w. dose of F-octyl bromide was calculated
to be about 4 g Hb (i.e., about 1.5 g Hb per g PFC) at
an FiO; of 1.1763

Multicenter randomized Phase 1l trials involving
patients undergoing elective surgery with ANH de-
termined that a 1.8 g/kg dose of PFC was signifi-
cantly more effective than fresh autologous blood
(which is more effective than 2,3-DPG-depleted stored
RBCs) at reversing physiological transfusion trig-
gers.1®415 Use of the O, carrier also substantially
delayed the need for transfusion of the stored au-
tologous blood. Similar results were obtained in
patients undergoing genitourinary surgery.’64

Phase 11l clinical studies in surgical patients in
Europe indicated that Oxygent, when administered
according to the A-ANH procedure, substantially
reduced the need for blood as compared to standard
transfusion therapy. In the patient population (86%
of the patients treated) for whom a transfusion is
most likely needed (i.e., experiencing surgical blood
loss from 10 to more than 80 mL/kg b.w.), Oxygent
provided highly significant avoidance (p = 002) and
reduction (p < 0.001) of blood transfusion.1’2®

2. Cardiopulmonary Bypass Surgery and Neuroprotection

Fluorocarbon emulsions may have value in CPB
surgery.371.1765.1766 They could potentially reduce the
amount of blood needed for priming the extracorpo-
real circuit. In addition, because PFCs can dissolve
N, as well as O,, they could dissolve the tiny air
bubbles that may be introduced in the CPB circuit
and cause microemboli. They may thus provide a
means of protecting the brain against postsurgical
neurological damage and reduce the incidence and
severity of the neurological deficits observed in a
significant proportion of the patients who undergo
cardiovascular surgery with CPB.1741767.1768 Experi-
ments in which rats,’® rabbits,»’’° or dogs!’’* were
injected air in an artery showed that animals that
had received a PFC emulsion tolerated 3—5 times
larger amounts of air than the untreated controls
before irreversible brain damage or death occurred.
The microvascular perfusion blockages that are
observed on retinal angiography after a standard
CPB procedure were reduced by 90% in dogs receiv-
ing a PFC-enriched priming solution.'”’? Both in-
creased O, delivery and the capacity for PFCs to
dissolve N, were invoked to explain these protective
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effects. No cerebral infarction was seen when Oxy-
fluor was added to the CPB priming solution of pigs
that underwent a bypass procedure and subsequently
received a massive bolus of air in the carotid ar-
tery.17%6 Cerebral blood flow was maintained, and
electric activity was better preserved than in control
animals that had received a saline solution. Improved
tissue oxygenation was observed in an anemic canine
model of hypothermic CPB with Oxygent; lower CPB
flow rates than in control animals were allowed
before a critical PvO, had been reached.®”* There was
also significantly lower mortality from cardiac failure
on separation from CPB in the PFC-treated group.
Reduction of the inflammatory response (as indicated
by attenuated neutrophile activation) induced by an
extracorporeal circuit was observed.'’”® Early clinical
trials with this emulsion indicated an increase in
cerebral blood flow in PFC-treated CPB patients.'’’4

3. Trauma—A Bridge to Transfusion

There are a number of instances where adminis-
tration of a PFC emulsion could help temporarily
correct an acute O, deficit. The emulsion could, for
example, help bridge the time gap between a critical
need for increased tissue oxygenation and transfusion
of compatible blood or between the time of transfu-
sion and when the transfused banked blood (includ-
ing predonated autologous blood) becomes fully ef-
fective. Trauma is one such situation, in particular
during the prehospital “golden hour” period when a
patient’s fate is decided. During this period, blood is
usually not available and transfused stored blood is
not effective yet. PFC emulsions could provide a
means of stabilizing the patient waiting for an
intervention and could therefore find their place in
any ambulance or rescue vehicle.

4. Further Potential Indications and Uses of Fluorocarbon
Emulsions

a. Cardiovascular. Potential cardiovascular uses
for PFC emulsions, besides CPB, include treatment
of acute myocardial infarction, cardioplegia, reper-
fusion, coronary angioplasty, and preservation of
donor hearts for transplantation.l’’>1776 High O,-
delivering capacity, small particle sizes, and low
viscosity are expected to improve tissue perfusion and
oxygenation. Treatment of cardiac arrest is also being
explored.167®

Reduction in myocardial ischemia and infarct size
in dogs or pigs with coronary artery occlusions
receiving PFC emulsions has been docu-
mented.14341777-1779 Hemodilution with Fluosol of pigs
with critical experimental coronary stenosis was
better tolerated than with a non-O,-carrying dextran
solution.’®7” Because of small particle sizes, PFC
emulsions may improve microvascular O, transport
in tissues where RBC transport is impaired. Oxygen
transport across a membrane-bound thrombus (blood
clot) model suggested that the emulsions might carry
O, across a thrombus and maintain tissue viability
during acute ischemic events.78%

Addition of PFCs to cardioplegic solutions (used to
protect the arrested heart during open-heart surgery)
may be beneficial in case of prolonged myocardial
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ischemia. In one study, cardioplegia with Fluosol was
as effective as blood cardioplegia in allowing func-
tional recovery of the heart after cold ischemic
arrest!’8! put not in another study.'’® Superior
myocardial protection was provided by supplementa-
tion of blood cardioplegia with Oxygent in dogs; an
endothelial-protecting effect was suggested.688

Reperfusion of the myocardium after reconstructive
artery surgery (angioplasty) can result in a reperfu-
sion injury that limits the amount of salvageable
myocardium. 1801783 Several papers and reviews report
the attenuation of such injury by PFC emulsions in
animal models.178+1785 Oxygenated Fluosol, when
infused in the coronary artery after the onset of
reperfusion resulted, both in a canine model1703.1786
and in a pilot clinical study,*® in reduced infarct size
and improved ventricular function. Accelerated throm-
bolysis by urokinase was observed in a dog model of
acute myocardial ischemia.l’®” However, administra-
tion of Fluosol after treatment with the thrombolytic
agent tissue plasminogen activator at the time of
reperfusion of patients with acute myocardial infarc-
tion did not significantly reduce infarct size or
improve cardiac function.*’® On the other hand, dose-
dependent protection against reperfusion injury was
found with a more concentrated PFOB emulsion in
a cardioplegic rat model, indicating that the emulsion
could reduce the damage that can accompany cardiac
surgery and organ transplantation.’®® Mitigation of
myocardial ischemia consequent to PTCA using
oxygenated Fluosol resulted in the approval of this
emulsion for high-risk procedures (section V.C).

b. Cerebrovascular. Stroke is one of the leading
causes of death in the industrialized countries. The
brain is extremely sensitive to O, deprivation, and
irreversible damage occurs after brain ischemia
greater than 5—10 min. In the case of vessel obstruc-
tion, the small size PFC droplets could improve
perfusion and provide support to ischemic tissues by
using smaller collateral vessels. Contrary to blood,
the emulsions do not tend to have increased viscosity
at low shear rate.

Experimentation with Fluosol for brain tissue
rescue has met varying degrees of success.1790-1795
Fluosol was reported to provide increased cortical O,
delivery and some protection from cerebral ischemia
and to reduce brain swelling, neuronal damage, and
infarct size in cats with experimentally occluded
middle cerebral artery.386.1790.1791.179 Qther authors,
although noting an improvement in brain tissue O,
availability, found no improved outcome after 1
week.79? Using a similar stroke model, another group
concluded that hemodilution with Fluosol did im-
prove brain tissue oxygenation and reduced brain
edema in the post-infarct period.1”®* These contradic-
tions likely reflect the extreme complexity of the
mechanisms implicated in neuronal death following
stroke and the difficulty in defining proper strategies
to combat them. A PFC/mannitol combination, when
administered 0.5 h after onset of a 6 h period of
cerebral artery occlusion in dogs, effectively pre-
vented brain swelling”®” and led to marked recovery
of brain electrical activity,'”® while PFC alone or
mannitol alone was ineffective. Combination treat-
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ments involving PFCs, mannitol, vitamin E, and
dexamethasone were deemed even superior.l7%® A
Fluosol/mannitol combination was used in patients
undergoing reconstructive vascular surgery to protect
the brain against ischemic damage.'8% An unspeci-
fied hyperosmolar saccharide-loaded FDC emulsion
was reported to enhance brain pO, and reduce edema
secondary to CPB in goats.80!

Intriguingly, it was shown that isolated brain slices
could recover functionality when reoxygenated after
up to 4 h in a nitrogen environment, leading to the
hypothesis that microvascular dysfunction is the
primary cause of brain damage and that neuronal
changes and death are only secondary to these
vascular effects.’®2 An original treatment of stroke
was subsequently experimented that consisted of
infusing an oxygenated, nutrient-enriched PFC emul-
sion directly into the cerebral ventricle (the cavity
that contains the cerebrospinal fluid that bathes the
brain), thus bypassing the clogged blood vessels.18021803
Cats with experimental cerebral ischemia, when
perfused in this fashion (ventriculocisternal perfu-
sion) with an oxygenated F-44E emulsion within 3 h
after onset of ischemia, demonstrated dramatically
reduced infarct size and improved electrical brain
activity.'®'? Other studies involving administration
of a PFC into the cerebral ventricle were aimed at
radiographic imaging of the central nervous sys-
tem, 8% at preventing brain tissue hypoxia,'®% and
at preventing paraplegia after aortic occlusion.'8%

Prophylactic use of Fluosol improved hemodynam-
ics and prevented paraplegia in dogs with spinal cord
ischemia.'’®” These experiments are relevant to pre-
venting irreversible damage to the spinal cord with
resultant paraplegia in operations that require tem-
porary clamping of the descending aorta. Likewise,
cerebral functional protection during brain stem
ischemia was demonstrated with Oxygent in dogs,
suggesting that the emulsion could extend the allow-
able period of vascular occlusion during cerebrovas-
cular repair surgery.'%® Further studies indicated
that small doses of Oxygent improved oxygenation of
brain tissue'687.18%8 gand of the retina (an outgrowth
of the brain),%% sustaining the hope for treatment
of cerebrovascular diseases, if proper strategies of use
can be determined.

c. Oncology. Because of poor vascularization, solid
tumors generally contain hypoxic cells. These cells
are resistant to radiation therapy and to certain
anticancer drugs because O, participates in the
reactions that produce DNA damage. Numerous
experimental studies have established that PFC
emulsions could deliver O, deep into tumor regions
that would otherwise be hypoxic, thereby improving
the response of tumor cells to radio and chemo-
therapy.1690.1691.1693-1695 Phagse I/11 clinical evaluation
of Fluosol as an adjuvant to radiation in non-small-
cell carcinoma in the lung demonstrated that large
doses of PFC (~10 g/kg in 5—7 weeks) could be
administered without significant toxicity.8%° Al-
though these early clinical trials were considered
encouraging,t6921809-1811 fyrther studies were not
initiated. Combination of a concentrated PFOB emul-
sion with hyperbaric (3 atm) O, selectively increased
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the radiation sensibility of tumors relative to normal
tissues.®12 While repeated treatment of mammary
tumors in the rat by irradiation or with cisplatin or
cyclophosphamide was seen to increasingly reduce
tumor oxygenation, administration of Oxygent was
able to increase the O, content of the tumors, both
in the absence of treatment and after each of the
treatments, thus increasing their sensitivity to the
treatment.!813 Strategies combining several cytotoxic
and sensitizing agents and improved PFC emulsions
were advocated.69

PFC emulsions were also investigated as adjuncts
to photodynamic cancer therapy. This procedure
depends on the use of tumor-localizing porphyrins
that are activated by visible light in the presence of
O, to induce tumor destruction.'84 A PFC emulsion
appeared to provide some protection to the skin
against photodynamic therapy damage.'1®

d. Preservation of Organ and Tissues for
Transplantation. Use of PFC-enriched perfusates
has the potential for increasing the availability and
quality of organs suitable for transplantation. Kid-
ney, heart, liver, lung, pancreas, testis, and multiple
organ blocks have been preserved using such prepa-
rations. Early PFC-containing perfusates allowed
preservation of rat liver*®¢ and kidney8” and main-
tenance of beating rat hearts for over 10 h at 37
°C.1818 Fluosol-DA protected ischemic transplanted
hearts from reperfusion injury in a dog model.181°
Improved preservation of isolated rat brains,?13.1820.1821
rat heart,'822 canine heart,'®?2 rabbit kidneys,8?* rat,
swine and canine livers,'825-187 pig lungs,8?8 rabbit
heart and lung,'*? and rabbit limbs'®° has been
achieved using Fluosol-43 or perfusion media con-
taining this emulsion. The same emulsion was su-
perior to hypothermia in inhibiting free-radical gen-
eration and preventing ischemia-reperfusion injury
of skeletal muscle in rabbits.®3° Reduced thrombox-
ane release and skeletal muscle reperfusion injury
were seen with Fluosol in dogs.'®31182 Increased
synthesis of the high-energy phosphate phosphocre-
atine was seen during cold reperfusion of ischemic
isolated pig hearts after cardioplegic arrest.'833 Ex-
change perfusion of rats with Fluosol-43 to remove
recipient humoral immune factors allowed prolonging
the survival time of guinea pig heart xenografts.834
Perfusion of rat hearts using a concentrated PFOB
emulsion produced increased contractile perfor-
mance.835 Perfusion of rabbit hearts with a 35% v/v
F-perhydrophenanthrene/EYP emulsion improved
functional recovery after transplantation.®3¢ Oxygent
allowed effective preservation and transplantation of
dog kidneys.'®37 Other PFOB emulsions allowed
prolonged preservation of the intestine!®® and im-
proved warm preservation of the kidney*®3® and of
multiple organ blocks.'%2t Traumatically severed
fingers were preserved for 72 h using Fluosol prior
to successful reimplantation.840

Fluorocarbon emulsions have been used to improve
cell cultures'®! and preserve pancreatic islets.®4
They helped enhance O, transfer and provided pro-
tection against damage by gas bubbles in hybridoma
cell cultures®3 and increased production of the
antibiotic actinorhodin from S. coelicolor cultures.'84
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e. Diagnostic and Tissue Oxygen Mapping.
Various types of PFC-based contrast agents for
diagnosis using X-ray computed tomography, MRI,
and ultrasound imaging have been investigated.458
Differences in distribution of FMIQ 4 coupled with
an anti-carcinoembryonic antigen antibody and of
noncoupled FTPA 3 (administered as separate emul-
sions) allowed **F MRI of a human colon carcinoma
implanted in nude mice.*®*> PFOB emulsions allowed
in vivo delivery of hyperpolarized ?°Xe for MRI
applications.3*”

Fluorocarbon emulsions were used for measuring
tissue O, tension and mapping O, in tissues by
exploiting the ability of the paramagnetic O, molecule
to perturb the °F NMR signal.1846-1851 19 NMR
allowed measuring myocardial vascular volume,852
local cerebral volume,'852 and tumor imaging*®** and
was used for PFC clearance studies.64°

f. Miscellaneous Applications of Perfluoro-
carbon Emulsions in the Biomedical Field.
Incubation of sickled erythrocytes with an oxygen-
ated FTBA emulsion reduced the percentage of
sickled cells by one-half, increased their deformabil-
ity, and significantly reduced the viscosity and re-
sistance to flow of the cell suspension.®% Oxygent
decreased peripheral resistance in a transgenic sickle
cell mouse model by unsickling the sickled RBCs that
partially obstructed vessels.'%% PFCs may thus have
potential for alleviating vaso-occlusive crisis and
tissue infarction in sickle cell patients. PFC emul-
sions may also represent an alternative for patients
with RBC incompatibilities.

Intraperitoneal perfusion with Fluosol resulted in
significant increases in arterial pO, in an animal
model, suggesting an alternative to pulmonary oxy-
genation during certain forms of respiratory fail-
ure.’8% Intraluminal treatment with oxygenated
FTBA emulsions had a protective effect against
intestinal ischemia,'8%" leading to reduced mortality
in rats.18%8 Tolerance to normally lethal doses of CO
in rats exchange-perfused with a PFC emulsion has
been demonstrated.!3%:1397 Accelerated displacement
of CO from carboxyHb and improved survival were
seen in PFC-treated dogs that had been exposed to
CO.189 Three patients with CO intoxication were
reported to have been treated with Fluosol.860

Treatment of decompression sickness has been
investigated.3427346 In one experiment in hamsters
94% of the animals survived when given i.v. PFC
emulsion as compared to 6% in the nontreated
controls.?** The incidence of severe decompression
sickness was significantly reduced by treatment with
Oxygent in a pig model, indicating potential for the
rescue from ill-fated diving or underwater opera-
tions.346

Further potential applications for O,-carrying PFC
emulsions include total body washout for removal of
toxins, viruses, drug overdoses, etc;'%6! treatment of
acute pancreatitis;*®? lavage of stomach to protect
the gastric mucosa against damage provoked by
hemorrhagic shock;'8% use in an extracorporeal blood
gas exchange system for treatment of respiratory
failure;'8* and as drug delivery systems.'316.1317 per-
ftoran has even been used to sober up dead drunk
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patients;'8% accelerated oxidative metabolism of eth-
anol may be the basis for the cure! There are also
indications that PFC emulsions might have antiin-
flammatory effects.1856

g. Perfluorocarbon Emulsions as a Research
Tool. PFC emulsions can be used to stabilize and
control animal models, organs and tissues destined
for experimental studies.'867.1868 “Bloodless” animals,
obtained by near-total replacement of the blood of
conscious animals, constitute a unique research
t001.1889-1871 They have been used for evaluation and
screening of PFCs, surfactants, and emulsion formu-
lations;??2397.1441 jnvestigating hematopoiesis, specific
hormones, enzymes, and other proteins production
and transport; prolonging the half-life of enzyme-
sensitive compounds in the circulation;#! avoiding
the optical interference caused by RBC Hb in studies
on living tissues; investigating metabolic activities
of tissues,'®? the intramitochondrial respiratory
process in vivo,'®73 pulmonary microvascular perme-
ability;'®4 and brain physiology.'®”> A PFC emulsion
was used for oxygenating immobilized biocatalysts876
and an FDC affinity emulsion for extracting an
enzyme from yeast.1877.1878

5. Related Fluorocarbon-Based Products for Biomedical
Applications

Further biomedical applications of PFC-based prod-
ucts, other than O, carrying PFC-in-water emulsions,
will be briefly mentioned here.1317:1409

a. Neat Liquid Perfluorocarbons. Neat F-octyl
bromide was evaluated for treatment of acute lung
injury and acute respiratory distress syndrome by
liquid ventilation therapy.14641466.1467.1879.1880 The dense
and fluid PFC was instilled into the patient’s lungs,
where it was expected to contribute to reopening
collapsed alveoli, facilitate the exchange of the res-
piratory gases, and protect the lungs from some of
the harmful side effects (barotrauma or volutrauma)
of conventional mechanical ventilation. Phase | and
11 trials have indicated improvement of lung compli-
ance and oxygenation status.4641880 Mortality reduc-
tion in Phase I/l trials was, however, not better
than with standard treatment using the latest,
improved lung protection strategies. Antiinflamma-
tory effects have been reported.463:464.1466,1711,1880a

F-Octyl bromide has gained approval in the United
States for oral use as a bowel marker during MR1.1882
The absence of protons, hence of signal, creates the
desired contrast, allowing improved delineation of
stomach and bowel walls, thus facilitating the iden-
tification of pathologic tissues. Aerosolized PFCs
allowed analysis of lung structure and pulmonary
oxygenation patterns using **F NMR.18! Externally
applied PFC-filled pads are available commercially
(SatPad, Alliance Pharmaceutical Corp.), which im-
prove magnetic homogeneity, hence image quality,
when fat saturation techniques are utilized during
MRI.188 Gaseous and liquid PFCs and fluorocarbon—
hydrocarbon diblocks are used as tools in vitroretinal
surgery for treating complicated retinal detachments
or managing the dislocated crystalline lens.1884-1890

Further applications investigated for neat PFCs
include treatment of acute intestinal ischemia by
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intraluminal or peritoneal lavage,®! use in blood
oxygenators,1392.1892.1893 prevention of the bends by
liguid breathing,'8%* as a foot bath therapy for treat-
ment of ischemic ulcers,'8% for preserving plant8%
and animal'®®” semen, tissues, and transplants,'8%18%9
reducing the rejection of xenografts,’*® growing
nematodes,'®! increasing growth rates of animal
(including human) and plant cell cul-
tures,t844.1896,1902-1906 and removal of deleterious ex-
cess of O, photosynthesized by algae.'*°’A CO,-gassed
PFC was used to enhance the growth and multiplica-
tion of rose shoots.'®%® A further area of application
of neat liquid PFCs relates to the delivery of
drugs,978.1909.1910 genes, 19111912 gr jmmunoglobulins®3
to the lung.

b. Injectable Gaseous Microbubbles. Diverse
types of micrometer-size gas bubbles have been
generated or stabilized using volatile PFCs, including
F-propane, F-pentane, and F-hexane, to serve as
contrast agents for diagnostic by ultrasound
imaging.13151578,1914-1817.1917a \When injected in the
circulation, these microbubbles function as reflectors
for ultrasound waves, provide clearer ultrasound
images, and have the potential to facilitate assess-
ment of cardiac structure and function, diagnosis of
perfusion abnormalities, and detection of solid tumors
in organs.'°7.1918 One such product, Optison (Molec-
ular Biosystems, San Diego, CA), is how commer-
cially available.*®’® Other products have been sub-
mitted to health authorities for approval. One of
them, Imauvist (Alliance Pharmaceutical Corp./Scher-
ing AG, Germany), exploits the extremely low solu-
bility of PFCs in water in order to osmotically
stabilize phospholipid-coated air bubbles.!315.1920-1922
Another, EchoGen (Sonus Pharmaceuticals Inc., Both-
ell, WA), was a fluorosurfactant-stabilized emulsion
of F-pentane which, once infused in the circulation,
converted intomicrometer size PFC gas bubbles. 157819151916
Such microbubbles, when used in conjunction with
ultrasound, may have the potential for binding and
breaking up blood clots that cause myocardial inf-
arction or stroke,1923.1924

c. Further Fluorocarbon-Based Colloids. The
availability of new fluorosurfactants!530-1532,1537,1925
allowed the realization of a number of colloidal
systems with a PFC phase, including stable reverse
(i.e., water-in-PFC) emulsions and microemul-
sions,1926.1927.1927a hydrocarbon-in-fluorocarbon emul-
sions,%?8 and multiple emulsions (including combina-
tions that involve three distinct nonmiscible phases,
a PFC, a hydrocarbon, and water).**? Both lipophilic
and hydrophilic drugs can be loaded in such multi-
compartment systems, which have potential for
delivery through the pulmonary route. Various types
of gels with continuous or dispersed PFC phases have
been reported.1930.1931

Because of the extreme hydrophobic and definite
lipophobic characters of their fluorinated chains,
fluorinated amphiphiles tend to self-assemble into
films, membranes, vesicles, tubules, and other su-
pramolecular systems when dispersed in water and
other solvents. Fluorinated and hydrogenated am-
phiphiles tend to phase-separate into distinct do-
mains. F-Alkyl chains promote supramolecular or-
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dering and provide exceptionally stable Langmuir
films and bilayer membranes.13161317.1932-1934 A ygriety
of fluorinated vesicles (liposomes) have been reported.
These are characterized by the presence of a well
organized, hydro- and lipophobic (Teflon-like) fluori-
nated film within their bilayer membrane, thereby
inducing enhanced stability, reduced membrane per-
meability, and reduced aptitude to fusion as com-
pared to standard liposomes.1317:1534,1537,1935,1936 Eyo-
rosurfactants, including nonchiral ones, also formed
stable tubular aggregates with diverse morpholo-
gies.1987-1940 Fluorosurfactants were proposed as a
means of stabilizing dispersions of micronized drugs
in hydrofluoroalkanes (CFC substitutes) for delivery
by meter-dose inhalers.'® Finally, fluorosurfactants
may have therapeutic applications by themselves.'56

VI. Perspectives

Over time, the definition of blood substitutes has
evolved. The initial intent of developing an all
purpose “artificial blood” to be used instead of, and
in the same circumstances as, blood has progressed
into the more realistic goal of providing the physician
with a novel means of temporarily alleviating tissue
hypoxia and its consequences. This could be espe-
cially important for avoiding or reducing the surgical
and critical care patient exposure to allogeneic blood
and could be used in conjunction with, including
global strategies for better using a patient’s own fresh
blood.

Blood transfusion has never been as safe as it is
today. However, a new major risk has emerged: blood
shortages. Blood shortages cause increasingly fre-
quent postponement of elective surgeries and are
predicted to increase further in the coming years.
With the current shift of emphasis from blood safety
to blood availability, the potential role of O, carriers
as blood conservation agents has become even more
critical. Furthermore, the safety and efficacy of
allogeneic blood transfusion is increasingly ques-
tioned because of immunosuppressive effects and the
realization that banked blood is not immediately
effective and not as well tolerated as fresh blood.
Therefore, the commercial availability of injectable
O, carriers is likely to significantly impact blood
transfusion practices.

Avoidance or reduction of the use of banked blood
in surgery has become a primary goal of O, carrier
development. Oxygen carriers may also become the
first line of therapy in emergency situations, by
providing a bridge to transfusion for trauma patients.
Further likely applications include priming of CPB
circuits, the treatment of myocardial and cerebral
ischemia, use in cardioplegia, potentiation of radio-
therapy and chemotherapy, and the treatment of
sickle cell anemia. Some Hb products may provide a
means of neutralizing excess NO produced during
septic shock as well. Products with specific modifica-
tions, such as those integrating some antioxidant
character, may find uses in specific settings. The
ability of PFCs to also dissolve nitrogen could reduce
the risk of cerebral air microembolism and conse-
guent neurologic deficit following surgery involving
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CPB devices. Because their performances are pre-
served at low temperature, PFCs are additionally
attractive for organ preservation and tissue culture.

The interference of O, carriers with physiology
needs to be minimal. Preservation of normal hemo-
dynamics and responses to hemodilution, nitric oxide
functions, redox equilibria, and RES functions is
necessary for most indications. Additionally, O, car-
riers should not be immunogenic, cause inflamma-
tion, elicit organ toxicity, or promote bacterial infec-
tion. The potential benefits for patients and society
and whether these benefits outweigh the risks as-
sociated with the use of a given product need clear
demonstration. Safety and efficacy alone, however,
do not suffice. Successful products need to have long
storage stability and large-scale product ion feasibil-
ity, implying the availability of safe and abundant
raw material; they must also be user-friendly and
gain widespread physician acceptance; finally, they
must be cost-effective as well.

Reasons for the slow development of O, carriers
include insufficient basic understanding of O, physi-
ology and mode of action of modified Hb and PFC
emulsion in vivo; an underestimation of the complex-
ity of the enterprise; unexpected interferences with
normal physiology, including Hb's many functions,
especially in the ill patient; insufficient understand-
ing of side effect mechanisms; lack of clear discern-
ment of what the product characteristics, indications,
and conditions of use should be; the difficulty of
demonstrating the clinical benefit of such novel
classes of drugs (even though O, delivery was usually
established) in the absence of clear endpoints, vali-
dated protocols, and of a validated standard; increas-
ingly stringent regulatory requirements; and the
length of time and size of the investments required
in order to develop them. Each product is unique and
has its own set of chemical, physical, and biological
characteristics, advantages, and side effects. Setbacks
have been numerous. However, each setback has
stimulated new research. Our knowledge of O, de-
livery to tissues, in vivo redox chemistry of Hb, in
vivo behavior of PFCs, etc., has substantially ad-
vanced, largely due to the efforts and resources
devoted to blood substitute research and to the
diversity of the options that have been explored,
resulting in considerable advances in product under-
standing, efficacy, and safety.

The Hb (biologic) and PFC (synthetic) approaches,
while fundamentally different, are not exclusive from
one another. Both types of products have demon-
strated the capacity to carry and deliver O; to tissues
in certain settings. The complexity encountered with
Hb products derives from the fact that their function-
ing is highly dependent on environment; from their
not only being O, carriers, but also having drug
activity of their own and from their chemical reactiv-
ity and lability. As unwanted characteristics of the
cell-free protein were understood and corrected,
further layers of complexity were uncovered. Restor-
ing adequate protein characteristics often required
several successive modifications, resulting in in-
creased heterogeneity, warranting investigation of
any other clinical consequences of such modifications.
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Understanding and alleviating the pressor effect
elicited by most acellular Hb products is certainly one
of the most trying challenges that the development
of such products has faced. The mechanisms of
vasoconstriction and blood flow redistribution remain
controversial, although neutralization of endothe-
lium-produced NO appears to be a prominent factor.
The importance of molecular size and surface char-
acteristics and of solution viscosity in controlling
hemodynamics has recently been demonstrated. Ex-
ploitation of a potential benefit from the hypertensive
activity of Hb products has become questionable in
light of recent clinical experience. Because patients
who may receive blood substitutes are particularly
at risk for septic complications, the mechanisms and
extent to which some O, carriers increase patient
susceptibility to bacterial infection and endotoxemia
also need to be further elucidated.

One interesting characteristic of PFCs is their
chemical inertness and lack of sensitivity to environ-
ment. Due to physical dissolution, the O, transported
by PFCs is readily and fully available, providing a
simple, passive means of rapidly correcting an O,
deficit. Furthermore, PFC emulsions do not elicit
vasoconstrictive activity. Small doses of PFC emul-
sions can contribute significantly to O, consumption
due to the high extraction ratio of O, by tissues,
because of the possibility of increasing O, dissolution
in PFCs by simply increasing the O, fraction in the
air inspired by the patient, and because the increase
in cardiac output that is normally observed in he-
modiluted patients is preserved. Furthermore, PFC
emulsions, because of simple processing and low
capital expenditure and production cost, could play
a part in allowing developing countries to benefit
from an injectable O, carrier other than RBCs.

Cost has become an essential component of the
equation for success, as managed healthcare has
become a priority in all western countries. It is likely
that the cost of blood substitutes will need to remain
in the neighborhood of the cost for banked blood. Raw
material procurement, difficulties with scale-up,
processing costs, and limited yields may prevent
some effective products from playing a significant
part in this increasingly constraining pharmacoeco-
nomic environment. Little relief of blood shortages
can be expected from products derived from human
blood. Bovine Hb may provide an abundant (but not
inexpensive) supply of Hb, assuming that absence of
immunologic effects and interspecies crossover of
pathogens can be clearly established and accepted.
Whether recombinant Hb can be produced cost-
effectively remains to be determined. At this point,
PFCs provide the only approach that does not depend
on the collection of human or animal blood. Fluoro-
carbon emulsions can be manufactured by straight-
forward, cost-effective, high-yield additive procedures
that are well established in the pharmaceutical
industry.

The need for intensive basic research and close,
constant, and continuously improved dialogue be-
tween those involved in basic research and pharma-
ceutical product development cannot be overempha-
sized. Drug development cannot proceed successfully
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without it. There will undoubdetly be future genera-
tions of both Hb- and PFC-based O, carriers. How-
ever, further basic research is needed to better
understand the “pharmacology” of the drug oxygen
itself, better define the desirable attributes of O,
carriers, improve control of chemical modification of
Hb and characterization of product composition,
molecular structures, and evolution over time, better
understand the influence of chemical or genetic
modification or encapsulation on in vivo distribution,
metabolism, and clearance and their effects on O,
transport, vascular tone, hematopoiesis, and basic
physiology in general. Further questions requiring
attention include immunogenicity of modified Hb,
inflammatory and microvasculature effects, autoxi-
dation and the generation of reactive oxygen radicals,
catalysis of lipid peroxidation, effect of saturation of
clearance and catabolism capacity, effect of both Hb
and PFC-based products on the RES and other
defense mechanisms. Several promising new Hb
preparations that address some of these concerns,
including pegylated Hb products and liposome for-
mulations, are undergoing preclinical evaluation.
Future research on PFC emulsions will certainly aim
at better understanding their interactions with the
RES, further reducing residual side effects, and
optimizing methods and conditions of use. Prolonging
circulation persistence is another obvious goal. Sur-
face engineering is being investigated for this pur-
pose. Such modifications also have the potential of
reducing any impact of large doses of product on the
RES. However, the fundamental basis for developing
O, carriers with a significantly prolonged circulation
life, not to speak of one comparable to that of RBCs,
is not yet available. Novel therapeutic applications
will undoubtedly be explored, and certain O, carrier
characteristics may be tuned to specific clinical
applications. Clear endpoints and appropriate testing
protocols will therefore be needed. Genetic engineer-
ing has reached a level of sophistication that allows
precise manipulation of Hb's structure and proper-
ties, offering virtually endless possibilities. Recom-
binant Hbs that have simultaneously low O, affinities
and low autoxidation rates and capable of discerning
NO from O, while complying with the other require-
ments for a blood substitute, including cost-effective-
ness may, at some point, provide a serious chance
for O, carriers to overcome their present limitations.
Each research program and each development effort
brings us closer to viable commercial products. The
market for effective and affordable O, carriers is very
large and there should obviously be room for more
than one “blood substitute”, possibly for different
applications. Each approach and product has its
champions, without the dedication (and ambitions)
of whom there would be no progress. Although the
“natural” Hb route appears more intuitive a priori,
there are also compelling reasons for developing PFC-
based O, carriers. It is this author’s opinion—and
personal bias—that PFC-based products may have a
good chance of meeting the requirements of a safe,
effective, and affordable temporary O, carrier and of
gaining widespread use in a near future. Clinical
evaluation, regulatory decisions, and time will tell.



2896 Chemical Reviews, 2001, Vol. 101, No. 9

VII. Acknowledgments

I thank my former students, technicians, and co-
workers of the Unité de Chimie Moléculaire in Nice
and colleagues and friends at Alliance Pharmaceuti-
cal Corp. in San Diego and elsewhere, who over all
these years helped to stay on line against all the odds.
Grateful thanks also to those who reviewed and
provided critical comments on various sections of the
manuscript, including Abdu Alayash (Bethesda, MD),
George Biro (Etobicoke, Canada), Alexis Caron (Nancy,
France), Simon Faithfull (San Diego, CA), Steven
Flaim (Santa Clara, CA), Francois Jeanneaux (Nice,
France), Marie Pierre Krafft (Strasbourg, France),
Maurice Lamy (Liége), Michael Marden (Paris,
France), Viktor Obraztsov (San Diego, CA), Josée
Pagnier (Paris France), Helen Ranney (San Diego,
CA), Jolene Shorr (San Diego, CA), Claude Vigneron
(Nancy, France), and Thomas Zuck (Cincinnati, OH),
and Lora Barkley for her artful assistance with
graphics, and Patricia Rusheen for help with docu-
mentation. | am also indebted for support provided
over the years by numerous institutions and indus-
tries, particularly the Centre National de la Recher-
che Scientifique, AtoFina, and Alliance Pharmaceu-
tical Corp.

VIIl. Abbreviations

2,3-DPG 2,3-diphosphoglycerate

A-ANH augmented acute normovolemic hemodilution

ANH acute normovolemic hemodilution

ATP adenosine triphosphate

b.w. body weight

BME bis(N-maleimidomethyl)ether

cGMP cyclic guanosine-3,5'-monophosphate

CPB cardiopulmonary bypass

DBBF bis(3,5-dibromosalicyl) fumarate

DCC dicyclohexylcarbodiimide

DCLHb diaspirin-cross-linked hemoglobin

Dex-BHC  dextran-benzene hexacarboxylate

Dex-BTC dextran-benzene tetracarboxylate

DIBS 2,5-diisothiocyanatobenzene sulfonate

DIDS 4,4'-diisothiocyanatostilbene-2,2'-disul-
fonate

DMPC dimyristoyl-sn-glycero-3-phosphocholine

DPPC dipalmitoyl-sn-glycero-3-phosphocholine

DSPC distearoylphosphatidylcholine

ECF electrochemical fluorination

EDCI 1-(3-dimethylaminopropyl)—3-ethylcarbodi-
imide

EDRF endothelial-derived relaxing factor

ESR electron spin resonance

EYP egg yolk phospholipids

F- perfluoro

F-44E bis(perfluorobutyl)ethene

FDC perfluorodecalin

FFA free fatty acids

FiO, fraction of O, in the inspired air

FMA perfluoromethyladamantane

FMCP perfluoromethylcyclohexylpiperidine

FMIQ perfluoro-N-methyldecahydroisoquinoline

FMOQ perfluoro-4-methyloctahydroquinolidizine

FTBA perfluorotributylamine

FTPA perfluorotripropylamine

FX-80 perfluoro-2-butyltetrahydrofurane

Hb hemoglobin

Hct hematocrit

HES hydroxyethylstarch
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HPLC high-performance liquid chromatography
i.v. intravascular
IAD intraoperative autologous donation
IHP inositol hexaphosphate
IPRV increased pulmonary residual volume
LEHDb liposome-encapsulated Hb
metHb methemoglobin
MLV multilamellar vesicle
mPEG monomethoxypoly(ethylene glycol)
MRI magnetic resonance imaging
MW molecular weight
NADH nicotinamide—adenine dinucleotide
NFPLP nor-2-formylpyridoxal-5-phosphate

NMR nuclear magnetic resonance

0-ATP ring-opened oxidized ATP
o-Raffinose ring-opened oxidized raffinose
PA phosphatidic acid

PC phosphatidylcholine

PE phosphatidylethanolamine
PEG poly(ethylene glycol)

PFC perfluorocarbon

PFDB perfluorodecyl bromide

PFDCO perfluoro-a,w-dichlorooctane

PFOB perfluorooctyl bromide

PHP pyridoxylated hemoglobin poly(ethylene gly-
col)

PLP pyridoxal-5-phosphate

POE polyoxyethylene

PTCA percutaneous transluminal coronary angio-
plasty

PTFE poly(tetrafluoroethylene)

RES reticuloendothelial system

SUvV small unilamellar vesicle

TEM transmission electron microscopy

TEMPO 2,2',6,6'-tetramethylpiperidinenitrosyl

THAM tris(hydroxymethyl)aminomethane

R CnH2n+1

RF CnF2n+l
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