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Blood Substitutes and Oxygen Biotherapeutics

Is the Final Destination in the Long, Winding, Bumpy Road Finally in Sight?

It is a tremendous honor to be invited to offer some introductory comments to this comprehen-
sive treatise on blood substitutes and oxygen biotherapeutics. I have interacted in the past with 
many of the chapter authors, and have studied with admiration the offerings of many of the 
distinguished colleagues who have endeavored with admirable persistence in this important 
but slowly and erratically developing field. The editors have been diligent in selecting experts 
who have pursued the ambitious goal of developing new therapies, and the result is a review of 
where the field has been, moving to discussions of where the opportunities to achieve licensed 
therapeutic products will need to proceed. Most of us are familiar with the early encouraging 
work in the field, perhaps epitomized by the often-featured view of a rodent in a beaker filled 
with a blood substitute that sustained its life. With retrospective naivety, it might have appeared 
to the readers and probably to me that therapeutic products would become available in a short 
interval. The many offerings in this book demonstrate our unrequited optimism but hopefully 
the synthesis demonstrates that the goal remains cogent and that our endeavors have pro-
gressed with knowledge and experience gained along the treacherous path.
The editors have provided extensive coverage to blood substitutes in a logical progression 
through five sections. The first reviews transfusion science and describes the development of 
transfusion therapies based upon the physiology of blood and in particular hemoglobin. It 
discusses evolving transfusion therapies with emphasis upon where blood substitutes might 
meet a continuing unmet medical need. An important chapter reviews the role of nitric oxide, 
an area of red cell physiology largely unknown during the early stages of blood substitute 
development, but now recognized to be an impediment to satisfactory clinical products if its 
involvement in vasoactivity is not addressed.

The second section provides background on pharmacology of oxygen therapeutic through 
iterations such as perfluorocarbons and hemoglobin-based oxygen carriers. It reviews previous 
attempts to limit the recognized toxicities of these products through maneuvers such as cross-
linking, conjugation, polymerization, and encapsulation, with limited success in addressing 
the issues of vasoactivity. Although these product modifications supported early clinical trials, 
they helped to focus on the ultimate design of a potentially successful product, which has 
enabled our growing knowledge of molecular biology to add more specific compounds to 
hemoglobin, which will enable oxygen delivery, reduce vasoactivity, and reduce the inflamma-
tion that often accompanies the clinical problems being addressed by these agents. The third 
section builds upon this experience base to describe products in current and past development, 
building upon the interpretation of the documented failures of these early products. These 
developing therapies include further manipulation of hemoglobin, novel additives that should 
increase the efficacy of these products, and strategies to develop therapeutic agents that might 
include artificial red cells or oxygen carriers from untraditional sources.

Section four describes a number of proposed products in various stages of development. 
Many of these formulations are now of historical interest, seemingly attractive approaches at 
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previous times that failed in operational development or more extensive clinical trials. These 
presentations all emphasize “lessons learned,” which will hopefully lead to successful prod-
ucts in the future. Some of these products with substantial persistence have already undergone 
extensive trial experience and clinical use with evidence of benefit but remain unapproved due 
to high regulatory hurdles. Others have not yet been definitively tested or failed to be provide 
approvable results despite early promise in preliminary studies. The fifth and final section 
discusses specific indications for future studies and highlights the regulatory requirements they 
must address to achieve clinical availability and commercialization. Proposals are provided 
that suggest that the goal of these therapies is not to replace red cell transfusions but treat 
severe anemia cases where transfusion might not be the best option

The offerings of this treatise provide a comprehensive history of previous attempts and 
failures for blood substitute development and suggest some new ways of thinking that might 
be helpful to achieve the ultimate goal. There has been considerable discussion about the indi-
cations for blood substitutes. In consideration of how these products could be used, the obvi-
ous issue is to balance the clinical benefits versus the recognized toxicities. In the early 1980s, 
blood substitutes generated widespread public enthusiasm as a means to avoid the known 
infectious risks of AIDS and hepatitis. Regulatory agencies applied understandable caution for 
approval for this indication, as other means to avoid these transfusion complications became 
available. It was also appreciated that the perceived benefits were not justified by the toxicities 
of vasoconstriction and the clearly recognized shortcoming of blood substitutes with transient 
in vivo survival. On the other hand, most observers now recognize that red cells do not address 
all medical needs in some instances of acute anemia and that blood substitutes could be life-
saving for patients in whom blood is not available or the safest option. In these cases, the 
potential benefits would justify the acceptance of some potential adverse effects. Specific 
examples would include religious objectors who refuse red cell transfusions but often accept 
blood substitutes as a matter of conscience. Another cadre of patients who would benefit are 
those who have antibodies due to alloimmunization or autoimmune hemolytic anemia where 
compatible red cells are difficult to find so that a blood substitute can provide a bridge until the 
immunohematologic difficulties have been addressed. Other indications were not foreseen by 
early investigators. A transfusion complication called hyperhemolysis has now been identified, 
where transfused patients begin to hemolyze the transfused cells and their own autologous red 
cells and frequently develop profound anemia. This condition can complicate management of 
patients with sickle cell anemia but has been described with other diagnoses. Continued red 
cell transfusions in these cases are ineffective and futile, suggesting a temporizing therapy with 
a blood substitute could be a critical stabilizing therapy. For these indications for patients with 
severe anemia, it is now appreciated that clinical trials with randomization and blinding are 
difficult to develop and have ethical challenges. It is also becoming clear that the study target 
and the ultimate goal of therapy are not red cell transfusion replacement or avoidance but pre-
venting the ravages of life-threatening severe anemia.

Patients with severe hemorrhage in military or civilian settings have long been a prime 
candidate for blood substitute implementation. Much of the clinical investigation with blood 
substitutes has targeted trauma, in part due to the size of the potential market. Clinical trials in 
this area have been difficult, however, because of the distant settings for the military and many 
civilian cases with limited access to the necessary measures in these complicated studies. In a 
large trial of blood substitutes in civilians, the transit time to acute trauma centers was too short 
to allow sufficient infusions of blood substitutes. In recent studies of plasma infusions in 
trauma settings, it is interesting that benefit was shown in patients with long transport times 
without benefit in a centralized trauma program with short transit times; studies of blood sub-
stitutes in patients with long transit times might have shown different outcomes but are difficult 
to perform. Another complication of trauma studies is the evolution of therapy that is occurring 
while trials of blood substitutes are performed or contemplated. Early approaches to trauma 
emphasized fluid resuscitation at the site of injury where the patient is stabilized prior to trans-
port. Current programs of damage control resuscitation avoid fluids and tolerate hypotension, 
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with rapid transport to a trauma center to avoid “popping the clot.” The role of blood substi-
tutes in evolving trauma care is the subject of current debate. Although the potential patient 
population is large and the risk of mortality in these situations is high, it remains a difficult 
group to study in a controlled clinical trial suitable for regulatory approval.

The editors are to be congratulated for amassing this review of the long and arduous road 
that has yet to provide a licensed blood substitute in the United States. It is anticipated that 
even skeptics who disparage the need for these therapies will recognize that toxicities can be 
overcome, and a small group of patients with currently accepted indications will benefit in the 
near future. It is also possible that continued development may expand the utility of biothera-
peutics to other patient groups such as solid organ transplant recipients and patients with 
uncontrolled inflammatory states. This book, recognizing the failures of the past but providing 
insights into paths to move forward, is an important contribution to the impetus to continue this 
important work.

Paul M. Ness
Professor, Pathology, Medicine, and Oncology
Johns Hopkins University School of Medicine

Baltimore, MD, USA
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Make thick my blood…

Shakespeare: Macbeth, Act 1, scene 5.

Erythrocyte Transfusion: Brief History 
and Current Practice
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 Introduction

Since ancient times blood has been thought to possess mystical 
and healing properties and the notion of changing personal 
characteristics, by means of a transfusion of blood from another 
species or person with desirable attributes, has been attempted 
perhaps many times in the sixteenth century. In the seventeenth 
century a better appreciation of the circulation of blood and that 
blood loss from hemorrhage could be reversed by a transfusion. 
William Harvey’s revolutionary experiments and the publica-
tion of “Exercitatio Anatomica De Motu Cordis” in Frankfurt 
in 1628 introduced the concept of experimentation and direct 
observation initiating the scientific approach to medicine. 
Animal-to-human and human-to-human transfusions followed, 
the first in 1666 and 1818, respectively. Not all these attempts 
were successful. A French physician and naturalist was tried 
for murder after some unsuccessful animal-to-human transfu-
sion attempts. Subsequently, transfusion attempts were prohib-
ited in both England and France [1–3]. In much of the nineteenth 
century blood transfusion was not accepted as a safe medical 
procedure, except for the work of James Blundell, a prominent 
London obstetrician, who recognized that certain circum-
stances necessitated human transfusions. He developed devices 
for collecting and administering blood to treat obstetrical hem-
orrhage and established a donor base. More widespread use of 
transfusions was hindered by a multitude of “technical” barri-
ers, the absence of methods of sterilizing devices, of appropri-
ate anticoagulation and preservative media. Despite the carnage 
of the American Civil War and European wars in the second 
half of the nineteenth century, the use transfusions was insig-

nificant. The introduction of saline infusion in 1884 improved 
the treatment of hemorrhage and dehydration [1].

The use of transfusions in the early decades of the twentieth 
century were helped by the discovery of the major blood groups. 
The outbreak of World War I did not see extensive use of trans-
fusions. With the outbreak of the World war II, transfusions of 
blood and of plasma and albumin became strategic endeavors 
[4, 5]. Soldiers in the German SS had their blood group tattooed 
in their armpits but battlefield transfusions were rare.

The approach taken in this chapter is not a conventional 
chronological narrative of the history. Rather, it will high-
light milestones of the surgical and critical care use of eryth-
rocyte transfusions only and will refer to those as 
“transfusion”. Blood products and components and the tech-
nological aspects of blood banking will not be included. The 
overriding theme in this chapter is dealing with blood as a 
scarce and expensive resource that is handled with a view to 
risk management, whereby expected benefits and hazards are 
balanced. It must be emphasized that compelling evidence 
by clinical trials of the benefit of transfusion against its 
known risks was not available.

 Milestones in Erythrocyte Transfusion

 Karl Landsteiner and Discovery of Major Blood 
Groups

The “coming of age” of blood transfusion began with the 
revolutionary contribution of the Austrian-born, American 
physician and immunologist, Karl Landsteiner.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
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 The Early Years of Transfusion: The First 
Milestone

Karl Landsteiner
Karl Landsteiner (1868–1943) is celebrated for his landmark 
discovery of the ABO blood groups in 1901 and, together 
with Alexander S. Wiener, for the discovery of the Rhesus 
factor in 1937. Landsteiner received the Nobel Prize in 
Medicine and Physiology in 1930 [6–8] (Fig. 1.1).

These discoveries have made it possible to infuse another 
person’s blood to someone in great need of it. The ABO 
blood group system was discovered by Landsteiner by test-
ing samples of erythrocytes with the addition of samples of 
serum from other individuals, using the methods of immu-
nology in which he had been trained. Some serum samples 
caused the blood cells to clump, or agglutinate, while others 
did not. By repeated testing, he intuited that there must have 
been some element, an antibody in some serum samples that 
reacted with an antigen on the surface of red blood cells, 
causing agglutination; whereas the serum of others contained 
a different antibody that did not react with cells from the 
same person. And that a person’s blood contained the same 
type of antigen on the red cells as the antibody in their serum. 
He categorized these blood types as A, B and C. Erythrocytes 
of type A would be agglutinated when mixed with serum 

from a person having type B antibodies in their serum, but 
not when mixed with serum from a type A person. 
Erythrocytes from a person with Type A antigen, when 
mixed with serum from another person with type A erythro-
cytes, did not agglutinate. A third type, that he named type C, 
erythrocytes of a person of either type A or type B, were not 
agglutinated when mixed with serum from Type B or type A 
person, either. This third, type C, had neither type A nor type 
B antibody in their sera. Such a person could receive a blood 
transfusion from either a Type A or Type B donor. The type 
C was later renamed Type O (or zero, for the original German 
word “Ohne”, without).

Ironically, the revolutionary observation was first reported 
by Landsteiner in a footnote in a paper (1900) on pathologic 
anatomy, describing the agglutination occurring when blood 
of one person is in contact with that of another person [7, 9]. 
The actual description of the discovery of the ABC blood 
groups was published a year later, in 1901. Landsteiner, at 
first, did not appreciate the importance of his discovery, writ-
ing that “I hope that this will be of some use to mankind” [7].

In 1922 he accepted the invitation by Simon Flexner to 
join the staff of the Rockefeller Institute where he continued 
to make major discoveries [8].

The discovery of the Rh, or rhesus factor came about from 
the case described by Bodner and McKie [10]. The obstetri-
cal patient’s physician was Dr. Philip Levine who had been 
an assistant to Landsteiner for several years.

The patient had a first normal pregnancy, but her second 
pregnancy ended in the loss of her baby and she suffered a 
massive hemorrhage. Since both her and her husband had 
Type O blood, Dr. Levine decided to transfuse her from the 
husband. To his dismay, she had a violent transfusion reac-
tion. Dr. Levine reasoned that there must have been an 
alternative blood group type antibody involved in the reac-
tion. It turned out that when the patient’s serum was tested 
against her husband’s erythrocytes, agglutination occurred. 
Moreover, the loss of the baby was due an antigen anti-
body reaction. The mother’s antibody had leaked across 
the placenta and entered the fetal circulation and caused 
massive lysis of the fetal erythrocytes which were of a dif-
ferent type inherited from the father. This single case was 
reported by Philip Levine and Rufus Stetson in 1939 in the 
Journal of the American Medical Association. They noted 
the similarity of this first detected case with the then few 
reported cases of iso-immunization after repeated transfu-
sions [11].

Since the mother’s serum caused agglutination of eryth-
rocytes of rhesus monkey, and those of other animal spe-
cies’ erythrocytes, the antibody became known as the 
rhesus, or Rh factor, subsequently renamed type D anti-
body. A D-negative mother having a D-positive fetus in her 
first pregnancy has not yet developed antibodies to the 
fetus’ antigens but will do so when the D-positive fetal 

Fig. 1.1 Portrait of Karl Landsteiner on an Austrian Postal Service 
commemorative stamp issued on the 100th anniversary of his birth
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cells leak across the placental barrier during delivery. 
Subsequent pregnancies may be complicated by the moth-
er’s anti-D+ antibodies entering the fetal circulation. The 
consequences of the presence of anti- D+ antibody in the 
mother and its absence in the fetus, the intrauterine hemo-
lysis, became known as the Hemolytic Disease of the Fetus 
and Newborn (HDFN) [8].

Landsteiner’s many contributions have involved the 
detection of similar patterns of reactions with rhesus blood. 
In 1940 he and Wiener immunized rabbits and guinea pigs 
with erythrocytes of rhesus monkeys. This anti- rhesus (anti-
 Rh) reacted with 85% of human erythrocytes, indicating the 
frequency of Rh+ phenotype. It is now known that the type D 
appellation involves many other different agglutinin sub-
types detected by cross matching and phenotyping. After the 
original discovery of the major blood groups, Landsteiner 
and coworkers and many followers discovered at least 36 
other systems of minor subgroup types with weaker isoreac-
tions [8].

In addition to these important discoveries, Landsteiner 
also made many others, including the recognition of the viral 
origin of poliomyelitis, and the diagnostic test for paroxys-
mal cold hemoglobinuria [6, 7].

Ottenberg (1882–1959) was the first to perform the earli-
est form of a pretransfusion cross match in 1907, recogniz-
ing the clinical significance of avoidance of hemolytic 
transfusion reactions. This rigorous typing and cross match-
ing have contributed greatly to the safety of early transfu-
sions, however, transfusions remained cumbersome and little 
used, because of the lack of adequate anticoagulation and 
storage methods, so that most transfusions were direct 
donor-to-recipient.

The history of the development of anticoagulant and stor-
age technologies, as well as of those of blood banks, donor 
bases, and of the introduction of component separation is 
beyond the scope of this chapter.

The next, second, milestone in this narrative is the recog-
nition that parallel to the risks of anemia, transfusion’s ben-
efits may have to be balanced by the recognition that risks 
are also inherent in transfusions.

 Balancing the Risks and Benefits of Anemia 
and Transfusion: The Second Milestone

The immunologic investigation of blood group types and 
antigens accelerated in the 1940s as testing technologies 
improved and became more routine in blood banks. As a 
result, the use of transfusions of whole blood, and then that 
of red cell units and components, accelerated, both in cases 
of acute blood loss (surgery and trauma), and in “chronic 
“cases (postoperative anemia and in “medical anemia”, such 
as in malignant disease).

With increasing use and availability of blood for transfu-
sion, the prescribing of transfusion became a more common 
medical treatment where the decision was based on the 
expectation of a benefit to the patient by increasing oxygen 
carrying capacity and transport. However, there was little 
objective evidence supporting the expected benefit, espe-
cially in the case of single-unit transfusions, that generally 
result only in a 10 g/L1 increase in Hb concentration.

Since transfusions had long been in use when the use of 
clinical trials of establishing efficacy and safety was 
 introduced, transfusion of blood was not subjected to rigor-
ous trials evaluating its efficacy. One of the few medical 
interventions that remains without rigorous safety and effi-
cacy testing by clinical trials. More recently questions have 
been raised about when a transfusion is appropriate and the 
notion of balancing risks and benefits of both the transfusion 
and of anemia has become a dominant consideration, but 
without evidence-based support. The balance is not simple 
because the transfusion is expected to provide a medical ben-
efit, BUT there are no benefits of severe anemia. On the other 
hand, both have risks.

 The Risks of Anemia
There are no known benefits of severe anemia; its risks need 
to be considered first.

In an anemic subject oxygen delivery may be impaired, 
depending on its severity, to an extent that physiological 
functions may deteriorate, activity may be limited, and organ 
dysfunction may supervene. This may be explained by the 
concept of supply dependence when the supply is so limited 
that a substantial mass of body cells are hypoxic and oxygen 
consumption falls [12]. There are occasional instances 
observed when an individual may survive such low hemo-
globin concentration2 as 10-20 g/L. However, retrospective 
aggregated data from Jehovah’s Witnesses who refuse trans-
fusion on religious grounds, reveal how dangerous severe 
anemia is. At persistent hemoglobin concentration of 11 g/L 
in-hospital mortality was 100% at 30 days. For every 10 g/L 
reduction of hemoglobin concentration from 50 g/L, the 
probability of adverse outcomes, such as myocardial infarc-
tion, respiratory and renal failure, etc., doubled [13–15].

Thus, the threat to life represented by severe anemia in 
compromising oxygen delivery was thought to mandate 
medical intervention that intended to prevent, if possible, 
such hypoxia (e.g., a case of continuing blood loss). If pre-
vention is not feasible, amelioration is required as soon as 
possible. Thus, a transfusion would be prescribed, in the 
absence other effective interventions. The expectation of 
benefit would only be tempered by the then recognized dan-

1 The international unit of g/L will be used throughout.
2 Hemoglobin will be abbreviated as Hb; its concentration is abbreviated 
as [Hb].
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ger of transfusion reactions (see below). This desired goal is 
hampered by the lack of objectively definable, universally 
applicable thresholds to facilitate a rational clinical decision 
[12, 16].

The Target Organs of Anemia-Induced Injury
The organs most vulnerable to hypoxia are those of obligate 
aerobic metabolism, the brain and heart. Healthy volunteers, 
subjected to isovolumic hemodilution to a hemoglobin con-
centration of 50 g/L, exhibited reversible cognitive and 
memory impairment that was improved by oxygen breath-
ing, indicating the mechanism to be hypoxia [17, 18]. 
Clinical studies have identified cerebral injury in anemic 
perioperative patients [16, 19]. Jehovah’s Witness patients 
who refuse transfusion even in the face of severe anemia and/
or continuing blood loss (hemoglobin concentration < 80 
g/L) have been found in an 11-year review to suffer all-cause 
mortality rate of 19.8%, and at a hemoglobin concentration 
([Hb]) <50 g/L, are very likely to die [15]. These findings 
strongly suggest that in patients who may have underlying 
coronary artery disease, severe anemia represents a real 
threat. In view of the belief that severe anemia is a threat, 
transfusion had been used in the expectation of benefit and 
avoidance of harm.

An excellent experimental study on rats has shown that 
anemia induced tissue hypoxia occurs at different levels of 
[Hb] in different vital organs [20]. The study subjected rats 
to isovolemic hemodilution to [Hb] concentrations of 90 g/L, 
or 70 g/L, or 50 g/L and was compared to the baseline of 130 
g/L. Tissue hypoxia was indicated by increases in HIF-1α- 
luciferase3 activity and NOS4 expression. Whole body HIF 
activity increased progressively as the [Hb] was decreased, 
indicating the presence of tissue hypoxia somewhere in the 
body even at [Hb] of 90 g/L. In the kidney HIF activity was 
like baseline at [HB] both at 90 and 70 g/L but became sig-
nificantly increased at [Hb] = 50 g/L., suggesting a relative 
degree of tolerance of modest hypoxia. In contrast, the liver 
exhibited increased HIF expression at [Hb] = 70 g/L, sug-
gesting a higher threshold of hypoxia.

The next, third, milestone in this narrative is the recogni-
tion that parallel to the risks of anemia, transfusion’s benefits 
may have to be balanced by the recognition that substantial 
risks also attend transfusions.

 Benefits and Risks of Erythrocyte Transfusion

 The Benefits of Transfusion
How do transfusions benefit a patient facing the risks of 
anemia?

3 Hypoxia Inducible Factor
4 Nitric Oxide Synthase

Transfusion is intended to prevent or ameliorate the signs 
and symptoms of anemia of significant severity that inter-
feres with the supply of oxygen sufficient to the physiologi-
cal demands of effective functioning. The “physiological 
benefits” of a two-unit transfusion were described in a study 
on ICU patients undergoing invasive hemodynamic monitor-
ing [21]. The transfusion’s effects included a rise in hemato-
crit ratio, from 0.22 ± 0.2, to 0.28 ± 0.03, and [Hb], from 76 
± 8 to 94 ± 9 g/L.  It is not clear whether the average pre- 
transfusion [Hb] of 76 g/L would be associated with the need 
for increased oxygen capacity to ameliorate critical organ 
hypoxia. There was also significant improvement in hemo-
dynamic variables and oxygen flux and a reduction in the 
heart rate. However, it is not clear, whether the documented 
improvements represented a physiologically signifi-
cant degree of tissue hypoxia or, whether an improvement in 
blood volume also contributed. The study did not provide 
definitive evidence of efficacy.

A related aspect of transfusion’s efficacy is the timing of 
the benefit. Banked erythrocyte units are well documented to 
have properties different from those of native erythrocyte: 
the well-known phenomenon of the “storage lesion” [22]. 
This consist of changed biomechanical properties of the 
erythrocyte that significantly impair perfusion in the micro-
circulation [23–25]. Animal experiments have shown that the 
impaired biomechanics of stored erythrocytes’ adherence to 
capillary walls and rigidity represent impaired flow and clin-
ical risk [23, 24, 26]. Finally, the breakdown of cells and the 
release of their fragments and hemoglobin interfere with 
NO-mediated vasodilator regulation [22]. These effects are 
reversible within about 24 hours and the transfused erythro-
cytes become functional, but their circulating half-life is 
shortened.

Effectively demonstrating the benefits of transfusion in 
individual cases is also subject to uncertainties. Not every 
patient with a given [Hb] is the same as every other patient 
with same [Hb]. This is due to the variability of individuals’ 
physiological adaptation to the anemia that include:

• Duration of anemia: chronic vs acute. Physiological adap-
tations developed to anemia.

• Increase in cardiac output. Potential redistribution of 
available blood flow.

• Modification of erythrocytic 2,3 diphospho-glycerate (2,3 
DPG) modulating oxygen unloading.

• Presence of comorbidities that may affect or limit the 
physiological adaptations.

Searching for objective markers of tissue hypoxia lead 
Hare and colleagues [27] to the kidney as a vulnerable organ 
during cardio-pulmonary bypass. Acidosis and increased 
plasma lactate concentration were indicative of some tissue 
hypoxia. Actual measurements in animal experiments of 

G. P. Biro
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renal medullary pO2 by polarographic electrodes, has shown 
the presence of tissue hypoxia during cardio-pulmonary 
bypass [28]. Erythropoietin (EPO) is released to the plasma 
in the presence hypoxic injury to the kidney. A rise of this 
hormone was correlated with the onset and severity of ane-
mia, suggesting that EPO could be a potential biomarker for 
the need for transfusion to avoid hypoxic injury to the kidney 
during cardio- pulmonary bypass [27]. The potential of EPO 
being a biomarker for the need of transfusion requires further 
exploration.

Recognizing the need for objective evidence-based mark-
ers for the need of transfusion, significant efforts have been 
directed at developing clinical trial-based guidance on the 
expected benefit of transfusion. The introduction of physio-
logical, rather than [Hb] – based ones have been used as sur-
rogates (e.g., heart rate ECG changes, mixed venous oxygen 
saturation, plasma lactate, etc.) [29]. A transfusion-attributed 
10 g/L increase in [Hb] resulted in reduction of lactate clear-
ance by >10% and increased central venous oxygen satura-
tion by >5% in a third of the subjects [29]. Thus, there were 
putative physiologically meaningful benefits in some but not 
all of the subjects. There may be three conclusions from this 
study. First, that objective, physiological indicators can be 
applied to assess transfusion “efficacy” , and that a 10 g/L 
increment in a subject’s [Hb] may offer a marginal benefit, 
and, lastly, that it confirms that not all individuals are alike in 
their responses and hypoxia tolerance.

This desired goal is hampered by the lack of objectively 
definable, universally applicable indicators to facilitate a 
rational clinical decision [12, 16].

The expectation of benefit and of the efficacy of the trans-
fusion were important contributors to a degree of chaotic and 
individualistic approach to the use of transfusions, especially 
in surgical settings. Transfusion practices were variable, both 
among specialties and institutions, as well as within institu-
tions. Many transfusions had been prescribed based on prac-
titioners’ personal values and expectations, as the true 
magnitude of the hazards of transfusion itself were not fully 
appreciated.

 The Risks of Transfusion

Transfusion Reactions
Transfusion reactions as risk factors for adverse outcomes: 
these are adverse outcomes of a specified nature and had 
been well recognized.

(Chapter 6 of Part I of this book offers discussion of the 
nature, frequency, and clinical significance of transfusion reac-
tions directly attributable to an incompatible transfusion.)

Transfusion reactions are identified post facto and their 
frequency, severity and their putative causes are monitored 
by national hemovigilance programs in most countries.

Transfusion reactions include [2, 3]:

• Incompatibility reactions to major or minor antigen mis-
match, with or without hemolysis.

• Anaphylactic or allergic reactions [30].
• Accidental mismatch or preventable errors: wrong unit 

given to wrong patient.
• Transfusion Mediated Immune Modulation (TRIM) [31].
• Transfusion-Related Acute Lung Injury (TRALI) [32] 

and Transfusion-Associated Circulatory Overload 
(TACO) [33].

• Adverse reactions initiated by inflammatory mediators 
potentially derived from residual white cells remaining in 
transfused erythrocyte units.

• Febrile non-hemolytic transfusion reaction. Delayed 
serologic reaction.

• Post-transfusion purpura.
• Transfusion-Associated Graft vs Host reaction (T-A 

GVH) most likely affecting immunocompromised 
patients [34].

Fatal transfusion-related events occurring in the USA and 
reported to the FDA in the 5 years between 2012 and 2016 
totaled sixty-five, of which one-half were hemolytic transfu-
sion reactions. Despite the relatively low incidence of fatal 
transfusion reactions that should theoretically be prevent-
able, these do happen and are a cause for concern [35]. The 
prevalence per 100,000 units transfused is reported yearly. 
This reporting is a great benefit in decisions of the statistical 
probabilities of assessing risk tolerance by both the pre-
scriber and the patient.

Transfusion Reactions, TRALI, TRIM and T-A GVH) are 
rare but serious complications of transfusions.

In the surgical setting the immune suppression due to 
transfusion may be aggravated by immune suppression due 
tissue injury. In such cases the compelling argument favoring 
a transfusion are the consequences of the blood loss. Immune 
modulation is a well-known contributing risk factor for nos-
ocomial infections in postoperative patients. Amelioration of 
the immune suppression may be a consideration for possible 
avoidance of transfusion, if feasible. Thus, the balancing of 
expected benefits and known and anticipatable risks is the 
sine qua non of a transfusion decision.

Residual leukocytes in erythrocyte units are thought to be 
a contributing risk factor to the pathogenesis of TRIM. Hence, 
increasing attention is directed at producing leukoreduced 
erythrocyte units. Comparison of transfusions of leuko- 
reduced and non-leukoreduced units has shown true superi-
ority of the former [36–39]. The ongoing universal 
implementation of leukoreduction and introduction of other 
specialized erythrocyte units (e.g., CMV-free units) became 
available and ameliorate these risk factors.
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Transfusion Transmitted Infectious (TTI) Pathogens
In addition to the risk of transfusion reactions, another cat-
egory of risks is the transmission of infectious pathogens 
present in donors, since blood cannot be sterilized [40]. 
The first infectious disease recognized to be transmissible 
by transfusion was syphilis and the Serologic Test for 
Syphilis (STS) was introduced in blood testing in 1935. 
The actual usefulness of this test is questionable, but it has 
remained in use. As refrigeration kills the T. pallidum, the 
clinical risk of syphilis has been overtaken by the more 
prevalent hepatitis viruses, transmissible by both blood and 
blood products, starting in 1965, which are not affected by 
refrigeration [1, 41].

The salient events in this regard in the USA were [1]:

• Hepatitis B surface antigen (HBsAg) discovered in 1965.
• Testing of blood donors for Hepatitis B surface antigen 

introduced in 1972.
• Transfusion-Associated Acquired Immunodeficiency 

Syndrome recognized in 1982.
• Donors deemed at high-risk behaviors were excluded in 

1983.
• Human Immunodeficiency Virus (HIV) identified in 

1984.
• HIV antibody testing introduced in 1985.
• Surrogate testing for hepatitis, (liver enzyme alanine 

transaminase ALT), hepatitis B antibody testing intro-
duced in 1987.

• HTLV antibody testing introduced and hepatitis C virus 
identified in 1989.

• Hepatitis C testing introduced in 1990.5

• HIV 2 testing introduced in 1992.
• Nucleic acid testing and increasing numbers of rigorous 

virus testing introduced in the years following [1].

By the 1970s, the risks to the blood supply of potentially 
infectious paid donors were recognized, just as the demand 
for transfusions was increasing with the soaring number of 
coronary artery bypass graft (CABG) operations, starting in 
1960. Many countries have made the shift away from paid to 
volunteer, unpaid, donors to protect the safety of their blood 
supply.

The HIV/AIDS Catastrophe
The arrival of the Human Immunodeficiency Virus (HIV) 
and its presence in the blood supply became the third mile-
stone event.

The safety of the blood supply and of the erythrocyte and 
blood products became questioned with a panicked response 

5 The 2020 Nobel prize in Physiology or Medicine was awarded to H.J 
Alter, H Houghton and C.M. Rice for the discovery of the Hepatitis C 
Virus: https://www.nobelprize.org/prizes/medicine/2020/press-release/

by the population in most countries. People were unwilling 
to accept transfusions and untrue rumors circulating caused 
donations to plummet.

The tragic toll of potentially preventable illness and death 
became the stimulus for many countries to undertake  rigorous 
and wide-ranging examination of the causes and the failures 
of national policy and response to the tragedy.

The Response to the Aids Crisis in Blood
The tragic toll exacted by the HIV and hepatitis viruses in the 
blood supply focused a searchlight on Transfusion 
Transmissible Infections (TTI) [41, 42], as a transfusion risk, 
distinct from transfusion reactions.

In the USA in the early 1980’s 10,000 hemophiliacs and 
12,000 other patients were infected by the HIV virus by 
blood and blood products and about 300,000 additional per-
sons were infected with the HCV virus. To quote [43]:“The 
lessons from these tragedies compel greater vigilance and 
higher regulatory standards to protect the Nation’s blood 
supply from emerging infectious agents and blood borne 
pathogens” [43–45]. Several policy recommendations were 
made to establish sub-Cabinet level Committees and 
Agencies to be responsible for protecting the safety of the 
blood supply, and these were to be established by statute. 
The introduction of new safety measures and policies to safe-
guard the blood supply was soon justified by the challenge of 
the emergence of a novel infectious agent, the Zika virus 
[46]. All donors, as of 2018, are screened by a high- 
performance Nucleic Acid Amplification Test (NAT) test. 
This newly emerged threat emphasized the importance of 
vigilance and horizon scanning to prevent the recurrence of a 
new HIV-like crises [47].

The introduction of new technologies for rigorous screen-
ing of blood, e.g., NAT testing, also introduced additional 
costs to the provision of blood for transfusion, to maximize 
blood safety.

NAT testing was first introduced as a sensitive and spe-
cific identifier of viral RNA or DNA to blood screening of 
donated units in the “window period” before infection could 
be detected by serological tests. They can be performed 
either on a single sample, or as multipacks combining a mul-
tiple of samples. NAT testing was first introduced in Germany 
in 1997, followed by the Netherlands in 2000. Approximately 
33 countries use NAT testing on their blood collections.

NAT tests performed on multiple combined samples have 
the advantage of having the lower cost of fewer tests than 
tests performed on individual samples from all donations. 
Their disadvantage is that once a multipack is identified as 
positive, all units in the multipack sample need to be quaran-
tined until further tests are completed to identify the one 
positive unit and the rest can be released [48]. The alternative 
to testing multipacks is testing of single units; this will 
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increase the test’s sensitivity, but also multiplies the total 
costs, while avoiding delays in releasing non-reactive units.

Cost-effectiveness in pharmacoeconomic analysis uses 
the metric of incremental cost of Quality Adjusted Life Years 
(QALY) achieved. Pharmaco-economic analysis was per-
formed in several countries following the implementation of 
NAT testing. In the United States, [49] the study found that, 
using minipool samples, NAT testing would avoid an esti-
mated 37, 128, and 8 cases of HBV, HCV, and HIV, respec-
tively, and would add 53 additional years of life, and 102 
additional QALY, compared with single samples tested at a 
net cost of $ 154 million. For relative scale, note that approx-
imately eight million units are transfused annually in the 
USA. The incremental cost ratio estimated was $1.5 million 
per QALY gained. The authors concluded that the cost- 
effectiveness of adding NAT screening in the US blood sys-
tem would be outside the typical range of most health care 
interventions, but not for established blood safety measures.

Following the introduction of NAT testing in Germany in 
1997, the German Red Cross reviewed its experience with 
NAT testing the German blood supply [50]. In the eight-year 
period (1997-2005) 30.5 million donations (representing 
about 80% of the total blood collected) were tested. A total 
27 HCV, seven HIV-1, and 43 HBV positives had been 
detected that would have been missed by serological meth-
ods only. Thus, NAT testing applied in the “window period” 
found that the residual risk per unit transfused was estimated 
at 1 in 10.88 million units for HCV, 1 in 4.3 million units for 
HIV-1, and 1  in 360,000 units for HBV. The authors con-
cluded that the risk avoided by the addition of NAT testing 
was “very low”, at a substantial cost.

A third study conducted in Zimbabwe shows how extreme 
inequality between high- and low-income countries affects 
these policy decisions [51]. The estimated prevention of 
infections by the addition of NAT testing would be 25, six, 
and nine HBV, HCV, and HIV infections, respectively. The 
incremental cost was estimated at US $ 17,774 for each 
QALY achieved. This is three times the gross per-capita 
income in Zimbabwe and fails the test of a reasonable cost.

Thus, the mandates to maximize the safety of the blood 
supply in high-income countries come at high cost that is felt 
to be within their national priorities in maintaining the safety 
of blood. It is clearly an impossibility in countries with low 
incomes and failed economies.

Canada’s blood system was severely impacted by the HIV 
crisis. And the failure of a timely response to introduce test-
ing blood collected for the hepatitis virus, as a surrogate, 
before the identification of the HIV virus. The panic had 
been aggravated and the tragedy amplified. Criminal charges 
had been filed against several individuals deemed to be 
responsible for the delays in recognition of the threat and 
failing to act in a timely manner. At trial, those charged were 
not convicted. Those responsible, however, were confronted 

by many of the victims, and the participation of victims in 
the review of the events provided those affected an opportu-
nity to express their grief.

A wide-ranging and clear-eyed examination of all the fac-
tors was undertaken by a Royal Commission under Mr. 
Justice Horace Krever over 3 years and costing CDN $ 17 
million [52]. The three volumes and appendix take an enor-
mously expansive look at all aspects of the provision of all 
blood products and components and the means available for 
reducing contamination. The policy recommendations were 
far reaching. Before the crisis, the Canadian Red Cross man-
aged all aspects of donor recruitment, donations and process-
ing of blood and components, except for apheresis collection 
and processing blood products.

The Commission recommended a complete reorganiza-
tion of all aspects of Canada’s blood system and all its rec-
ommendations were implemented by statute. The Canadian 
Red Cross lost all participation in managing the blood sys-
tem. Blood, blood products and components were to be 
treated not as commodities but as taxpayer-funded public 
goods. A completely new organization, Canadian Blood 
Services (CBS), was set up on a nation-wide scale, to become 
the overall manager of blood collection from volunteer 
donors only, all aspects of processing and supply and to 
include under its aegis organ transplants and stem cells, as 
well. Cord blood collection remained in private hands. No 
blood and blood components are imported to Canada, and 
blood products are imported only after heat treatment. The 
CBS encompassed all Canadian provinces and territories, 
except for Quebec where a similar organization, Hema- 
Quebec, fulfills a similar mandate. CBS’ s global budget is 
funded from provincial and federal contributions on an 
annual basis and is overseen by a council of all Health 
Ministers. Hema-Quebec receives its funding from the 
Province and the federal government. CBS provides hospital 
blood banks and other blood users all blood and components 
free of charge and recipients are not charged for any services. 
Blood products for hemophiliacs are provided free by the 
provincial health insurance agencies.

CBS screens all blood collected with NAT testing for 
HIV-1 and 2, HBV and HCV, as well as for West Nile Virus 
during the summer season and for Chagas’ disease (T. cruzi) 
in travelers.

Volume 3 of the Krever Report provides an exhaustive 
review of international events and national blood systems, 
including those of the USA, and comparisons made between 
systems.

Ten years following the Report, an appraisal concluded 
that the reform of the Canadian blood system was successful. 
The public has been kept safe from transfusion transmissible 
infectious threats by rigorous screening and deferral of 
potential high-risk donors, by an all-volunteer loyal donor 
base [53].
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Two non-fiction books by Canadian journalists tell the 
story of those affected in Canada [54, 55].

The World Health Organization (WHO) publishes peri-
odic reports on blood safety and availability in most coun-
tries [56].

Thus, the milestone event of the HIV crisis focused atten-
tion on transfusion transmissible infections (TTI). This also 
meant that TTI’s came to be recognized as the second cate-
gory of serious risk of transfusions, in addition to transfusion 
reactions. In many countries national policies were intro-
duced mandating maximal efforts to safeguard the scarce 
and precious resource. The public policy to restore the pub-
lic’s trust in the safety of blood by a costly effort has been 
successful in many countries.

As if to reinforce that the emergence of novel and rare 
infectious disease threats requires continued vigilance and 
rapid response, the Zika virus arose from Micronesia and 
was brought to Brazil by Olympic athletes from French 
Polynesia. Sporadically reported from Africa and Asia 
before, this mosquito-borne virus attacked an immunologi-
cally naïve population in Brazil and caused the birth of thou-
sands of microcephalic infants. The arrival of the virus in 
2015 caused an international public health emergency [47]. 
Infected adults have viremia, but 80 percent are asymptom-
atic, spreading the virus widely [57]. Potential viremic blood 
donors without symptoms would threaten the blood supply if 
sensitive testing were not introduced promptly. While a NAT 
based test became available in Brazil, not all blood centers 
had been required to introduce it universally. Apparently, a 
few cases of transfusion transmitted infections have been 
reported, although the overwhelming majority of infections 
did not enter the blood supply. According to AABB6 criteria, 
the virus should be classified as a high-risk infectious agent 
[46]. Whereas most infections cause no symptoms, the virus 
is also implicated in rare cases of Guillain-Barre syndrome. 
Hence, recipients of infected units are at risk of serious but 
rare complications. The Zika virus is another infectious 
agent that poses threats to the blood supply in endemic areas, 
posing challenges to blood collection [58].

In the USA FDA issued Guidance in August in 2016 rec-
ommending universal NAT testing for Zika in blood donors. 
By then, more than 4000 travel related Zika infections had 
been reported to the Centers for Disease Control and 
Prevention (CDC) [57].

As health care costs escalate in most countries, the distri-
bution of scarce resources, including financial ones, become 
important considerations. Pharmaco-economic analysis is 
being applied to aid decision-making about resource alloca-
tion. Among these, the mandate to assure the attainment of 
best available safety of the blood supply is also constrained 
by the escalating costs associated with the introduction of 
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newer tests mandated and more expensive technologies 
introduced. Economic considerations have been applied to 
blood processing and transfusion-associated costs [59]. As 
the effectiveness of transfusion has been often overesti-
mated, whereas the risks have been underestimated; 
 cost- effectiveness of transfusion as a frequent medical-sur-
gical intervention needs to be examined [59].

 Transfusion-Attributable Adverse Outcomes
The fourth Milestone event: It is being recognized that those 
receiving transfusions are at risk for adverse outcomes that 
occur more frequently than in those who had not been 
exposed to a transfusion. These adverse outcomes are recog-
nized, based on presumptive evidence, as the third category 
of risks affecting transfusion recipients, in addition to trans-
fusion reactions and TTI’s.

Jehovah’s Witness patients undergoing cardiac surgery 
are an instructive cohort to consider, when compared to 
patients undergoing similar procedures who also receive 
transfusion. Cardiac surgery patients are good examples, 
because they are at high risk of needing a transfusion, due to 
uncontrolled bleeding, anticoagulant use, and coagulation 
defects. A statistical tool, “propensity matching”, enables the 
selection, from a large cohort, patients who are closely com-
parable to a smaller cohort when the two cohorts differ in a 
single attribute, namely, whether or not exposed to transfu-
sion. The study from the Cleveland Clinic [14] reviewed ret-
rospectively in a seven-year period 87, 775 consecutive cases 
undergoing Coronary Artery Bypass Grafting (CABG). Of 
this population, 56% (48, 986) received transfusion(s). Using 
propensity matching, the study selected 322 transfused 
patients who matched 322 Jehovah’s Witness untransfused 
patients. The matching created two comparable cohorts of 
equal size, comprising of patients who were like each other 
with respect to many preoperative and operative characteris-
tics, but differed with respect to transfusion exposure. During 
the 30-day postoperative period there were 14 deaths in the 
transfused and 10 deaths in the untransfused Witness patients 
(14/322; 4.3%, vs 10/322; 3.1%; Not significantly different). 
However, significantly more adverse events of myocardial 
infarction, respiratory failure and reoperations occurred in 
the transfused cohort. Indicative of the severity and fre-
quency of adverse outcomes, longer ICU, and operative hos-
pital lengths of stay (LOS) were also seen in the transfused 
patients. Long term survival of those followed up also 
favored the Witness patients.

A study deploying similar methodology also found differ-
ences in adverse outcomes experienced between transfused 
and untransfused patients as those in the Cleveland Clinic 
study above [60]. This study population comprised two 
cohorts of 857 matched pairs. More of the transfused patients 
experienced myocardial infarctions, respiratory and renal 
failure, reoperations and longer ICU and hospital LOS. These 
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comparative studies, while not definitive, do suggest that the 
exposure to transfusion may be a contributing risk factor to 
more frequent adverse outcomes. This introduces the con-
cept that transfusion avoidance may be a desirable clinical 
goal, avoiding some of the excess risks that transfusion 
recipients may experience, leading to the fifth milestone.

 Transfusion Avoidance and Blood 
Conservation

From the foregoing narrative it is evident that there are ben-
efits and risks to be considered when a transfusion decision 
is made. Thus far, both have been considered in the abstract, 
without regard to the severity of the anemia of the patient, 
and its risks. From the consideration of risks of anemia 
above, it is evident that a [Hb] less than 50–60 g/L is a sig-
nificant threat to survival. Even that threshold may be depen-
dent of the patient’s physiological reserves and resilience.

To summarize the intertwined risks and benefits of ane-
mia and transfusion:

• SEVERE ANEMIA:
 – If untreated, is a threat to health and survival.
 – Is a risk factor for transfusion,
 – Is potentially improved by transfusion by avoiding 

anemia threats.
• TRANSFUSION:

 – Has inherent risks: transfusion reactions, transmitted 
infections, transfusion-attributable enhanced risk of 
adverse outcomes.

 – There is benefit in avoiding transfusion: avoid above 
risks to individual.

 – Benefits to community: Conserve scarce resources: 
blood, financial.

The predictive importance of preoperative anemia was evalu-
ated in a cohort of 33,411 patients undergoing elective car-
diac surgery [61]. Thirty-one percent (n = 10, 357) of these 
patients received transfusion(s) indicating how frequently 
transfusions are prescribed in these circumstances. The like-
lihood of transfusion was correlated with preoperative ane-
mia. The adjusted mortality rate and a greater number of 
adverse outcomes was correlated with receipt of transfusion. 
This indicates that transfusion is an independent risk factor 
for additional adverse outcomes [62, 63].

In each case, an additional consideration of cost differ-
ences may also apply [64, 65] (see below).

Following the recognition of transfusion associated risks 
to the patients, the then (1997) available guidelines for the 
use of erythrocyte transfusions were reviewed [66]. The 
review found no expert consensus-based guideline or prac-

tice recommendation for objective guidance for erythrocyte 
transfusions.

In 2011 a paper appeared in the British Journal of 
Anaesthesia with the provocative title, “What is really dan-
gerous: anaemia or transfusion?” [67] Shander and col-
leagues reviewed the physiological mechanisms available to 
protect from hypoxic tissue and organ injury and called for 
further research to characterize these risks to better enable 
rational transfusion decisions that minimize risks and maxi-
mize benefits.

 The Search for an Objective Transfusion 
“Trigger”

The fifth milestone:

 The Transfusion Requirements in Critical Care 
(TRICC) Study
The first randomized controlled clinical trial intended to find 
objectively definable transfusion “triggers” in ICU patients, 
appeared in the New England Journal of Medicine, February 
11, 1999 [68]. The study was intended to find non-inferiority 
between two groups of critical care patients in 22 tertiary 
care and three community hospitals in Canada and the 
USA.  The two groups were randomized to receive daily 
transfusions, to maintain their [Hb] either within the range of 
70–90 g/L in the so-called restrictive cohort, and within the 
range of 100–120 g/L in the so-called liberal cohort.

Carefully selected inclusion/exclusion criteria and char-
acterization of each subject’s pre-randomization profile 
(using such as Multiple Organ Dysfunction Scores (MODS)) 
[69] were recorded, to allow clinical comparison of the two 
cohorts, as well as daily measures during the trial to compare 
outcomes between the two cohorts. The enrolled population 
was randomized one-to-one into either the restrictive or the 
liberal transfusion cohort (n = 418 and n = 420), respectively. 
Primary outcome measures were mortality at various time 
points.

The subjects were successfully maintained at their 
assigned [Hb] ranges (85 ± 7 and 107 ± 7 g/L, p < 0.01). 
Mortality rates in the ICU and at 30 days were lower in the 
restrictive than in the liberal groups. The mean number of 
transfusions received was significantly different between the 
groups; 2.6 ± 4.1, vs 5.6 ± 5.3 units per subject in the restric-
tive and liberal groups, respectively. The difference between 
the groups was also evident in the total number of transfu-
sions avoided: 138 of the 418 subjects in the restrictive group 
(33%) entirely avoided transfusion, whereas all subjects in 
the liberal group received at least one transfusion. The trans-
fusions avoided by the restrictive group subjects represented 
a 46% reduction in total number of transfusions. The clinical 
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severity scores at entry to the trial also predicted that those 
less severely ill subjects, who were <55 years of age, were 
able to tolerate relative anemia better, and were less likely to 
experience adverse outcomes.

The demonstration of non-inferiority of the two treatment 
strategies indicated that an objective transfusion “trigger” 
can be found for transfusion decisions in critical care 
patients. Moreover, that patients, with appropriately trig-
gered transfusions in the range of [Hb] of 70–90 g/L, do not 
experience more severe outcomes than those receiving trans-
fusions triggered in the [Hb] range of 100–120 g/L. In the 
former group of patients, the actual avoidance of transfu-
sions did not increase their risk of anemia-related adverse 
outcomes. Thus, using an objective “diagnostic indicator” 
for the need of transfusion can contribute to blood conserva-
tion, without apparently sacrificing patient safety. And, 
finally, the study showed that it is not necessary to restore 
patients’ [Hb] to the reference “normal” range of 140–150 
g/L, and that the “breakpoint” of ≤50 g/L being predictive of 
severe risks, noted above, on the one hand, and the tolerable 
level ≥70 g/L on the other, shows a relatively narrow band 
for risk tolerance in intensive care.

Of course, the TRICC study may not be fully generaliz-
able to all critical care patients. Those suffering from coro-
nary artery disease may be especially vulnerable to the risks 
of anemia [15]. In fact, subgroup analysis of the TRICC 
study found [70] that in those subjects with severe cardiovas-
cular disease, more prudent use of liberal thresholds may be 
beneficial.

The avoidance of unnecessary transfusions and of 
transfusion- related adverse outcomes may have salutary 
financial benefits, as well. A theoretical model published in 
2007, estimated that of the then current 3.070 million units 
transfused annually in critical care patients in the USA, uni-
versal adoption of the restrictive transfusion threshold would 
be reduced to 1.778 million units, a reduction of 42%. The 
model also estimated an avoidance of 1624 severe 
transfusion- attributable adverse outcomes, a reduction of 
69%. Using an average unit cost of US $634, the estimated 
annual cost saving would be US$ 821 million, or 42%. if all 
ICU transfusion decisions were based on the restrictive 
thresholds [71]. While these numbers are far out of date, 
their message is significant: substantial savings could be 
achieved by restricted use of transfusion, and patients could 
avoid a significant number of transfusion-attributable adverse 
outcomes, all the while conserving blood and financial 
resources.

The findings of the TRICC study have been confirmed in 
similar, large scale randomized trials in Europe. No signifi-
cant difference in mortality rates were found between restric-
tive and liberal transfusion strategies, and significant blood 
sparing was demonstrated [72]. Meta-analyses of published 
trials comparing low and higher transfusion thresholds have 

also confirmed the general conclusions [73–79]. A more 
recent meta-analysis paying particular attention to patients 
with cardiovascular disease recommended a more cautious 
approach to this population [80]. Longer range (6 months) 
outcomes after discharge from hospital of anemic patients 
were assessed and found to be not different among recipients 
of transfusions triggered by the two strategies [81, 82].

A systematic review of available meta-analyses provided 
an overview of all reviews comparing mortality in restrictive 
and liberal [Hb]-based thresholds [83]. This review com-
prised 33 meta-analyses of variable quality. Among good and 
moderate quality analyses (total 16), found lower mortality 
among subjects assigned to the restrictive transfusion thresh-
olds. Thus, a large and diverse set of subjects, from a diver-
sity of institutions, who were transfused at restrictive 
thresholds, did not experience greater mortality than those 
transfused at liberal thresholds.

Guidelines recommend that transfusions be used spar-
ingly in critical care units and to avoid excessive phleboto-
mies and to use alternatives to transfusion, such 
erythropoietin [84, 85]. Separate guidelines have been pub-
lished on transfusion support for CABG patients, recom-
mending more frequent use of preoperative autologous 
transfusion, blood salvage and the establishment of multi-
disciplinary approach to use interventions that avoid alloge-
neic transfusions [86].

A major review evaluated whether the two transfusion 
thresholds are associated with different risks of health-care 
associated infections [87]. The pooled risk of infection 
acquired in the health care setting was 10.6% in the restric-
tive and 12.7% in the liberal transfusion threshold cohorts. 
The relative risk (RR) for all infections was 0.92 ((95% con-
fidence interval, CI, 0.82–1.04) was not significantly differ-
ent between thresholds applied. The RR for serious infections 
was 0.84 (95% C.I 0.73–0.96) was significantly higher for 
the liberal transfusion thresholds applied. No difference was 
found between leukocyte-reduced and non-leukocyte 
reduced units transfused.

An attempt was made to review all available studies com-
paring restrictive and liberal transfusion thresholds for trans-
fusion in surgical and critical care settings [88]. The review 
comprised 31 trials involving 12,587 participating subjects. 
The studies used either a [Hb] of 70 g/L for restrictive trans-
fusion triggering, or [Hb] of 80–90 g/L threshold for liberal 
triggering. The cohorts comprising the two thresholds used 
were approximately evenly matched. Use of the restrictive 
threshold reduced the probability of receiving a transfusion 
by 43%, while it neither increased nor significantly decreased 
30-day mortality, or any other adverse outcomes assessed 
when compared to the liberal transfusion cohort. The authors 
concluded that transfusions applied at the restrictive thresh-
old reduced the risk of receiving a transfusion without sig-
nificantly altering the subjects’ other risks.
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 Restrictive vs Liberal Transfusion in Cardiac 
Surgery
Coronary Artery Bypass Grafting (CABG) surgery is the 
numerically largest subset of cardiac surgery and accounts 
for significant intra- and postoperative transfusions, cumula-
tively a large proportion of surgical transfusions overall.

A large prospective trial compared outcomes in 4860 sub-
jects undergoing cardiac surgery in Canada, Australia, and 
New Zealand (TRICC III Study) [76]. The subjects were ran-
domized one-to-one into, either restrictive or liberal transfu-
sion arms. The transfusion thresholds were [Hb] <75 g/L in 
the former, and [Hb] <95 g/L in the latter. The two groups 
were comparable with respect to their preoperative demo-
graphic and clinical profiles and surgical procedures. 
Composite outcome measures were death, stroke, myocar-
dial infarction, and new renal failure. All primary outcomes 
were comparable between the two arms. One thousand, one 
hundred and fifty-nine subjects (48%) avoided transfusion in 
the restrictive arm, as opposed to only 663 in the liberal arm. 
Thus, twice as many liberal-arm subjects than those in the 
restrictive-arm received intraoperative transfusions. 
Significantly more liberal-arm subjects were exposed to 
postoperative transfusions (52% vs 36%). In the total popu-
lation of 4860 subjects, a total of 8987 erythrocyte units had 
been consumed, with a markedly uneven distribution: 3486 
units in the restrictive arm and 5501 units in the liberal arm; 
over 2000 units had been saved in the restricted arm subjects, 
who had not suffered significantly worse outcomes. The only 
substantive difference observed was a longer aggregate ICU 
LOS time (9.7%) in the restrictive-arm subjects. The excess 
ICU costs in this cohort may be offset by the saving of 2000 
unused transfusion units. Long range outcomes in anemic 
patients discharged from hospital were also found be similar 
[63, 82].

A systematic review and meta-analysis of 13 similar ran-
domized controlled trials, including the TRICC study fol-
lowed [89]. The review comprised 9092 patients undergoing 
cardiac surgery. The adjusted risk ratios for mortality, myo-
cardial infarction, stroke, and arrhythmia were all similar 
between restricted and liberal transfusion treated subjects. 
Unlike in the TRICC III study above, both aggregated ICU 
and hospital LOS were similar. While all other observed risk 
ratios were similar, the risk of receiving an erythrocyte 
transfusion favored the subjects in the restrictive treated 
cohort [90].

In summary, numerous randomized controlled trials and 
meta-analyses support a restrictive approach to transfusions 
at thresholds of [Hb] 70–75 g/L, that permits either avoid-
ance or minimizing transfusion exposure among cardiac and 
other surgical patients. Thus, rational, evidence-based avoid-
ance of unnecessary erythrocyte transfusion minimizes 
transfusion-attributable risks, spares blood resources and 
does not expose patients to excessive anemia-related risks.

Systematic reviews have been published in cardiac sur-
gery in children with congenital heart disease, [91] and in 
neurocritical adults [92].

Another systematic review and meta-analysis also found 
consistent similarities in outcomes between subjects treated 
with restrictive and liberal transfusion strategies [93]. One 
exception to this consistent trend of similar outcomes was 
two small trials (n =  154 subjects) with acute myocardial 
infarction in which the liberal transfusion strategy appeared 
more favorable [80]. Similar caution of favoring more liberal 
transfusion thresholds in patients with cardiovascular dis-
ease, undergoing non-cardiac surgery [80] is recommended.

There have been critics of such clinical trials conducted 
on intensive care subjects, because of their diversity 
[94–98].

The alternative to transfusions in surgical practice is 
bloodless surgery. This practice utilizes meticulous hemo-
stasis and attention to coagulation, and offers the advantages 
of avoiding transfusions, as well as the adverse outcomes 
associated with it [99].

This provides the transition to the sixth and last 
milestone:

 Patient Blood Management

The transfusion landscape convinced Shander and col-
leagues to propose an entirely new paradigm for the use of 
transfusion [100]. It proposed that instead of treating the 
Hb concentration of an anemic patient, the patient with 
anemia should be treated. Prudent use of “this lifesaving, 
costly, limited and dangerous resource”, transfusion, was 
required [100].

Shander and colleagues posited that “the vast majority of 
transfusions in surgical patients can be attributed to low pre-
operative hemoglobin levels, excessive surgical blood loss 
and /or inappropriate transfusion practices” [99].

The multimodal Patient Blood Management Program 
(PBM) is conceived as resting on three pillars: [100–102].

• Optimizing hematopoiesis.
• Minimizing operative and other blood losses.
• Harnessing and optimizing physiological tolerance of 

anemia.

The rationale of a transfusion to treat anemia is based on the 
determinants of oxygen delivery, i.e., cardiac output, and 
oxygen content of the blood. The latter is determined by the 
[Hb]. Of these two, only the cardiovascular adjustments can 
be altered at will, whereas increasing hemoglobin concentra-
tion by erythropoiesis is slow. Thus, the first pillar demands 
preoperative attention to [Hb]. The first and third pillars 
above can be manipulated by the clinician’s pharmacological 
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armamentarium. The second pillar demands meticulous 
operative technique of hemostasis and immediate correction 
of coagulation disorders. When the three pillars do not offer 
sufficient relief, recourse to transfusion is based on evidence- 
based assessment of the attendant risks, taking into consider-
ation of anemia tolerance of the patient in question.

The proposal is based on the recognition that hidden ane-
mia is common, especially in the elderly and many disadvan-
taged groups. When anemic patients require surgical or 
critical care treatment, they have often required transfusion. 
The benefits of the new program lie in minimizing risks, con-
serving scarce resources, as well as controlling some costs in 
anemic patients who subsequently require surgical or critical 
care.

The scientific basis for Patient Blood Management (PBM) 
was laid out in 2015 [103]. The concept is defined as: com-
prising …“measures to avoid transfusion such as anemia 
management without transfusion, cell salvage and the use of 
anti-fibrinolytic drugs, to reduce bleeding as well as restric-
tive transfusion” only if needed. “It ensures that patients 
receive the optimal treatment, and that avoidable, inappropri-
ate use of blood and components is reduced.” The concept 
has become widely implemented in Europe [104].

Thus, the prevention of anemia is now a desirable objec-
tive of medical care. It requires a high degree of cooperation 
by many disciplines to assure that all therapeutic modalities 
are brought to bear to assure the best outcomes for the 
patient. To promote the acceptance and implementation of 
PBM’s principles and practices, a new institute was formed: 
The Institute for Patient Blood Management and Bloodless 
Medicine [99, 101].

Several publications have assessed the PBM program, 
and these have been subject to systematic review [105]. The 
review comprised a total of 235,779 surgical patients reported 
in 17 studies published between 2008 and 2017, comparing 
100,866 patients before the implementation of PBM (pre- 
PBM) and 134,893 after PBM was implemented (post- 
PBM). In the post-PBM population transfusion rates were 39 
percent less than in the pre-PBM cohort, a mean 0.43 fewer 
erythrocyte units per subject were used, and hospital LOS 
was shortened by 0.45 days per patient. The total number of 
in-hospital days were reduced by 40% after PBM introduc-
tion, as the total number of complications were reduced by 
20% and mortality rate decreased by 11%. The participating 
institutions used their institutional transfusion thresholds, 
but the “before-and-after” comparisons favors the conclu-
sion that PBM introduced at many institutions resulted in 
cost and blood savings, improved patient outcomes, without 
disadvantaging those patients hospitalized post-PBM.  It is 
admittedly possible that other than PBM practices also con-
tributed to the observed differences between pre-PBM and 
post-PBM patients’ outcomes. For example, hospital prac-
tices may have changed during the nine-year interval, favor-

ing earlier discharge to prevent nosocomial infections. Other 
factors may also have contributed. Nevertheless, in a large 
and diverse patient population from many institutions at 
least, PBM practices were an important contributing factor.

If we accept that in the data above, PBM played an impor-
tant role, then the observed average changes in outcomes can 
be seen in a different light. The reduction of 0.43 erythrocyte 
units may seem trivial, but in the aggregated more than 
135,000 patients, it represents a total of 58,000 units saved. 
If this argument were extended to the total 216,657 patients, 
the savings would have exceeded 93,000 units, somewhat 
less than 1% of the total annual use of erythrocyte units. 
Likewise, the reduced mean individual shortened hospital 
LOS of 0.45 days per patient, applied across the 100,886 pre- 
PBM patients would aggregate to a total of 45,398 hospital 
days saved. These findings show clear benefits that can be 
attributed to the PBM program, without substantial excess in 
adverse outcomes.

Lastly, the review also identified the surgical specialties in 
which the greatest benefits could be expected. Orthopedic 
patients experienced the greatest reductions in transfusion 
exposure (55%) and mortality (27%). Cardiac surgical 
patients experienced the greatest reductions in number of 
units transfused (0.87 units per patient) and in-hospital LOS 
(1.34 days per patient).

The possible cost containment afforded by appropriate 
management of surgical transfusions that also avoid risks 
contributed by inappropriate transfusions, has major impli-
cations for the management of scarce health care resources. 
Pre-empting inappropriate transfusions by the PBM program 
is clearly indicated [59]. Orthopedic surgery accounts for 
45% of surgical patients exposed to transfusion(s), account-
ing for about 10% of all erythrocyte units transfused. 
Preoperative transfusions in anemic patients have not been 
shown to be beneficial, as postoperative complications are 
not reduced. The implementation of PBM has clearly shown 
to be efficacious and has been successful in the USA. Western 
Australia’s government is a leader in promoting efficient 
blood utilization with good results [106]. PBM is also imple-
mented in most European countries. A review of its status in 
individual countries is given in [59, 104].

A direct case of cost containment can be made for reduc-
ing transfusion exposure and its attendant risks. A retrospec-
tive analysis of hospitalized patients in Australia compared 
costs incurred between transfused and untransfused patients 
[64]. In a total of 89,996 acute care hospitalized patients’ 
costs were analyzed and subjected to multiple regression to 
eliminate confounding variables. Four thousand eight hun-
dred and five patients were transfused (5.3%). This latter 
cohort incurred a mean 83% greater costs than the mean in 
untransfused patients. The study’s specific findings may be 
questioned, as the receipt of transfusion(s) may be a surro-
gate marker for greater acuity, but the statistical analysis 
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attempted to account for this. The total transfusion- associated 
excess cost was equivalent to US $ 72 million, or about $ 
15,000 per patient, far exceeding the direct cost of the 
transfusion(s) per se. Direct hospital costs of allogeneic, 
autologous, and perioperative transfusions were analyzed in 
Sweden [65]. The average direct cost of a two-unit transfu-
sion was equivalent to approximately US $ 678.

The benefits of PBM have been recognized in numerous 
publications in the past 5  years. It is a fundamental shift 
away from a product-centered to a patient-centered approach 
to transfusion [99, 100, 102, 107–111]. International confer-
ences in 2017 [112] and 2019 [113] have published guide-
lines for the implementation and practice of PBM.

The PBM program is consistent with the principles of 
sound risk management [114]. This publication reviewed the 
direct and indirect hazards associated with transfusions and 
provided medico-legal considerations in clinical risk man-
agement. It posited that PBM should be the state of the cur-
rent art to avoid not only adverse outcomes for patients, but 
also to minimize the risk of litigation for practitioners and 
institutions. The authors noted that:

• Blood transfusion is now clearly known to have hazards 
that are avoidable, and PBM is the program currently 
most capable of minimizing those hazards.

• It is recognized that PBM is now the state of the art of 
surgical transfusion practice.

• Failure to follow current state of the art practice regarding 
transfusion may have deleterious clinical consequences 
that may also expose practitioners and institutions to 
enhanced litigation risk.

It is important to note that transfusion avoidance is not 
withholding of necessary medical treatment. Transfusion 
is still necessary in many circumstances, including continu-
ing uncontrolled bleeding and when fluid resuscitation 
results in critically low [Hb], in cases of chronic severe 
anemia of bone marrow failure or chemotherapy, in the pre-
vention of strokes in children with sickle cell disease and in 
hemoglobinopathies. But avoidance is an ethically justifi-
able medical treatment decision when the risks and con-
sequences of transfusion(s) outweigh a low level of risk 
of death. The clinical trials showing non-inferiority of 
mortality outcomes in subjects having low [Hb] indicates 
that the risk of death due to avoiding transfusion is accept-
ably low at [Hb] greater than 70–80 g/L, except in those 
cases of severe coronary artery disease. A study in 2012 
found that patients who had been transfused and with dis-
charge [HB] of 100 g/L, or even 90 g/L “had received 
excessive transfusion” [115, 116]. The review of the risks 
of anemia and transfusion by Shander and colleagues [67, 
78, 100, 117] has led them to the conclusion that in specific 
circumstances transfusion avoidance is medically and mor-

ally justified. The benefits also include blood resource con-
servation, but that reason alone is not morally justifiable to 
avoid transfusion. The question of whether a liberal trans-
fusion threshold in elderly, non-cardiac surgical patients is 
capable of avoiding ischemic events, will be more defini-
tively answered when the LIBERAL TRIAL results become 
available [118].

 Summary and Conclusions

The discovery of major blood group antigens made it possi-
ble to choose donor blood for individual recipients that mini-
mized the likelihood of severe transfusion reactions. In the 
early decades of the twentieth century, blood transfusion, 
like most other medical interventions, was used in the expec-
tation of benefits to the recipient since anemia and bleeding 
were clearly viewed as threats to survival. As transfusion 
reactions became better understood, the consideration of 
expected benefit became tempered with consideration of the 
attendant risks.

The six milestones in the discussion above were the signal 
achievements of making transfusion of erythrocytes safer 
and more effective. These milestones stand out in the devel-
opment of increasing safety of transfusions, as the three cat-
egories of transfusion risks  – reactions, transmitted 
pathogens, and transfusion attributable adverse outcomes – 
were identified. Managing these risks became part of the 
evidence-guided use of erythrocyte transfusions. Maintaining 
the safety of blood resources after the HIV/AIDS epidemic 
became national priorities and large resource allocations 
were justified. Recognition of transfusion associated risks 
mandated that the prescribing of transfusions be subject to 
consideration of risks and benefits. Randomized controlled 
clinical trials defined objective criteria for [Hb] based “quan-
titative” thresholds and have been evaluated and found to 
offer relative safety from excessive adverse outcomes at [Hb] 
less than the “normal” levels. This facilitates safe, complete, 
or maximal possible, avoidance of transfusion exposure. The 
most recent development of the new paradigm of Patient 
Blood Management (PBM) program incentivizes optimal 
patient outcomes and the management of transfusions in 
populations that had previously been at high risk of surgical 
or critical care transfusion because they are chronically ane-
mic. This large vulnerable population can be safely managed 
using the three pillars of PBM, namely hematopoietic man-
agement, minimizing blood loss and optimizing physiologi-
cal adaptations to the presence of anemia. The immediate 
past decade has seen increasing acceptance of the practices 
embodied in PBM, by repeated demonstrations of its effec-
tiveness in minimizing adverse outcomes, reducing transfu-
sion exposures, saving scarce blood resources, and 
controlling costs. The principles of sound risk management 
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of all medical risks, including legal ones, suggests that these 
principles be accepted as the state of the current art.

Key Points
• The transfusion of erythrocytes remains the standard of 

care for correction of critical severity of anemia for the 
prevention of hypoxic end-organ injury.

• Since the introduction of blood transfusion, the procedure 
has not been subjected to critical evaluation of its efficacy, 
while its safety has been subject to increasing scrutiny 
during the past century.

• Three categories of safety risks have been identified: 
those of transfusion reaction directly attributable to a 
transfusion, those attributable to the transmission of 
infectious pathogens present in the transfusion, and those 
indirectly attributable and more frequently occurring 
adverse outcomes following transfusion exposures.

• The decision of whether a transfusion of banked erythro-
cytes is clinically advisable has become a matter of risk 
management whereby the benefit of avoiding predictable 
risks of the exposure is balanced against the risk of 
hypoxic end-organ injury.

• Erythrocyte transfusion remains the key treatment for 
continuing uncontrolled blood loss, erythropoietic failure 
of various causes, sickle cell disease and hemoglobinopa-
thies. Surgical and critical care transfusions are guided by 
the principal tenets of Patient Blood Management which 
is an ethically justifiable avoidance of exposure to a trans-
fusion with low level risks and consequences, while main-
taining physiological means of improving oxygen 
supply.
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 Introduction

The theme of this book is the means whereby oxygen is 
moved from the alveolus to all the cells of the body where it 
is required for the conversion of foodstuffs to chemical 
energy, in the form of adenosine triphosphate (ATP). The lat-
ter is required for the proper operation of all cellular pro-
cesses. Accordingly, it seems appropriate to provide a 
concise summary of how oxygen enables the energy metabo-
lism of the cell. The entire system is highly regulated to 
assure that sufficient oxygen is provided to assure the proper 
functioning of all its constituent organs and to permit the 
organism to meet varied demands [1].

 Oxygen

Oxygen is one of the most abundant elements in the earth’s 
crust and is present in the atmosphere in 21%. It was discov-
ered by Carl Wilhelm Scheele (1742–1786) and Joseph 
Priestley (1733–1804). The former made the discovery first, 
but it is attributed to Priestley because his description was pub-
lished first [2, 3]. Antoine-Laurier Lavoisier, (1743–1794), 
who has been called the “father of modern chemistry, per-
formed trailblazing experimental studies and identified oxygen 
as the substance key to both combustion and respiration [4].

Oxygen (atomic number 8) is a highly reactive element 
and is present in the atmosphere overwhelmingly in the 
diatomic, molecular, form of oxygen gas, O2. The high reac-

tivity of the atomic element is due to having two unpaired 
electrons in its outer orbit attracting other elements to form 
many compounds. Oxygen can also form a triatomic form, 
O3, ozone, as well as many transient radicals and oxidizing 
forms, such as hydrogen peroxide, H2O2.

For our purposes, the two most important features of 
molecular oxygen are:

• Its abundance in atmospheric air, and
• Its property as a powerful electron acceptor.
• Its abundance in atmospheric air ensures its availability in 

inspired air and the transport system from the atmosphere 
to the mitochondria in all living cells.

The process of energy conversion from chemical bonds in 
glucose is a process of dividing the carbon chain and progres-
sive transfer of high energy electrons ultimately to oxygen as 
the ultimate electron acceptor in aerobic respiration. The lat-
ter is the means whereby the energy requirements of all cells 
are met by the production of adenosine triphosphate (ATP). 
In addition to beneficial properties, oxygen also enters other 
electron acquisitions that yield unstable radicals and ions.

The utilization of atmospheric oxygen by the organism 
depends on the oxygen transport chain which consists of the 
following sequential transport processes:

• Cardiac action by the right ventricle maintains constant 
blood flow through the pulmonary circulation,  continuously 
exposing venous blood to alveolar air, where only the alve-
olo-capillary barrier permits physical separation, but gas 
diffusion efficiently driven by the gas partial pressure dif-
ference between alveolar air and capillary blood.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95975-3_2&domain=pdf
https://doi.org/10.1007/978-3-030-95975-3_2
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• Pulmonary ventilation whereby alveolar air is continually 
recycled by mass movement to maintain constant oxygen 
partial pressure, pO2, by muscular effort, required to 
maintain continuous diffusion of oxygen into the pulmo-
nary capillary blood to saturate erythrocytic hemoglobin.

• The alveolar air equation defines the partial pressure of 
oxygen in alveolar air when the fractional concentration 
of oxygen in inspired air (FiO2) is 0.21, as:

 

pO pO

pCO
2 2

2

inalveolar air in inspiredair
inalveolar air R

=
−( )/  

• The pO2 in alveolar air drives oxygen diffusion into pul-
monary capillary blood, as the oxygen dissociation curve 
of hemoglobin determines the oxygen saturation of blood 
leaving the pulmonary capillaries.

• Contraction of the left ventricle drives blood flow return-
ing to the left atrium to the aorta and systemic arteries and 
arterioles, by mass transport.

• Arterial blood pressure and arteriolar resistance in the 
organs determine the rate of blood flow through each 
organ and thereby the oxygen flux.

• It is in the microcirculation that oxygen delivery and con-
sumption take place. The architecture of capillary beds of 
different organs have evolved to subserve the specific 
organ’s function, both to assure appropriate oxygen sup-
ply for the organs’ metabolic needs, as well as the organs 
specific function (e.g., absorption, secretion, ion trans-
port, etc.), the capillary bed is regulated to assure optimal 
blood flow distribution as well as capillary density, 
whereby diffusion distances can also be optimized.

This complex, efficient and highly regulated system of sym-
metrical transport processes have evolved to assure optimal 
oxygen availability to all cells, at a minimal energy cost.

 Adenosine Triphosphate

Adenosine triphosphate (ATP) was discovered by Karl 
Lohman (1898–1978) in 1929 as a molecule that was con-
sumed in muscular contractions. The molecule was synthe-
sized by Alexander Todd (1907–1997) who received the 
1957 Nobel prize. It is one of the essential chemicals in the 
maintenance of life in all organisms.

The molecule comprises adenine (a nitrogenous base), 
bound to ribose (a 5-carbon sugar) and three phosphate 
groups arranged in a linear backbone of covalent phosphorus- 
oxygen- phosphorus bonds. The terminal, or gamma, phos-
phate bond is a high energy bond whose energy can be 
released when the phosphate is stripped away by hydrolysis. 

It can be generated from adenosine diphosphate by the phos-
phorylation reaction.1 Adenosine triphosphate and adenosine 
diphosphate are in a continuous cycling process.

 

The molecule is an ancient evolutionary remnant origi-
nally evolved and utilized by primordial organisms and con-
served in all animal and plant higher organisms. It is used 
universally as an energy storage form in all energy- dependent 
cellular processes. It is not a “general storage form” of 
energy for eventual use but is produced and consumed in a 
continuous cycle whose velocity is matched to the prevailing 
rate of cellular processes, including those of syntheses, 
membrane-bound ion pumps, contractile mechanisms, and 
electric charge movement in nerve and muscle cells. The 
molecule is produced when food stuffs, such as glucose, are 
broken down into smaller molecules, by a reduction reaction 
from adenosine diphosphate (ADP) in a series of cellular 
pathways that will be described below in this chapter.

ATP has been compared functionally to a battery that 
can be charged or discharged to power a process. It has 
also been compared to a form of “currency” because it is a 
uniform entity used and produced by all cells. In a national 
economy a currency is produced and distributed by a cen-
tral bank for use by all subordinate units (e.g., municipali-
ties, businesses, consumers) for the purchase of goods and 
services. In this sense, ATP performs the same function as 
a singular entity. It is also similar in that it is part of a “sup-
ply chain”. In a national economy the currency functions 
as a “just-in-case” used entity. In the economy of the 
organism and its constituent cells, the ATP “currency” 
functions as a “just in time” availability, bypassing the 
central bank’s role and being produced at the immediate 
site of utilization within the cell itself thereby contributing 
to more efficient use.

1 Phosphorylation is the reaction whereby a high energy phosphate 
groups is attached to any molecule with removal of a molecule of water 
(hydrolysis).
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The biological oxidation of glucose proceeds in multi-
ple stages, each consisting of several steps to produce 
energy in a form which can be utilized by the body: 
ATP.  ATP moves within ultra-short distances within the 
cell from its site of production to its utilization. It is not 
stored but is produced as the cell’s need for energy waxes 
and wanes [5, 6].

 ATP Production: An Overview

ATP is generated in a consecutive series of three distinct 
metabolic pathways:

• Glycolysis (also referred to as Embden Meyerhof path-
way) whereby the 6-carbon sugar, glucose, is broken 
down to two 3-carbon fragments.

• Krebs cycle (also known as citric acid cycle) whereby the 
3-carbon pyruvate is cleaved to a 2-carbon molecule with 
the release of carbon dioxide. As well, high energy inter-
mediates are produced which carry an excess of high 
energy electrons.

• Electron transport chain (E.T.C.) (also known as oxida-
tive phosphorylation) whereby high energy electrons are 
transferred enzymatically from electron donors to elec-
tron acceptors, while protons are transported across the 
mitochondrial membrane.

ATP is generated by all three pathways in varying yield, as 
well as high energy intermediates,2 nicotinamide adenine 
dinucleotide, NAD and flavin adenine dinucleotide, FAD 
that are reduced to NADH−and FADH2−.

 Oxygen Utilization: An Overview

In the covalent bonds in foodstuffs, e.g., glucose, chemical 
energy is trapped which can be liberated by enzymatic break-
ing of C-C, C-O and C-H bonds. Enzymatic action ensures 
that energy liberated is not “wasted” but is transferred effi-
ciently to other chemical entities’ covalent bonds, although 
all such actions are also accompanied by the production of 
heat. The dominant energy storage form is ATP. The progres-
sive breakdown of larger molecules (e.g., glucose) is main-
tained only when, in the final stage of the sequence of three 
metabolic pathways, oxygen is available.

Molecular oxygen is delivered by the “oxygen transport 
system” from the atmosphere by the sequence of: alveolar 
ventilation, diffusion across the alveolo-capillary membrane, 
mass transport through the circulation by cardiac contraction 
and, finally by diffusion in the microcirculation from capil-

2 Derivatives of B vitamins Thiamine and Riboflavin.

lary blood to the cells, and diffusion within the cells to the 
site of ultimate utilization in the mitochondria [7]{Pittman, 
2013 #259}. As excess high energy electrons are delivered 
by the intermediates NADH− and FADH2

2− to the mitochon-
dria where a series of membrane bound complexes deliver 
these high energy electrons to the ATP synthase enzyme 
where electrons and protons are transferred to oxygen in the 
reaction sequence:

 4 2 2NADH O H O chemical energy− → + → +NAD  

 FADH FAD O H O chemical energy2
2

2 2
− → + → +  

 
ADP ATP+ + → + −[ ]P energy heati . 8 10  

 The Cell’s Energy Economy

 Aerobic Respiration

Three consecutive metabolic pathways produce ATP in each 
cell [1].

 Glycolysis
Glycolysis [11, 12] is the first series of reactions whereby 
glucose (C6H12O6) is cleaved to two three-carbon compounds. 
Glucose first enters the cell through a membrane bound trans-
porter and then undergoes a ten-step process within the cyto-
sol. Of the ten steps the first five involve the preparation for 
the second, “productive” five steps. The former involves some 
trivial molecular rearrangements (isomerization to fructose) 
and the “investment” of two ATP molecules to phosphorylate3 
the six-carbon sugar, at its two “ends” to yield fructose-
1,6-diphosphate. In this form the sugar is trapped within the 
cytosol. In the second five steps the six-carbon phosphory-
lated sugar is cleaved between the third and fourth C-C bonds 
to yield two three-carbon moieties, each with an attached ter-
minal high energy phosphate. The cleavage of the six-carbon 
sugar also yields energy that is used in the process of “sub-
strate level phosphorylation” adding an ATP to each product. 
Unlike the initial “investment” of an ATP from the cell’s 
store, this uses ADP and the energy from the cleavage. The 
cleavage yields two three- carbon compounds, 1,3 diphospho-
glycerate and phosphoenol pyruvate [12]. Note that these are 
two “diphosphate” compounds. We have “invested” only two 
ATP molecules to phosphorylate glucose but have two prod-
ucts, each with two high-energy phosphates, a total of four 
ATP. The final two products are 1,3 diphospho-glycerate (1,3 
DPG) and phosphoenol pyruvate. Two high energy phos-

3 Phosphorylation is the process whereby a third phosphate group is 
attached to the second phosphate group by a high energy bond.

2 Oxygen and ATP: the Energy Economy of the Cell
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phates are stripped from each of the two diphosphate com-
pounds yielding four ATP’s.

Thus, the balance is the investment of two ATP’s and a 
yield of four ATP’s for a net yield of two ATP’s for each glu-
cose metabolized. The final product of glycolysis is pyruvate 
that will enter the Krebs cycle.

Coincidentally, in addition to the breaking of the central 
carbon-carbon bond of glucose, hydrogen is also being 
stripped from it. Because of the high energy content of the 
H-C bonds being split, the hydrogen liberated is in the form 
of “hydride ion” which contains two electrons, H2−, one of 
which occupies a high energy orbital. These high-energy 
electrons are transferred to the electron acceptors, NAD, and 
FAD, to produce FADH2− and NADH− and will be transferred 
to the next phase of aerobic metabolic processes. Ultimately 
the electrons will be transferred to oxygen in the final phase 
of energy metabolism. If oxygen is not available in that phase 
the accumulation of high energy nucleotides inhibits further 
reactions [12].

At this point only a small fraction of the energy content of 
glucose has been extracted. Further energy extraction occurs 
in the next series of reactions in the Krebs cycle.

Coincidentally, unused glucose is taken up by muscle and 
the liver and is stored as glycogen after a polymerization pro-
cess. It is then stored and made available when needed.

In Summary
Glycolysis produces a net two ATP molecules for each mol-
ecule of glucose used. Glycolysis is but the “introductory” 
process to the second consecutive series of metabolic steps, 
the Krebs, or citric acid, cycle.

Oxygen is needed at the very end of the series of reactions 
to complete the entire sequence to permit it to run to its con-
clusion and to permit the entry of pyruvate into the Krebs 
cycle. In the absence of oxygen, the Krebs cycle grinds to a 
halt, and pyruvate is converted to lactate, which is a blind- end 
product, most prominent in muscle during exercise when 
oxygen availability is limiting. This leads to the concept of 
oxygen debt. The reaction is catalyzed by the enzyme lactate 
dehydrogenase:

 PYRUVATE NADH H LACTATE+ + → +− + +NAD  

Note that this conversion is using one NADH− produced 
above, since it cannot continue in the electron transfer pro-
cess. And the reaction can be reversed when oxygen is avail-
able, “repaying” the oxygen debt. Some of the lactate 
produced during intensive muscular activity is converted 
back to glucose by the liver.

In clinical situations of hypoxia, lactate accumulates in 
cells and spills into the blood plasma; an elevated plasma 
lactate concentration is a clinical indicator of hypoxia, oxy-
gen deficiency. In such cases we are dealing with 
ANAEROBIC RESPIRATION [12].

Exceptional Case: Glycolysis in the Erythrocyte
The mature erythrocyte is a prominent example of molecular 
evolution, as it has adapted to its principal function, namely 
the most efficient transport of oxygen.4 To that end, it has lost 
most of its organelles, including the nucleus and the mito-
chondria, to enable a high concentration of hemoglobin. 
Also, it does not use oxygen in its metabolism. Its metabolic 
apparatus is functionally concentrated on three aspects:

• the protection of heme iron from oxidation.
• the prevention of denaturation of the globin by the hexose 

monophosphate shunt.
• the regulation of oxygen affinity of hemoglobin by allo-

steric modification by 2,3 diphosphoglycerate (2,3 DPG).

The erythrocyte contains a modified complement of the gly-
colytic apparatus. The entry of glucose in the erythrocyte 
does not require facilitation by insulin. Glucose undergoes 
glycolysis but with a detour in that 2,3 diphospho-glycerate 
is produced in high yield by a mutase reaction. 2,3 DPG 
functions as an allosteric modulator of hemoglobin oxygen 
affinity: a high concentration results in lowering the oxygen 
affinity, whereas a low concentration increases oxygen affin-
ity. Two inherited metabolic enzyme deficiencies are hexoki-
nase and pyruvate kinase deficiencies with corresponding 
failure to modulate hemoglobin oxygen affinity [8]. The 
erythrocyte is continuously exposed to a high concentration 
of oxygen favoring the production of oxidants and denatur-
ation of globin. Reduced glutathione functions as a major 
antioxidant in protecting against oxidant damage. The oxida-
tion of heme iron (Fe2+→Fe3+) is reversed by methemoglobin 
reductase enzyme, using NADH− [8].

 The Krebs Cycle
In the next phase of aerobic metabolism, the end-product of 
glycolysis, pyruvate feeds into the Krebs, or tricarboxylic 
cycle.

Hans Adolph Krebs (1900–1981), together with Fritz 
Lipman (1899–1986), elucidated the chemical reactions in the 
cycle that follows glycolysis in the sequence of energy pro-
duction and for which they received the Nobel Prize in 1953.5

The link between glycolysis and the Krebs cycle is the 
irreversible “oxidative decarboxylation” reaction: Pyruvate, 
the end-product of glycolysis, reacts with Coenzyme A:

 

Pyruvate CoenzymeA acetyl
NADH.

+ + → − +
+

+NAD CoA CO2
 

4 This is explored extensively in Chaps. 3 and 4 of this book.
5 Sir Hans Krebs elucidated the citric acid cycle, the glyoxalic cycle, 
invented the Krebs Henseleit solution for perfusion of isolated organs. 
His work commenced at the University of Sheffield, then moved to 
Oxford University where a laboratory is named in his honor.
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Unlike glycolysis which takes place in the cytosol, the Krebs 
cycle reactions take place in the mitochondrial matrix. The 
mitochondria are constituent organelles of all cells and are 
composed of an outer membrane, an inner membrane which 
is extended in its length by infoldings called cristae, an inter-
membrane space and the matrix which is encased by the 
inner membrane. Enzymes are embedded in the membranes 
and other reactions occur in the matrix.

Coenzyme A is ubiquitous in metabolism, the universal 
carrier of the two-carbon acyl groups. It was discovered by 
Fritz Lippman as the factor involved in the attachment of 
acetyl groups. Its reactive site is the terminal sulfhydryl (-SH 
group). It is functionally like ATP in that it acts as a carrier of 
high energy acyl groups. Its hydrolysis is energetically 
favored:

 

acetyl H O acetate

H chemical energy heat.

− + → +
+ + ++

CoA CoA2

 

Note that glucose is not the only source of two-carbon com-
pounds in metabolism. Two-carbon fatty acid fragments, the 
products of β-oxidation of longer chain fatty acids, and some 
amino acids can also enter the Krebs cycle.

Overview
The Krebs cycle is a closed circle that begins with acetyl- 
CoA reacting with the four-carbon molecule, oxaloacetate. 
The CoA moiety is then split off, yielding the six-carbon 
citrate molecule. One turn of the cycle comprises eight con-
secutive reaction steps that yield a total of three NADH−, 
one FADH−, two molecules of CO2 is released and one mol-
ecule of ATP or GTP is generated. The latter is a guanosine 
analogue of ATP, used in some cells to power transcription 
in protein synthesis. Note that the production of CO2 in the 
Krebs cycle is entirely separate from the consumption of O2 
by oxidative phosphorylation, in the third series of reac-
tions [12].

Some Details
The beginning of the cycle involves the combination of oxa-
loacetate and acetyl CoA, followed by cleavage off the CoA 
and the six-carbon chain, citrate, is formed (hence the alter-
native name of citric acid cycle). Following trivial internal 
rearrangements (isomerization), two carbons are released as 
CO2 with one NADH− produced each time. The remaining 
four-carbon molecule, α-ketoglutarate, is extended by react-
ing with another acetyl-CoA to form the six-carbon 
 succinyl- CoA.6 The CoA is again cleaved off to yield the six-
carbon succinate and subsequent loss of two carbons as CO2. 
The four-carbon intermediates end up with oxaloacetate 
(C-4), the starting product of the next turn of the cycle. Of 

6 Succinyl-CoA is also used in the synthesis of porphyrins.

the eight steps of the cycle, five are productive of some uti-
lizable entities, ATP and NADH− or FADH2

2−.
Note that the original starting substrate was glucose which 

was split to two glycolysis products that entered the cycle 
from the original glucose molecule.

Thus, the net yield of one glucose molecule through gly-
colysis and the Krebs cycle are:
Two ATP or GTP, eight NADH−, two FADH2

2− and the release 
of six molecules of CO2.
The velocity of the Krebs cycle is regulated by critical 

enzymes, isocitrate dehydrogenase and α-ketoglutarate 
dehydrogenase, according to the prevailing demands for 
energy by the individual cell.

Thus far, the energy economy has not yet been highly pro-
ductive of ATP. The final series of reactions, the “electron 
transport chain” (ETC), also called “oxidative phosphoryla-
tion”, will generate the overwhelming majority of ATP’s 
from the progressive enzymatic transfer of high energy elec-
trons and protons to the ultimate electron acceptor, O2.

 The Electron Transport Chain, Oxidative 
Phosphorylation
All roads lead to Rome: the final common pathway of ATP 
production.

Oxygen plays its vital role in the third and terminal stage 
of reactions. Unlike in the Krebs cycle reactions which take 
place in the mitochondrial matrix, the Electron Transport 
Chain (ETC) reactions are catalyzed by the enzyme com-
plexes embedded in the mitochondrial inner membrane.

Note that the three phases of aerobic metabolism are not 
only distinct processes but are physically localized in differ-
ent parts of the cell. Nevertheless, from the economic per-
spective, all ATP is generated within the individual cell that 
utilizes it. There is no central bank producing and distribut-
ing currency to end-users.

The membrane bound enzyme complexes are arranged in 
physical sequence and include the cytochromes. The elec-
trons in NADH− generated above, are carried along from 
complex to the neighboring complex, ultimately reaching the 
terminal cytochrome c3 where the reaction of two high 
energy electrons, two protons and one oxygen atom react to 
form water [12]. For each half molecule of oxygen three 
molecules of ATP are produced. This is referred to the oxida-
tion state of P/O = 3.

From one molecule of glucose oxidative phosphorylation 
produces thirty-two molecules of ATP.  Thus, in total, one 
molecule of glucose through biological oxidation generates 
32 + two + two = 36 molecules of ATP.

In vitro physical combustion of one mole of glucose liber-
ates 2820 kJoule of energy as heat. Biological oxidation of 
one mole through aerobic metabolism generates 36 moles of 
ATP, the equivalent of 1270 kJoule of usable energy as high 
energy compounds. Anaerobic metabolism of one mole of 
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glucose produces lactate and only two moles of ATP, repre-
senting only 67 kJoule of usable energy. Thus, the delivery of 
oxygen in sufficient quantities to the mitochondria permits 
an energy efficiency of about forty-five percent. This com-
pares favorably to nearly all man-made machinery. The rest 
is in heat maintaining a constant body temperature [5].

 Mitochondria; Friend or Foe?

The acquisition of mitochondria during evolution by 
eukaryotic organisms has been revolutionary, permitting 
the production of 36 molecules of ATP from a single six-
carbon sugar molecule by means of glycolysis, the Krebs 
cycle and oxidative phosphorylation, instead of just two by 
glycolysis alone [13]. The mitochondria are strange beasts, 
indeed; they are foreign acquisitions Their double mem-
brane, their own genome, and transcriptional and transla-
tional apparatus are nothing like our own. But they represent 
one of the most successful symbiotic arrangements in 
nature. They permit us to fight, flee, run marathons, and 
keep warm. Beside their ability of utilizing oxygen, bene-
fitting the host, there is still a price to pay for their collabo-
ration: they also harbor the means to make reactive oxygen 
species (ROS). Even this downside is exploited in immune 
reactions and other functions [13]. This property of gener-
ating unstable radicals is discussed in section “Oxygen 
Sensing”, below.

 The Energy Economy of Vital Organs

The total oxygen consumption of the mythical 70 kg person 
at rest is approximately 250 mL/min. This is distributed 
among all the organs according to their need by a variety of 
regulatory mechanisms modulating the regional distribution 
of the cardiac output. The latter at rest is approximately 5000 
mL/min. Under maximal exertion the oxygen consumption 
may increase about 12-fold, while the maximal attainable 
increase in cardiac output is about five-fold. This clearly 
implies that under such circumstances, a major redistribution 
of the cardiac output must occur, in addition increased oxy-
gen extraction from the blood delivered to the tissues.

Note that in the following section how the organ’s func-
tions and energy requirements are reflected in their blood 
flow regulation and oxygen supply. Furthermore, as demon-
strated in an excellent study, the severity of dilutional anemia 
at which tissue hypoxia first appears, as indicated by increased 
HIF and NOS expression, varies between organs [14].

 The Heart
The heart comprises overwhelmingly a single cell type, the 
myocyte. These cells provide the contractile energy to gener-

ate pressure and flow. While comprising of the same cell 
type, the left and right ventricles differ in the pressure against 
which they work but generate the same flow. Accordingly, 
the two ventricles differ in their mass and volume; left ven-
tricular mass is three to four times that of the right. The two 
exceptions, comprising a vanishingly small proportion of the 
heart mass, the endothelial lining (endocardium) and the spe-
cialized pacemaker and conducting cells, have a much 
smaller energy requirement than contractile myocytes [15].

The heart is continually active generating tension in its 
walls thereby creating pressure and flow. This continual 
activity requires a continuous supply of energy for the opera-
tion of myofibrillar ATPase activity. This energy demand 
must be satisfied by the delivery of oxygenated blood through 
the coronary circulation. The oxygen consumption of the 
working heart while the body is at rest is 9–10 mL/100 g, or 
about 27–30 mL/min. on average. The oxygen consumption 
of the arrested perfused heart is about 2 mL/min. Thus, the 
actual contractile work of the heart requires four to five times 
more oxygen than its basal metabolism [16, 17].

The primary metabolic substrate of the working heart is 
not glucose, but fatty acid fragments derived from β-oxidation 
of long chain fatty acids. During transition from one level of 
workload to another, cardiac glycogen stores also contribute 
metabolic substrate [16]. The heart’s substrate metabolism 
comprises an “intricate set of pathways that result in both 
ATP producing and non-ATP producing endpoints for each 
class of substrates” [18].

The heart is unique in that its oxygen consumption is 
highest among all organs at rest, except for the carotid body 
chemoreceptors. It is also an obligate aerobic organ requiring 
constant and continuous supply of oxygen by sufficient 
blood flow through the coronary circulation [16]. Its work-
load can vary several-fold when the body requires enhanced 
oxygen delivery, for example during vigorous exertion. The 
coronary circulation is also unique in that it has the highest 
rate of oxygen extraction from its blood flow, limiting its 
ability to enhance oxygen supply by greater oxygen extrac-
tion. Hence, the coronary vascular bed must be capable of 
increasing blood flow by up to five-fold to meet highly vari-
able demands. In addition, the contraction-relaxation cycling 
of the left ventricle imposes extra limitations on its perfu-
sion. During the phase of contraction, systole, the intra- 
myocardial smaller coronary arteries are compressed thereby 
limiting their blood flow. Hence, most of the perfusion of the 
myocardium of the left ventricle is limited to the phase of 
relaxation, diastole, when the intra-myocardial branches are 
not compressed. As the heart meets increased systemic 
demands, the heart rate accelerates and thereby the duration 
of each cardiac cycle is shortened and the diastolic period, 
during which most of the perfusion occurs, is also shortened. 
Thus, the coronary circulation must be tightly regulated to 
meet increased oxygen demands. This is accomplished by a 

G. P. Biro



27

complex regulatory mechanism in which the release of ade-
nosine plays an important role [9].

One further unique property of the heart is its ability to 
vary its contractility. This is a property that enables the myo-
cardium to generate greater force from any given initial sar-
comere length, and to do so at faster velocity of shortening. 
This can be induced by enhanced sympathetic activity, ino-
tropic drugs, such as digitalis glycosides or β-adrenergic 
agonists, such as adrenalin and dopamine. An increase in 
contractility is also accompanied by enhanced contractile 
work, requiring greater turnover of ATP and a pari passu 
need for increased blood flow. In the heart another high 
energy compound, creatine phosphate (CP)7 also plays an 
important role. It functions as another high energy pool capa-
ble of replenishing ATP during rapid transitions of workload, 
analogous to the economy to a “cash card” of low limit.

The energy metabolism of the heart serves its highly vari-
able contractile work. The normal coronary blood flow is 
tightly correlated with the heart’s oxygen consumption and 
workload.

In view of the heart’s absolute dependence of oxygen 
delivery sufficient to meet its varied workload, the integrity 
of the coronary vasculature is also essential. The pathology 
of coronary artery disease introduces a vulnerability for tem-
porary dysfunction (acute ischemic attacks), or even perma-
nent cell damage (infarction).

Electron microscopic images of the myocardium pro-
vide insight into how the cellular architecture subserves 
the cells’ energetics [2]. The important functional struc-
tures are the contractile apparatus, actin and myosin 
strands, the sarcoplasmic reticulum (SR) which stores cal-
cium ions, the plentiful mitochondria in intimate proxim-
ity to the contractile apparatus, and the intercellular 
connections that transmit depolarization of the sarco-
lemma. The latter initiates two processes, the rapid release 
of massive amounts of calcium, as well as the sarcolemma 
becoming permeable to calcium. Thus, intracellular cal-
cium concentration will increase instantaneously by one to 
two orders of magnitude. This initiates the contraction by 
activating actin and myosin. The process is terminated and 
reversed by active uptake of calcium into the SR and 
pumping out of calcium outside the sarcolemma. The 
resulting massive fall of intracellular Ca++ concentration 
stops actin-myosin interactions and breaking of actomyo-
sin complex. Large amounts of ATP are  consumed in the 
myocyte in two processes: the breaking of actomyosin 
bonds and the active pumping of Ca++ back into the SR and 
to the extracellular space. Hence, insufficient ATP avail-
able results in maintained actomyosin bonds, contracture, 
and very high intracytoplasmic Ca++ concentration, with 
resultant deleterious consequences for the mitochondria.

7 Also called phosphocreatine.

The mitochondria in cardiac muscle are only second to 
the contractile apparatus, amounting to about one-third of 
the total cell volume. Despite the proximity between the con-
tractile elements, the mitochondrial outer membrane is 
impermeable to the large and charged ATP and ADP mole-
cules. Translocase enzymes are required to ensure ATP sup-
ply to the contractile elements.

In summary, the supply of ATP in the myocyte is distrib-
uted among the following processes:

• Contraction, “myosin ATPase”: approximately 60–70% 
at rest; more during increased workload.

• Active ion pumping (Ca++ and Na+ K+ Pumps): approxi-
mately 10–20%.

• Synthetic processes, action potential, cyclic AMP forma-
tion (signaling), vasodilation (adenosine replacement): 
etc. 10–20%.

The heart cannot tolerate a shortage or absence of oxygen. 
Lack of blood flow, ischemia, either global or regional (as in 
a coronary occlusion), will interrupt its energy production 
and contractile activity will rapidly cease within minutes. 
Continuing ischemia results in reduction of its energy 
requirements, but failure of ion pumps and a chain of delete-
rious events will follow that result in death of the ischemic 
myocytes within hours.

 The Brain
Unlike the heart with its unitary cell population and singular 
function, the brain is different in its vascular anatomy, func-
tion, cell types, architecture, and distribution of its energy 
metabolism. The vast complexity of the functions performed 
by the various anatomical structures of the brain preclude 
any detailed discussion.

The brain comprises a large variety of distinct anatomical 
regions with distinct functions. Fundamentally, it com-
prises two cell types of neurons and astrocytes. The neural 
structures subserve a variety of regulatory “autonomic” 
functions, such as ventilation, circulation, splanchnic organs 
regulation, etc. These occur as if in the “background”. 
“Higher” structures subserve the cognitive, memory, and 
adaptive roles, such as plasticity. The most important func-
tions of neurons are those related to synaptic transmission 
initiated by membrane depolarization. Underlying these 
functions are changes in membrane potential governed by 
ion fluxes (Na+, K+ pumps) and the synthesis, release, uptake, 
and resynthesis of a variety of neurotransmitters, or “chemi-
cal messengers” (noradrenalin, glutamate, dopamine, hista-
mine, etc.) [18]. While these are functional building blocks 
of the varied functions performed by the brain, they occur in 
distinct structural entities. As different functions take place 
at different times, the energy requirements of these entities 
are also dynamic [10]. Cerebral blood flow, glucose con-
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sumption and oxygen metabolism are all increased in local-
ized structures, in response to a range of activities.

Current research identifies two distinct mechanisms of 
regulation:

• Neurovascular coupling and
• Neurometabolic coupling.

Neurovascular Coupling
The exact mechanisms underlying the matching of blood 
flow to neural activity is still unclear; the leading candidate 
as the mediator of vasodilation is the nitric oxide radical 
(NO,). NO in the brain is generated by neuronal nitric oxide 
synthase (nNOS). This, in turn, is stimulated by glutaminer-
gic excitation. Vasodilation (i.e., relaxation of vascular 
smooth muscle) is mediated by the action of soluble guanyl-
ate cyclase enzyme (sGC) generating cyclic guanylate 
monophosphate (cGMP) [19]. NO-mediated reactions are 
common in physiology and are of great importance in the 
central nervous system [10, 19]. In addition to promoting 
vasodilation to match supply to active regions to match oxy-
gen demand, it also has several other roles in communica-
tions among neurons and, sometimes deleterious role in 
neurodegeneration [19].

Note the difference in the vasodilator mediators between 
heart and brain: adenosine in the former, NO in the latter.

Neurometabolic Coupling
In neurometabolic coupling astrocytes play a central, syner-
gistic role with neurons [10]. The former cells are localized 
in close apposition to both the endothelial wall of capillaries 
and the synaptic clefts of the neurons. “One of the best char-
acterized functions of the astrocytes in neuronal activation is 
the maintenance of neurotransmitter stores in the cycling of 
release, reuptake and repeat release of glutamate” [10]. 
There is an interesting dichotomy between astrocyte and 
neuron energy metabolism. Glucose is utilized by astrocytes 
to produce lactate by glycolysis during activity while neu-
rons utilize the lactate as well the Krebs cycle to satisfy their 
energy needs. This segregation of energy producing path-
ways are accompanied, or are mediated, by differential gene 
expression [10].

The complex architecture and the distribution of different 
neural functions makes precise localization of oxygenation 
state during different activity states is hindered by the lack of 
high resolution of regional oxygen concentration by func-
tional Magnetic Resonance Imaging (fMRI).

Oxidative metabolism of brain tissue is extremely sensi-
tive to hypoxia. Compromise of neuronal function occurs 
within minutes of interruption of blood supply. Lesser 
degrees of hypoxia, of a more chronic nature, induce changes 
in gene expression of Hypoxia Inducible Factors (HIF’s) 
which, in their turn, modulate transcription. There are sev-

eral different isoforms of HIF’s and these are expressed dif-
ferentially in different parts of the brain [10].

There is one biologically important negative property of 
oxygen, namely, its predilection to produce free radicals, or 
reactive oxygen species (ROS), such as hydroxyl and super-
oxide anions and hydrogen peroxide. These are powerful 
oxidizing agents that attack proteins and membrane lipids. 
Neurons are highly vulnerable to oxidative damage by ROS 
but are protected by the presence of reducing agents, such as 
glutathione, NADH, as well HIF species [10, 19]. The prop-
erty of oxygen producing ROS is discussed below.

 The Kidney
The kidney differs from both heart and brain in its unique 
vascular architecture, its excretory functions directed at 
maintaining the volume, osmolarity and ionic composition 
of the extracellular fluid, its endocrine products regulating its 
own function, blood pressure and erythropoiesis. These are 
all energy intensive activities, and its blood flow and intrare-
nal flow distribution is regulated to assure continuing func-
tion responding to changes in body volumes and chemistry. 
Additionally, blood flow to the kidney is greater than its own 
metabolic requirement because it is coupled to its excretory 
functions. Whereas the two kidneys comprise approxima-
tively 0.5% of the total body weight they receive about 25% 
of the cardiac output.

The basic renal excretory functional unit, the nephron, 
comprises the following [20]:

• The efferent arteriole provides large blood flow to the 
glomerulus.

• Transit through the glomerulus where the plasma is 
filtered.

• The ultrafiltrate within Bowman’s capsule contains water 
and all small molecular weight compounds and ionic con-
stituents of the plasma in the same concentration as 
plasma.

• The ultrafiltrate enters the proximal convoluted tubule 
and then the descending limb of Henle which plunges 
down into the renal medulla.

• The entire loop is surrounded by an extensive capillary 
network in intimate contact with the loop itself.

• The epithelial cells contain several ion pumps capable of 
transporting specific ionic species across the epithelium 
and the capillary endothelium in the tubules, against a 
concentration gradient.

• This creates an increasing osmotic gradient such that at 
the turn of the loop interstitial osmolarity is four times 
(1200 mOsm) that of the glomerular filtrate (300 mOsm)

The largest proportion of energy consumed by the kidney 
involves the reabsorption of sodium by the specialized proxi-
mal tubular cells which contain many mitochondria, in con-
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trast to those of Henle’s loop whose mitochondrial 
complement is small [20]. This suggests that the greatest 
energy expenditure occurs in the former part of the nephron. 
This part of the nephron is in the outer cortex of the kidney. 
The renal cortical and medullary blood flows are regulated 
independently by several vasoactive substances (angiotensin, 
vasopressin, prostanoids, etc.) [21, 22].

In addition to energy consuming (ATPase) pumps, the 
kidney also has an important endocrine function. The kidney 
responds to hypoxia by secreting erythropoietin, a hormone 
that stimulates proliferation of erythroid precursors in the 
bone marrow, taking approximately 7  days for release of 
immature nucleated erythrocytes (“reticulocytes”) into the 
circulation that subsequently lose their nuclei and mature in 
about 3–4 days. The synthetic activity can be enhanced by up 
to a hundred-fold over basal in response to anemia [20]. This 
synthetic activity is also an energy cost, though its relative 
magnitude is not clear.

A second product of the kidney is converting enzyme 
involved in the activation of the polypeptides vasoconstrictor 
angiotensin and the vasodilator bradykinin.

 The Liver
The liver performs a great variety of vital functions. Its archi-
tecture is again different from the organs above. It receives a 
total of about 25% of the cardiac output whereas it is only 
about 2.5% of total body mass. Its total blood flow amounts 
to about 100–130 ml/min per 100 g of liver mass [23]. This 
reflects the fact that one of its principal functions is biochem-
ical processing of foodstuffs absorbed from the intestinal 
tract. In addition, it also detoxifies toxic substances, metabo-
lizes drugs, stores several entities, such as iron and glucose 
(in glycogen). Its blood supply is dual in that it is supplied by 
both the portal vein and the hepatic artery. The former has 
already passed through the circulation of the intestinal tract, 
and its oxygen content has already been reduced by extrac-
tion through the splanchnic bed and contains modified food 
stuffs and it is at substantially reduced pressure [23]. The 
contribution of the portal vein to the total flow received is 
about two third. The two blood streams enter concurrently 
the functional units, the acini. Oxygenation is mainly by the 
hepatic arterial contribution.

The architecture of the liver is a sinusoidal one whereby 
there is a large blood pool surrounding and perfusing the 
functional unit, the acinus where the two streams of blood 
join. The hepatocytes are surrounded by blood, so that 
 continuous and intimate exchanges occur. Blood flow 
through the liver is normally held constant, in contrast to that 
of the heart. Within functional units there is a preferential 
distribution of blood flow such that the most oxygenated 
blood reaches the central part of the acinus first, where the 
highest concentration of respiratory enzymes is located, and 
the highest metabolic activity takes place [23]. Whereas the 

hepatocytes are morphologically identical, there may be 
large differences in their metabolic activity even in adjacent 
cells. Thus, the manyfold functions of the liver can be con-
ceived as being analogous to “multitasking”. This may be 
determined by local oxygen gradients [23].

Hepatocytes located in the periportal zone mainly contain 
the Krebs cycle and the Electron Transport Chain enzymes, 
whereas glycolytic enzymes are localized in cells where oxy-
genation is less intense.

 Oxygen Sensing

Regulated systems require feedback information on their 
functioning. In consumer economics the balance between 
supply and demand is indicated by the price of a commodity. 
In the physiological energy economy two indicators operate. 
The carotid and aortic body chemoreceptors on the organism 
level and the Hypoxia Inducible Factors (HIFs) on the cel-
lular, tissue and organ levels.8

Prabhakar and Semenza [24] published an extensive 
review of the mechanisms of oxygen sensing and their role in 
homeostasis.

 The Carotid Body Chemoreceptors

These are a pair of small structures located in intimate prox-
imity to the carotid sinus baroreceptors, at the bifurcation of 
the common carotid arteries forming the internal and exter-
nal carotid branches. Their single function is to “sense” the 
oxygen partial pressure (pO2) in arterial blood perfusing 
them. Their strategic location, sensing oxygenation of the 
blood on its way to the brain indicates their homeostatic 
importance. The information from these paired organs is 
relayed by an afferent nerve, part of the ninth cranial or, glos-
sopharyngeal, nerve to the medullary and pontine respiratory 
and the medullary cardiovascular centers. Nerve traffic in 
this nerve is minimal when the arterial oxygen partial pres-
sure is in the normal range of about 100 mmHg. Frequency 
of nerve traffic increases as the arterial oxygen partial pres-
sure declines, i.e., when alveolar ventilation is not sufficient 
to saturate hemoglobin. Hypoxia occurs when alveolar ven-
tilation is insufficient, or inspired air is at a lower atmo-
spheric pressure (e.g., high altitude) or when it contains a 
lower that normal oxygen concentration. The chemorecep-
tors do not respond to reduced oxygen content due to ane-
mia. The alarm signal from the carotid bodies alerts the brain 

8 The 2019 Nobel Prize in Physiology or Medicine was awarded to W.G 
Kaelin, Jr., Sir Peter J. Ratcliffe, and G.L. Semenza for the discovery of 
the Hypoxia Inducible Factors (HIF): https://www.nobelprize.org/
prizes/medicine/2019/summary/
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stem circulatory and respiratory centers to increase pulmo-
nary ventilation, heart rate and cardiac output and arterial 
blood pressure [24]. The reflex response, involves activation 
of the sympathetic nervous system and the nerves mediating 
respiratory activity (intercostal and phrenic nerves) to 
increase oxygen supply to organs by the whole oxygen trans-
port system, in addition to some redistribution of the 
enhanced blood flow to the vital organs by sympathetic and 
local regulatory responses.

Several lines of evidence indicate that the carotid bodies 
respond to hypoxia in an exaggerated manner in cardiovas-
cular disease and this may underlie the etiology of “neuro-
genic” hypertension.

Signal transduction in the carotid bodies makes use of 
gaseous biochemical messengers, carbon monoxide (CO) 
and hydrogen sulfide (H2S).

As discussed above, the various organs utilize organ spe-
cific mechanisms and messengers in regulating their indi-
vidual blood flow and oxygen supply. In particular, the heart 
and liver depend on adenosine, while the brain utilizes 
NO-mediated mechanisms. Since the kidneys receive excess 
blood flow relative to their metabolic needs, it can participate 
in redistribution for short periods. However, if the danger of 
hypoxic cellular injury threatens, it releases erythropoietin.

 HIF Mediators

These are a family of complex proteins comprising of a vari-
ety of subunits that have a dioxygenase activity. This involves 
the enzymatic incorporation of both oxygen atoms from 
molecular oxygen in an organic compound to activate or 
destabilize it. When hypoxic conditions prevail in tissues 
HIF-1-α can initiate several activities, including erythropoi-
esis in the bone marrow, angiogenesis, and metabolic adapta-
tion in the hypoxic organ [24].

In critical care practice the state of oxygenation is an 
important aspect of monitoring since hypoxia can result in 
cell and organ injury. Several technologies are available for 
the practitioner [25].

 Cardiovascular System and Oxygen Supply 
Integration: The Role of NO

Haldar and Stamler produced an extensive review of the 
complex integration of systemic and organ specific supply of 
oxygen by the cardiovascular system, in which nitric oxide 
(NO) plays an important role [26]. In the primordial atmo-
sphere NO was abundant, and the biological utilization of 
oxygen co-evolved with NO. As NO disappeared from the 
atmosphere, organisms evolved the ability to synthesize NO 
and use it as a biological signaling molecule. The affinity of 

NO to cysteine thiols, which are abundant in most proteins, 
provided the means for modifying target proteins to modify 
their function. This process is S-nitroxylation. S-nitroxylated 
proteins are abundant in all organs and particularly so in the 
cardiovascular system. The NO synthase systems (NOS), 
abundantly distributed in the organism, respond to changes 
in oxygen demand and the nitrosylated proteins induce post- 
translational changes in cardiovascular function. The com-
plexity of this system precludes any further exploration, 
except to note that there is extensive cross talk among meta-
bolic pathways, ATP generation, regulation of cardiac con-
tractility, mitochondrial function, alveolar ventilation, 
hemoglobin oxygen affinity and hypoxia-adaptation to high 
altitude. Dysregulation of S-nitrosylation is thought to 
underlie cardiovascular disease [26].

 In Summary

In chronic hypoxia Oxygen delivery can be enhanced by 
accelerated production and release in the circulation of 
erythrocytes (erythropoiesis) and the growth of new blood 
vessels (angiogenesis) whereby the capillary density is 
increased, decreasing diffusion distances for oxygen.

The consumption of oxygen can also be altered by meta-
bolic reprogramming. This may take place in the interim 
period when new erythrocytes and capillaries are grown (7–10 
days). HIF products are involved in switching gene products 
resulting in activation of Krebs cycle and cytochrome c 
enzymes. One strategy some cells may utilize is cell cycle 
arrest, in the face of an imbalance between oxygen supply and 
demand. This is also mediated by various HIF products.

 “Bad” Oxygen Species

The chemical properties of the dioxygen molecule (O2) are 
derived from having two unpaired electrons in the outer 
shell. It may be partially reduced by accepting a single elec-
tron that pairs with one of the unpaired electrons, forming a 
very unstable species, the superoxide anion (O2

−). This reac-
tion occurs primarily in the mitochondrial respiratory chain 
[13, 27]. From this species a series of toxic oxygen-derived 
free radicals, or reactive oxygen species (ROS), can form, 
including hydrogen peroxide (H2O2), the hydroperoxyl radi-
cal (H2O−) and the hydroxyl radical (OH−). These are power-
ful oxidizing agents capable of exacting oxidative damage to 
protein, DNA, and membrane lipid molecules, causing 
extensive cellular injury and dysfunction. Several enzymes 
and antioxidants are also present in most cells that can coun-
teract the deleterious effects of ROS. The degree to which 
injury results depends on the balance between the rates of 
ROS production and the antioxidant activity present [5].
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ROS are principally produced in the mitochondria in 
an interconnected network of several metabolic path-
ways. One way that ROS production may be accelerated 
is when excess oxygen is present. Thus, cell damage 
occurring in hyperoxia may be mediated by the excess 
production of ROS [27]. High levels of ROS, in addition 
to oxidative injury, may also be involved in immune 
reactions, causing apoptosis, as well as being involved 
in disease states [27].

 Summary and Conclusions

Evolution has endowed us with a highly efficient transport 
system of oxygen from the environment to all cells, as well 
as a utilization system to generate the high energy com-
pounds, ATP and GTP, that all cells need to perform their 
varied functions optimally. The biochemical pathways of 
three stages of oxidation and cleavage of the components 
of food stuffs are adapted to capture and move high energy 
electrons, derived from the breaking of covalent chemical 
bonds, in an orderly sequence that minimizes energy loss. 
This is accomplished by highly regulated and efficient 
enzyme systems located sequentially within the cytosol, 
the mitochondrial matrix, and the complexes of the mito-
chondrial inner membrane, respectively. It is the latter 
complexes that accomplish the greatest yield of ATP from 
substrates. Nevertheless, the preceding stages, glycolysis, 
and the Krebs cycle, are essential to deliver the high energy 
electrons derived from the stages above, to the Electron 
Transport Chain Thus, the whole of the sequence is essen-
tial to function as a coordinated and well-regulated 
system.

For optimal cell function a supply chain of energy is 
required “just in time” and where it is needed, within the cell 
itself. Thus, the prevention of an inadequate energy supply, 
or cellular hypoxia is essential. Cellular hypoxia may arise 
from failure at any point in the long chain of transport pro-
cesses from the atmosphere to the mitochondria [7]:

• Reduced atmospheric pressure or oxygen concentration 
or impaired alveolar ventilation: hypoxic hypoxia.

• Impaired saturation of blood in the lungs or intrapulmo-
nary shunting: hypoxemia.

• Reduced hemoglobin concentration or oxygen combining 
capacity of the blood: anemic hypoxia.

• Inadequate cardiac output or obstruction in the arterial 
supply: ischemic hypoxia.

• “Poisoning” of the metabolic pathways: histotoxic 
hypoxia.

Detection of cell hypoxia, by localized oxygen sensing, 
and its correction is essential to prevent or ameliorate the 

consequences of energy starvation that may have impor-
tant, or even lethal, consequences. The most vulnerable 
in this regard are the obligate aerobic vital organs, the 
heart and brain. Their hypoxia tolerance can be measured 
in minutes or at most a few hours. If uncorrected in time, 
cell death follows and their ability to regenerate is 
extremely limited. The kidney and liver are also limited 
in their hypoxia tolerance but their ability to recover from 
temporary hypoxic injury is somewhat better that that of 
heart and brain.

Key Points

• All animal life depends on atmospheric oxygen (O2) 
because of its unique chemical properties; because of it 
high reactivity due to having two unpaired high energy 
electrons in it outer orbitals.

• All cells have an absolute requirement for readily avail-
able biochemical energy in the form of high-energy phos-
phate bonds in adenosine triphosphate (ATP) and 
guanosine tri-phosphate (GTP), for the maintenance of all 
cellular functions.

• High energy phosphate compounds are generated in all 
cells by a complex series of enzymatic reactions whereby, 
the energy liberated by the cleavage of carbon-hydrogen 
bonds in food stuffs is transferred to high energy electrons 
which, in their turn, are sequentially transferred to inter-
mediate compounds. Some of the intermediate com-
pounds release their energy to phosphorylate adenosine 
di-phosphate, yielding ATP.

• Three sequential series of reaction steps comprise gly-
colysis, the Krebs cycle and the Electron Transport 
Chain (E.T.C.). Each of these yields ATP but the highest 
ATP yield is provided by the E.T.C. by reacting high-
energy electrons with molecular oxygen to yield water 
(H2O).

• In the absence of sufficient availability of oxygen all cel-
lular processes may grind to a halt, and if it persists, may 
lead to irreversible cellular injury. The obligate aerobic 
organs, heart, brain, kidneys and liver, are most suscepti-
ble to hypoxic injury.
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Physiological Functions of Blood

Verghese T. Cherian

 Introduction

Circulation of blood is essential for preserving human life. 
Blood is a connective tissue made up of a variety of cells in 
a fluidic extracellular matrix. The total volume of blood is 
approximately 70 ml/kg body weight in a non-obese per-
son. Its viscosity is about 4.5–5.5 times that of water. The 
main functions of blood can be classified broadly into 
transport, defense, and homeostasis (Table  3.1). A basic 
understanding of the production and physiology of the 
components of blood helps to comprehend the various tasks 
that it performs.

 Hematopoiesis

In the fetus, prior to 6 weeks of gestation, hematopoiesis, or the 
production of blood cells, occurs in the yolk sac and after that in 
the liver and the spleen. However, from the seventh month of fetal 

life onwards and after birth, the bone marrow is the principal site 
for hematopoiesis [1]. The pluripotent hematopoietic stem cell 
within the bone marrow differentiates into either the common 
myeloid progenitor cell or the common lymphoid progenitor cell. 
The myeloid progenitor cell differentiates into one of four cell 
lines, thrombopoiesis (thrombocytes), erythropoiesis (erythro-
cytes), granulopoiesis (basophil, neutrophil and eosinophil) and 
monocytopoiesis (monocyte, macrophage and myeloid dendritic 
cell), while the lymphoid progenitor cell undergoes lymphopoie-
sis (B- lymphocyte, T- lymphocyte, natural killer cell and lym-
phoid dendritic cell) [2] (Fig. 3.1).

Erythropoiesis has been shown to be regulated by the 
coordinated action of members of the GATA series of tran-
scription factors. These proteins are encoded by the GATA1 
gene present on the X-chromosome. GATA mediates tran-
scriptional regulation via various gene expressions, chroma-
tin modifications, and the binding of GATA factors in human 
multipotent hematopoietic stem cells, early erythroid pro-
genitors, and erythroid precursors. GATA factors are believed 
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Transport  

• To the tissues: Oxygen, Nutrients, Hormones
• From the tissues: Carbon-dioxide, Metabolites

Defense  

• Coagulation
• Immune response
• Healing

Homeostasis  

• Acid base balance
• Regulating the body temperature
• Balance of body fluids

Table 3.1 Physiological func-
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to mediate transcriptional changes via a stage-specific inter-
play with some regulatory elements [3]. The most differenti-
ated erythroblast then extrudes its nucleus and forms the 
enucleated, hemoglobin-filled reticulocyte. The reticulocyte 
then migrates into the blood where it matures by shedding 
other internal organelles, in 1–2 days, to form the ‘erythro-
cyte’ or the red blood cells (RBC). The principal factor con-
trolling erythropoiesis is the hormone erythropoietin that is 
produced, in response to hypoxia, by the interstitial fibro-
blasts located adjacent to the proximal tubule epithelial cells 
in the renal cortex. The mature RBC is an 8 μm, biconcave 
disc, devoid of a nucleus or mitochondria and has a lifespan 
of 120 days.

Hemoglobin synthesis needs coordination between globin 
(α, β, γ, δ, ε) gene expression and heme synthesis. Heme 
synthesis occurs in both the cytosol and the mitochondria of 
erythroblasts. It begins with glycine and succinyl coenzyme 
A and ends with the production of a protoporphyrin IX ring, 
which binds to Fe2+ ion forms the final heme molecule. All 
the hemoglobin present in the circulating RBC is produced 
in the developing erythroblast and reticulocyte [4]. There are 
three types of normal hemoglobin present in the human 
blood. The fetus primarily produces fetal hemoglobin (HbF), 
which comprises two α and two γ globin subunits. HbF has a 
stronger affinity for oxygen which favors flow of oxygen 
from the maternal to the fetal circulation. Its production 
drops significantly after birth and accounts to 2–3% of hemo-
globin in adults. Hemoglobin A (HbA) is the most common 

(95–98%) adult form and comprises two α and two β globin 
subunits. HbA2 is a less common (1–3%) adult form made 
up of two α and two δ globin subunits. The most common 
abnormal variant of hemoglobin is HbS (sickle cell hemo-
globin), which results from a substitution of glutamic acid 
with valine at the sixth amino acid position in the β globin 
subunit. Thalassemia are disorders caused by reductions or 
absence of globin chain synthesis. Porphyria is a group of 
disorders caused by defective heme synthesis, due to defi-
ciency of enzymes needed in its production.

 Basic Physiology of the Components of Blood

Glucose is the major source of energy for the RBC, and it is 
anaerobically metabolized by the Embden-Meyerhof path-
way. Although, two molecules of adenosine triphosphate 
(ATP) are used in the initial stages, each glucose molecule 
yields two molecules of glyceraldehyde-3-phosphate mole-
cules and each of which in turn yield two molecules of 
ATP.  Therefore, the Embden-Meyerhof pathway produces 
two ATP and two reduced nicotinamide adenine dinucleotide 
(NADH) molecules (Fig. 3.2). The major role of the hexose 
monophosphate shunt is to produce the ‘reduced’ form of 
nicotinamide adenine dinucleotide phosphate (NADPH), 
which is needed to generate the reduced form of glutathione, 
a major antioxidant within the RBC. Glutathione is essential 
to protect the cellular enzymes and the hemoglobin from oxi-
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dant damage. Inadequate glutathione can lead to denaturing 
of hemoglobin which precipitate as Heinz bodies. The 
NADP/NADPH levels regulate the amount of glucose 
metabolized by the hexose monophosphate shunt. 
Abnormality of this pathway, such as deficiency of glucose- 
6- phospate dehydrogenase, can lead to hemolysis [5]. An 
offshoot of the Embden-Meyerhof pathway is the Luebering- 
Rapaport bypass. This pathway provides 
2,3- diphosphoglycerate (2,3-DPG), an important regulator 
of the affinity of hemoglobin to oxygen. The methemoglobin 
reductase pathway uses the enzyme methemoglobin reduc-
tase (cytochrome b5 reductase) and NADH to maintain 
hemoglobin iron in a reduced state (Fe2+).

The white blood cells or the ‘leucocytes’ can be broadly 
divided into phagocytes (neutrophils, eosinophils, basophils 
and monocytes) and lymphocytes. These cells along with an 
interplay of cytokines, antibodies, and the complement sys-
tem form the primary immune defense against an infective 
microbe or a foreign tissue. The platelets or the ‘thrombo-
cytes’ are non-nucleated cells that are derived by 
 fragmentation from megakaryocytes and survive 10–15 days 
in circulation. These are crucial for the initiation of blood 
coagulation and the repair of damaged tissue.

The plasma is an electrolyte solution containing proteins 
and it forms the vehicle for transport of cells, nutrients, and 
hormones. It plays a vital role in maintaining the acid-base 

status, functioning of the immune system, execution of the 
hemostatic cascade and delivering the cells (fibroblasts) and 
chemicals needed to heal and repair damaged tissue.

Albumin is the most abundant (3–5 g/dL) protein in the 
plasma, with a molecular weight of 69 kDalton. It is the sig-
nificant contributor to the plasma oncotic pressure and forms 
a vehicle to transport hydrophobic lipids. The second most 
common plasma proteins are the globulins (1–1.5 g/dL), of 
which there are three main subgroups: alpha, beta, and 
gamma globulins. The alpha and beta globulins transport 
iron, lipids, and fat-soluble vitamins. Immunoglobulins are 
gamma globulins that form the mainstay of humoral immune 
response.

 Transport of Oxygen and Carbon Dioxide

Oxygen (O2) is transported from the pulmonary alveoli to the 
tissues either bound to hemoglobin or dissolved in plasma. 
Each RBC contains approximately 300 million molecules of 
hemoglobin (Hb) and each molecule can combine with up to 
4 molecules of O2. The amount of O2 that binds to the Hb 
depends on the partial pressure of oxygen (PO2). At the alve-
oli, where the PO2 is about 100 mmHg, the Hb is fully satu-
rated. Although, 1gm of Hb can theoretically combine with 
1.39 ml of O2, in vivo this is about 1.34 ml due to the pres-
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ence of other forms of Hb such as methemoglobin and car-
boxyhemoglobin. When the first molecule of O2 is bound to 
the Hb, the conformation of the globin chain changes pro-
moting ease of binding of the subsequent molecules of O2. 
This ‘cooperativity’ is responsible for the sigmoid shape of 
the ‘oxy-hemoglobin dissociation’ curve. At the tissue level, 
where the PO2 is lower and as a molecule of O2 is released, 
the β chain move apart allowing 2,3 DPG to slide in between 
and lower the affinity of hemoglobin to O2 and promoting 
release of O2. The other factors that reduce the affinity of Hb 
to O2 are increasing temperature, acidosis and increased 
PCO2 (Bohr effect). The PO2 at which HbA is 50% saturated 
(P50) is normally 3.55 kPa (26.6 mmHg). Factors that reduce 
the affinity of Hb to O2 increase the P50 or shift the curve to 
the right while hypothermia, alkalosis and decreased PCO2 
increase the affinity and move it to the left. Carbon-monoxide 
(CO) affects hemoglobin-oxygen carriage in two ways. 
Hemoglobin has 200–300 times more affinity for CO than 
for O2 and carboxyhemoglobin also increases the affinity of 
the remaining hemoglobin to oxygen (decreases P50), 
 making it less available in the peripheral tissues. Fetal hemo-
globin has a higher affinity for oxygen compared to adult 
hemoglobin (P50 -19 mmHg).

The volume of O2 dissolved in plasma also depends on the 
PO2 and is about 0.003 ml/100 ml/mmHg PO2. In the arterial 
blood (PaO2 100 mmHg) this translates to 0.3 ml/100 ml [6].

Oxygen flux, or the amount of O2 delivered every minute 
(DO2) depends on concentration and oxygen saturation of 
Hb, the cardiac output and the PO2 (Eq. 3.1). In a person with 
Hb of 15 g/dL and the cardiac output (Q) of 5 L/min, this 
amounts to approximately 1000 ml/min.

 
DO Hb SaO PaO Q2 2 21 34 0 3= × ×( ) + ×( ){ }×. .  (3.1)

Adequacy of tissue perfusion and oxygenation is crucial 
for all metabolic processes in the cells and for tissue healing 
and resisting microbial infection. Although, tissue perfusion 
could be assessed by capillary refill time, measuring the oxy-
gen tension and pH of the gastrointestinal mucosa provides 
an objective measurement. Tissue oxygenation can be 
impaired in smokers and diabetics and when the tissue is 
hypothermic, while fluid supplementation, hypercapnia, and 
sympatholytic effect of neuraxial anesthesia may improve 
tissue perfusion [7]. Perfusion that is inadequate to meet the 
metabolic demands ushers in anaerobic metabolism, result-
ing in increased production of lactic acid. Lactic acidosis 
may be encountered with circulatory shock, severe diabetic 
ketoacidosis, ethanol overdose, chronic liver disease and use 
of drugs that inhibit gluconeogenesis and lactate transport 
(e.g., metformin).

In the tissues, about 250–300 ml of O2 is consumed every 
minute, and with an average respiratory quotient of 0.8, 
approximately 200–240 ml of carbon dioxide (CO2) is pro-

duced during the same period. This CO2 is transported, by 
the blood, to the lungs in three forms: (a) dissolved in the 
plasma (5%), (b) as bicarbonate (85%), and (c) as carbamino 
compound (10%). The solubility coefficient of CO2 is 
0.06 ml/100 ml/mmHg PCO2 (0.23 mmol/L/kPa), which is 
24 times more than that of O2. This translates to 3 ml/100 ml 
of venous blood (PvCO2 – 46 mmHg) and 2.5 ml/100 ml in 
the arterial blood (PaCO2 – 40 mmHg). CO2 from the tissue 
diffuses into the blood stream and readily enters the 
RBC. The CO2 combines with water to form carbonic acid, a 
reaction that is accelerated by carbonic anhydrase, an enzyme 
that is present in abundance, in the RBC. Carbonic acid rap-
idly dissociates into hydrogen ion (H+) and bicarbonate ion 
(HCO3

−). This increases the CO2 carrying capacity of blood. 
However, for this reaction to continue, the H+ and the HCO3

− 
has to be removed from the RBC. The H+ attaches to the 
imidazole group of the amino acid histidine of the deoxygen-
ated Hb and the HCO3

− diffuses out of the RBC into the 
plasma using the ‘Band 3’ anion transport protein. However, 
to maintain the electrical neutrality of the RBC each HCO3

− 
is exchanged for a chloride ion. This is known as the ‘chlo-
ride shift’ or Hamburger phenomenon [8]. Carbamino 
compounds are formed by the reversible reaction between 
CO2 and the terminal uncharged amino groups (R-NH2) 
present on the protein molecule, such as hemoglobin 
(carbaminohemoglobin).

Although, about 200 ml of additional CO2 is transported 
every minute from the peripheral tissues to the lung, the dif-
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ference in PCO2 in the arterial and the venous blood is about 
6 mmHg and the pH is not altered. This is possible because 
deoxygenated Hb is 3.5 times more effective in combining 
with CO2 than oxyhemoglobin (Haldane effect) and due to 
the ability of Hb to buffer H+ and facilitate the formation of 
HCO3

−, which is the principal buffer in blood. Although, the 
difference in content of O2 and CO2 between the arterial and 
venous blood is similar (5 ml/100 ml of blood) the CO2 dis-
sociation curve is steeper compare to that of O2 since the 
difference in partial pressures for O2 are wider (Fig. 3.3). The 
term ‘CO2 dissociation curve’ is a loose analogy to O2-Hb 
dissociation curve, even though hemoglobin is not the major 
site of CO2 carriage, unlike O2 [6].

 Transport of Hormones, Nutrients 
and Metabolic Waste

Hormones secreted by the endocrine system are transported 
by blood to distant target cells where it exerts its effect. The 
hormones can be of three chemical types: amines, steroids, 
or peptides. The amines are synthesized from tyrosine, the 
steroids from cholesterol and the peptides by transcription 
by specific mRNA in the endoplasmic reticulum. In the 
plasma, the hormones are transported bound to the plasma 
proteins and in its free form. There are specific proteins that 
bind certain hormones, such as thyroxine-binding globulin 
and corticosteroid- binding α2-globulin.

Blood is responsible for the transportation of nutrients 
that are essential for growth and development such as glu-
cose, amino acids, lipids, and vitamins.

Glucose is soluble in water and carried in the plasma. It is 
absorbed from the intestinal lumen into the intestinal epithe-
lial cells by active transport and into the water portion of the 
plasma. Glucose entry into the RBC is facilitated by glucose 
transporters (GLUT-1) which is regulated by the balance of 
ATP and AMP level within the RBC. A high AMP:ATP ratio 
promotes glucose uptake into the RBC.

Lipids are transported in plasma as free fatty acid, triglyc-
eride, and cholesteryl ester. Free fatty acid is transported as a 
physical complex with plasma albumin, while triglycerides 
and cholesteryl esters, due to their hydrophobic nature, are 
carried in the core of plasma lipoproteins. Since, lipids are 
less dense compared to water, the density of lipoproteins 
decreases as the proportion of lipid to protein increases. 
Cholesterol and triglycerides produced by the liver are com-
bined with other apoproteins and secreted into the blood as 
very-low-density lipoproteins (VLDL). Once the triglycer-
ides are removed by a cell the remaining cholesterol- 
lipoprotein complex becomes low-density (LDL). 
Cholesterol that is unused by the tissue is returned from 
these organs to the liver attached to high-density lipoproteins 
(HDL). This cholesterol is used for bile formation and some 

of which is excreted, and not deposited into the wall of the 
blood vessels. Therefore, a high ratio of HDL-cholesterol to 
total cholesterol suggests protection against atherosclerosis. 
Six enzymes, together with apolipoprotein cofactors and 
lipid transfer proteins, facilitate the transport of lipids in 
blood.

Dipeptides and tripeptides, which are broken down from 
ingested proteins, are further hydrolyzed into free amino 
acids within the intestinal epithelial cells. These amino acids 
are transported via the hepatic portal venous system and 
taken up by hepatocytes as building blocks for proteins pro-
duction. Blood is also responsible for the transfer of meta-
bolic end-products that has to be detoxified in the liver before 
elimination from the body. The amine group of the amino 
acid is removed by transamination and is accepted by the α- 
ketoglutarate to form glutamate. Glutamate is transported to 
the liver, where it gives up the nitrogen as ammonia (NH3). 
Ammonia, which is in equilibrium with ammonium (NH4+), 
is converted to urea by the urea cycle. [2NH3 (ammo-
nia)  +  CO2  +  3 ATP  +  H2O  →  H2N-CO-NH2 (urea)  +  2 
ADP + 4 Pi + AMP].

Urea is the primary nitrogenous waste product of protein 
metabolism and is carried by blood to the kidneys to be 
excreted in the urine. Urea, apart from being a carrier of 
waste nitrogen, also plays a role in the countercurrent 
exchange system of the nephrons, which allows for re- 
absorption of water and critical ions from the glomerular fil-
trate. The process of creating hyperosmotic urine is controlled 
by the anti-diuretic hormone (ADH) or vasopressin. The 
other waste products of aerobic metabolism, namely CO2 
and H+ are also transported by the blood to the lungs and 
kidneys, respectively.

 Hemostasis and Coagulation

The coagulation process is an intricate interaction between 
the disrupted vessel wall, the aggregated platelets, and the 
activated clotting factors (Table 3.2). The first response to the 
disruption of a blood vessel is reflex vasoconstriction of the 
adjacent blood vessel, which apart from limiting blood loss 
by slowing blood flow, also activates the platelets. In the 
plasma, clotting Factors XII, XI, IX, X, VII, prothrombin 
and fibrinogen exist as inactive precursors that are activated 
by proteolytic cleavage into serine proteases. Factor VIII is a 
large protein and made up of two components: the VIIIR-Ag 
and the VIIIc. The von-Willebrand factor (VIII-WF) forms a 
part of VIIIR-Ag and is responsible for the platelet adhesion. 
Fibrinogen is made up of three pairs of polypeptide chains, 
α, β, and δ. Thrombin separates fibrinopeptide α and β and 
convert fibrinogen to fibrin monomer. The activated Factor 
XIII introduces Glu-Lys peptide bonds between the mono-
mers to stabilize the clot.

3 Physiological Functions of Blood
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The process of control of the bleeding is also about blood 
flow through the healed blood vessel. There is an anticoagu-
lant system that exerts a regulatory role over the procoagu-
lant activity to localize the thrombus formation. Antithrombin 
(AT) is a serine protease inhibitor, which binds and inacti-
vates thrombin, factors IXa, Xa, XIa and XIIa. The enzy-
matic activity of AT is enhanced in the presence of heparin. 
Protein C is a serine protease with potent anticoagulant, pro-
fibrinolytic and anti-inflammatory properties. It is activated 
by thrombin and acts by inhibiting activated factors V and 
VIII, with Protein S and phospholipids acting as cofactors. 
Thrombomodulin is a transmembrane receptor located on 
the endothelial cells that binds to thrombin and prevents the 

formation of the clot over an undamaged endothelium. Tissue 
factor pathway inhibitor (TFPI) inhibits the TF/VIIa/Xa 
complex as a mechanism to localize the clotting [9].

Historically, the coagulation cascade was described as 
activated by tissue factor (extrinsic) or a contact factor 
(intrinsic). However, a newer, unified concept of ‘initiation’, 
‘amplification’ and ‘propagation’, describes this complex 
process more clearly [10].

Initiation The disruption of the endothelium exposes the 
circulating coagulation factors to the ‘tissue factor’, a glyco-
protein located in the subendothelial layer. The tissue factor 
binds to the activated factor VII (proconvertin -VIIa) and this 
complex activates factors IX and X. Factors IXa and Xa, in 
the presence of Va, generates a small amount of thrombin 
(IIa) from prothrombin (II). This thrombin primer ‘initiates’ 
the coagulation process by activating the platelets. The sur-
face of the activated platelets forms the template for the 
coagulation factors to conglomerate.

Amplification The process of ‘amplification’ essentially 
increases the production of thrombin that is needed to cleave 
the fibrinogen to fibrin. The primer amount of thrombin acti-
vates non-enzymatic cofactors, factor V and VIII and XI 
which generates large amounts of factors IXa and Xa.

Propagation On the surface of the activated platelets, factor 
VIIIa in presence of platelet factor 3 (phospholipids) and cal-
cium ions generate large amounts of Xa. Activated ‘Stuart- 
Prower’ factor (Xa) along with Va forms the prothrombinase 
complex which rapidly cleaves large amount of prothrombin 
to thrombin (IIa), which in turn breaks down fibrinogen to 
fibrin. The thrombin also activates factor XIII which trans-
forms the soluble fibrin monomers into a stable fibrin matrix 
(Fig. 3.4).

Once the organized clot has stopped the bleeding, the 
enzymatic process of fibrinolysis initiated by plasmin, starts 
the process of clot lysis and vessel healing. Plasmin is 
derived by cleavage of the peptide bond of the fibrin-bound 
plasminogen, by plasminogen activators. The principal plas-
minogen activators are tissue plasminogen activators (t-PA), 
synthesized by the endothelial cells, and urokinase- 
plasminogen activator, synthesized by various cell types 
including fibroblasts, epithelial cells, and the placenta [10].

 Immune System

An effective immune system should be able to differentiate a 
foreign cell or molecule from self and prepare an effector 
response to neutralize an invading organism, react to a for-
eign tissue or eliminate an abnormal cell. The blood and the 

Table 3.2 Factors that regulate coagulation

Properties

In vivo 
half-life 
(h)

Coagulation factors
   Factor 1 – Fibrinogen Clot substrate 100–150
   Factor II – Prothrombin Serin-protease zymogen 

(Vitamin K dependent)
50–120

   Factor III – Tissue Factor Receptor-cofactor
Factor binding to 
phospholipids

   Factor IV – Calcium

   Factor V – Proaccelerin Cofactor for 
X-Prothrombinase complex

12–36

   Factor 
VII – Pro-convertin

Activates IX, X (Vitamin K 
dependent)

4–6

   Factor VIII – Anti- 
hemophilic A

Complex with IX, activates 
X with platelet factor 3 & 
Ca

10–16

   Factor IX – Anti- 
hemophilic B

Complex with VIII, activates 
X (Vitamin K dependent)

24

   Factor X – Stuart- 
Prower factor

Prothrombinase complex 
with V(Vitamin K 
dependent)

36–48

   Factor XI – Plasma 
thromboplastin 
antecedent

Activates IX 40–80

   Factor XII – Hageman 
factor

Activates XI, VII & 
prekallikrein

50–70

   Factor XIII – Fibrin 
stabilizing factor

Transglutaminase zymogen 150–300

   Prékallilrein (F Fletcher) It is cleaved by Factor XII to 
form kallikrein

35

Coagulation inhibitors
   Antithrombin Inhibits IIa, Xa and other 

proteases
50–70

   Protein C Inactivates Va & VIIIa 
(Vitamin K dependent)

6–8

   Protein S Cofactor for Protein C
   Tissue Factor Pathway 

Inhibitor
Inhibits Tissue factor-Xa- 
VIIa complex

   Thrombomodulin Cofactor in thrombin- 
induced activation of Protein 
C

The synchronization of coagulation factors along with coagulation 
inhibitors and fibrinolysis play a crucial role in the process of clotting 
and healing
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lymphoid tissue, along with the bone marrow and the thy-
mus, play an important role in developing and executing this 
vital defense mechanism. All immune cells, namely lympho-
cytes and phagocytes, evolve from immature stem cells in 
the bone marrow, in response to cytokines and other signals. 
The human immune response can be divided into the ‘innate’ 
and the ‘adaptive’ immunity.

The innate defense mechanism not only consists of the 
anatomical (skin, mucous membrane) and the physiological 
(temperature, pH, tissue oxygen level) barriers but also a 
complex system of granulocytes, macrophages and natural 
killer (NK) cells, collectively known as ‘phagocytes’, that can 
recognize a foreign antigen and neutralize it by engulfing the 
microorganism. The innate immune cells recognize microor-
ganisms by sensing the pathogen associated molecular pat-
terns (PAMP), which are essentially components of microbial 
metabolism, including proteins, lipids, carbohydrates, and 
nucleic acids and distinct from self-antigens. The recognition 
of PAMP is mediated by numerous types of pattern- 
recognition receptors (PRR) that are expressed on the phago-
cytes. It has been shown that different PRR react with specific 
PAMP and can essentially trigger a distinct anti-pathogen 
response. Hence, contrarily to what was originally thought, 
the innate immune response may not be completely nonspe-
cific, but rather able to discriminate between self- antigens 
and a variety of pathogens and may be a prerequisite to the 
induction of antigen specific adaptive immune response [11].

The granulocytes (neutrophils, eosinophils, basophils, 
mast cells) contain large cytoplasmic granules of enzymes 

and microbicidal substances that can be stained by basic dyes. 
As part of the immune response, the granulocytes migrate to 
the site of infection and release several molecules, including 
histamine, cytokines, chemokines, enzymes, and growth fac-
tors, which form an integral part of inflammation and the eti-
ology of an allergic reaction. Of the four types, basophils are 
least common (0.5%) and involved in antigen presentation, 
stimulation, and differentiation of CD4+ T cells; the eosino-
phils (1%) are involved with the pathogenesis of allergic and 
autoimmune diseases; the mast cells are rich in heparin and 
histamine and involved in varied immunological responses 
ranging from allergy to immune tolerance; and the neutro-
phils being the most abundant (70%), form the forerunner of 
the body’s cellular immune response. The natural killer (NK) 
cells are from the lymphocytic lineage and control several 
types of tumors and microbial infections by limiting their 
spread and subsequent tissue damage. Recent research high-
lights that NK cells are also regulatory cells interacting with 
dendritic cells, macrophages, T cells and endothelial cells, 
and can thus limit or exacerbate immune responses. NK cell 
manipulation seems to hold promise in efforts to improve 
hematopoietic and solid organ transplantation, promote anti-
tumor immunotherapy and control inflammatory and autoim-
mune disorders [12]. Apart from granulocytes and NK cells, 
there are phagocytic cells in the blood (monocytes), the tis-
sues (macrophage) and the lymphoid system (dendritic cells) 
that contribute to innate immunity.

The dendritic cells (DC), when activated by the microor-
ganisms or its components, undergo a complex process of 
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Fig. 3.4 Unified concept of coagulation. The concept of coagulation is better explained as ‘initiation’, ‘amplification’ and ‘propagation’. TF tissue 
factor, TFPI tissue factor pathway inhibitor, PF3 platelet factor 3. The roman numerals refer to the clotting factors as alluded to in Table 3.2
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morphological and functional modification. These mature 
DC enters the draining lymphatic vessels and migrate to the 
T-cell zones of the draining lymph nodes, where they present 
the ‘foreign’ antigen to the T lymphocytes. Depending on 
their maturation profile, DC will stimulate the proliferation 
of distinct T cells or maturation of B lymphocytes (Fig. 3.5). 
Therefore, the innate immunity is not only responsible for 
the infection-induced nonspecific inflammatory response but 
also setting up the specific adaptive immunity to the invading 
pathogens [11]. This adaptive immunity also develops immu-
nological memory, allowing the host to rapidly respond 
when exposed to the same pathogen later in time.

B lymphocytes develop in the bone marrow and the 
immunoglobulins on their surface is crucial for antigen rec-
ognition and binding. Once activated, the B lymphocytes 
mature into antibody-secreting plasma cells. The antibody 
released from the B cell binds to the antigen to form an 
immune complex, which along with the complement cause 
lysis of the microorganism. Immunoglobulins (Ig) are pro-
teins that consists of two identical light chains and two heavy 
chains joined by disulfide bonds. The unique heavy chain 
sequence determines five isotypes of immunoglobulins: IgG, 
IgM, IgA, IgE, and IgD.

IgG works efficiently to coat microbes, enhancing their 
uptake by other cells in the immune system; IgM is highly 
effective at killing bacteria; IgA are present in the secretions 
of the mucous linings such as tears, saliva, secretions of the 
respiratory and the digestive tract; IgE, whose natural func-

tion is probably to protect against parasitic infections, is also 
responsible for the symptoms of allergy; and IgD remains 
attached to B cells and plays a key role in initiating early 
B-cell response.

The T lymphocytes leave the bone marrow and mature in 
the thymus and can only recognize the antigen that is bound 
to the major histocompatibility complex (MHC) molecule. 
Although discovered during studies on transplanted tissue 
compatibility, MHC molecules or the human lymphocyte 
antigen (HLA) are cell surface proteins essential to discrimi-
nate an alien tissue or molecule from one’s own. T lympho-
cytes are of two types, the cytotoxic T lymphocytes (TC) and 
the T helper lymphocytes (TH). TC expresses CD8 cell 
marker which recognizes foreign antigen on the HLA I, 
which is expressed on all cells, except the RBC, and induces 
apoptosis of the cell displaying the antigen. TH expresses the 
CD4 membrane glycoprotein which recognizes the antigen 
displayed on HLA II that are expressed on antigen present-
ing cells, like macrophages, dendritic cells, and the B 
lymphocytes.

The complement system is a group of serum proteins that 
have an important role in antigen clearance. These are acti-
vated either by specific immunoglobulin molecules (classic 
pathway) or a variety of microorganisms and immune com-
plexes (alternative pathway). The complement proteins 
amplify antigen-antibody reactions, attract phagocytes to the 
site of infection, augment phagocytosis, and activate B lym-
phocytes. These proteins cause blood vessels to become 
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Fig. 3.5 The innate and adaptive immunity. The innate immunity can 
discriminate between self-antigens and a variety of foreign proteins and 
is a prerequisite to the induction of antigen specific adaptive immune 
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dilated and leaky, causing redness, warmth, swelling, pain, 
and loss of function that characterizes an inflammatory 
response. Cytokines are chemical messengers that establish 
communication between the components of the immune sys-
tem. These are a diverse group of proteins which include 
interleukins, interferons, and growth factors.

 Acid–Base Regulation

Although the human body is an acid producing organism, the 
pH of the blood is maintained relatively stable at a slightly 
alkaline level of 7.35–7.45. An acid is a compound that 
releases a H+ (proton) and a base is one that can accept it. pH 
is the negative logarithm of H+ concentration in moles/L. The 
intracellular pH is 6.8 ([H+] = 160 nmol/L), while the pH of 
the extracellular fluid is maintained at 7.35–7.45 
([H+] = 35–45 nmol/L). This four-fold concentration gradi-
ent of [H+] is counterbalanced by the intracellular potential 
of −70 mV.

A buffer is a substance that minimizes the change in pH of 
a solution when a strong acid or alkali is added to that solu-
tion. It is a mixture of a weak acid with its conjugate base. 
The buffer is most effective when the pH of the milieu is 
close to its pKa, which is the pH at which it is 50% ionized. 
The relationship between the pH and the pKa is demon-
strated by the Henderson-Hasselbalch equation.

Henderson Hasselbalch−( ) = +
[ ]
[ ]

: logpH pKa
base

acid10

(3.2)

The extracellular buffer systems available in the blood are (a) 
the bicarbonate system (H2CO3/HCO3

−), (b) the hemoglobin 
system (HHb/Hb− & HHbO2/HbO2

−), (c) the protein (histi-
dine) system, and d) the phosphate (H2PO4

−/ HPO4
2−) 

system.
The bicarbonate system has a pKa of 6.1 and using the 

Henderson-Hasselbalch equation, it can be derived that the 
pH of 7.4 is dependent on maintaining the ratio of HCO3

− to 
CO2 of about 20 [6].

 
pH

HCO

S PCO
= +

 
×

−

6 1 10

3

2

. log
 

(S is the solubility coefficient of CO2: S = 0.03 when PCO2 is 
expressed in mmHg)

The components of the bicarbonate system, namely CO2 
and HCO3 are in equilibrium and the conversion of CO2 to 
H2CO3 and then to HCO3

− is catalyzed by carbonic anhy-
drase. Carbonic anhydrase is present in high concentration in 
the erythrocytes and the renal tubular cells and both these 

cells can remove H+, thereby favoring the production of 
bicarbonate.

The versatility of the bicarbonate system is that the level 
of CO2 and the HCO3

− can be regulated by altering the ven-
tilation and the renal excretion, respectively. The HCO3

− is 
not only responsible for 60% of total buffering capacity of 
the blood, its presence is needed for efficient buffering by 
hemoglobin, which constitutes most of the remaining buffer-
ing capacity and it is also necessary for H+ excretion by the 
kidneys.

Hemoglobin is an important buffer, but it needs the bicar-
bonate buffer system to be effective. The increase in CO2 in 
the venous blood leads to increase production of HCO3

− 
which tends to maintain the HCO3

−/CO2 ratio, thus minimiz-
ing the change in pH.  A molecule of deoxygenated 
hemoglobin can accept 0.7 mmol of H+.

The phosphate system (H2PO4
−/HPO4

2−) has a pKa of 6.8 
and therefore theoretically better than the bicarbonate sys-
tem, but its concentration in the plasma is only 3.1 mg/dL 
(1 mmol/L). It does have a significant role as a buffer within 
the cell and in the urine.

Plasma proteins can buffer H+ but are only about 15% as 
effective as hemoglobin.

 Thermoregulation

Humans being homeothermic, maintain their core body tem-
perature between 36.5–37.3 °C. This relatively narrow range 
is optimal for enzyme function and chemical reactions within 
the cells. The human body may be considered as two com-
partments: the ‘core’ consists of the trunk organs and the 
brain while the limbs, skin, and the subcutaneous tissue 
make up the ‘periphery’. The blood functions as the conduit 
for transfer of heat energy between the two compartments. In 
health, the core temperature is maintained reasonably con-
stant, while the skin temperature fluctuates widely mirroring 
the ambient temperature. The core temperature is regulated 
and stabilized primarily by the anterior hypothalamic nucleus 
and the adjacent preoptic area regions of the hypothalamus 
[13]. The autonomic thermoregulatory response to cold is 
vasoconstriction and shivering, while the response to warmth 
is sweating and vasodilatation of arteriovenous shunts 
located in the dermis.

 Regulation of Body Fluids

The volume and the composition of the intracellular (ICF) 
and the extracellular (ECF) fluid compartments is deter-
mined by the movement of water, electrolytes, and plasma 
proteins between the two. Osmosis is the movement of 
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water across a semipermeable membrane when there is an 
inequality in the concentration of non-diffusible solutes 
across it. The osmotic pressure is determined by the concen-
tration gradient of osmotically active particles across the 
membrane and is proportional to the number of molecules 
or ions and not their molecular mass or charge. The osmo-
larity of a solution is the number of osmotically active par-
ticles per liter of solution, while the osmolality is the 
measure of such particles per kilogram of solvent. Unlike 
osmolarity, Osmolality is unaffected by the temperature or 
pressure. When considering dilute body fluids, which are 

primarily water, the difference between osmolarity and 
osmolality is negligible and used interchangeably. Since all 
the solutes in the plasma are measured in liters, osmolarity 
is commonly used.

Osmotically active solutes reduce the freezing point of the 
solute. The freezing point of plasma is about 0.54 °C, which 
corresponds to an osmolarity of 290 mOsm/L. Most of this is 
contributed by Na+ and the accompanying anion. Proteins 
contribute <1 mOsm/L. The significant non-ionic contributor 
of plasma osmolarity are glucose and urea or the blood urea 
nitrogen (BUN).

 
Osmolarity mOsm/L Na+ glucose urea glucose urea in( ) [ ] ( ) ( )= × + +2 &   mmol/L[ ]

 
Osmolarity mOsm/L Na+ glucose BUN glucose( ) [ ] ( ) ( )= × + +2 0 055 0 36. . &&BUNinmg/dL[ ]

The osmolarity of the ICF and ECF are similar as water is 
freely permeable between the two and therefore, the osmo-
larity of plasma is a guide to intracellular osmolarity.

In 1896, Ernest Starling suggested a hypothesis that the 
movement of water across the endothelium is dependent on 
the balance between the hydrostatic pressure gradient and 
the oncotic pressure gradient across the capillary [14].

 
Starling hypothesis Jv Lp S Pc Pi( ) = ( ) ( ): . − −σ −π πc i

(3.3)
Where:

• Jv  – trans endothelial solvent filtration volume per 
second

• Lp – hydraulic conductivity of the membrane
• S – surface area for filtration
• Pc – capillary hydrostatic pressure
• Pi – interstitial hydrostatic pressure
• πc – plasma protein oncotic pressure
• πi – interstitial oncotic pressure
• σ – Staverman’s reflection coefficient, a measure of the 

leakiness to plasma proteins

The net driving pressure is outward at the arteriolar end 
and inward at the venous end of the capillary, because of the 
variation in hydrostatic pressure. This suggestion was based 
on Poiseuille’s work (1799–1869) and the thinking that small 
molecules and electrolytes are freely permeable across the 
capillary endothelium, while the plasma proteins remain 
confined to the intravascular compartment. Albumin, the 
principal plasma protein exerts a colloid oncotic pressure of 
about 25 mmHg, which opposes the movement of water out 

of the blood vessel. However, over the last 50 years a better 
understanding of the microcirculation has shown the exis-
tence of the endothelial glycocalyx, a pre-capillary sphincter 
and a capillary wall that is porous to plasma protein [15]. 
This suggests that the Starling’s hypothesis may not be suf-
ficient to completely explain the physiology of the microcir-
culation. The blood and the lymphatic system are crucial in 
maintaining the balance of plasma and the interstitial fluid.

 Conclusion

Blood is a perfect amalgamation of cells, proteins, electro-
lytes, and water that delivers nutrients and oxygen to the 
cells, carries metabolites and CO2 to be excreted, protects the 
body against microbial infection and bleeding, and helps in 
regulating the acid-base balance, body temperature and the 
composition of the body fluids. The fluidity of blood is cru-
cial for its ability to perform its various functions and sus-
taining human life.

Key Points
• Blood is a connective tissue made up of a myriad of cells 

in a fluidic extracellular matrix.
• The cells in the blood differentiate from either the com-

mon myeloid progenitor cell or the common lymphoid 
progenitor cell, which is derived from the pluripotent 
hematopoietic stem cell within the bone marrow.

• The main functions of blood can be classified broadly into 
transport, defense, and homeostasis.

• The hemoglobin molecule is adapted to carry oxygen and 
facilitates the transport of CO2.

V. T. Cherian
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• The coagulation process is an intricate interaction between 
the disrupted vessel wall, the aggregated platelets, and the 
activated clotting factors.

• The innate immunity can discriminate between self- 
antigens and a variety of foreign protein and is a prerequi-
site to the induction of antigen specific adaptive immune 
response.

• Blood plays a crucial role in thermoregulation and main-
taining the composition of body fluids.
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Hemoglobin: Physiology 
and Hemoglobinopathy

Soojie Yu

Abbreviations

2,3-DPG 2,3 Diphosphoglycerate
CO Carbon monoxide
CO2 Carbon dioxide
fL Femtoliters
g/dL Grams/deciliter
Hb Hemoglobin
HbA Hemoglobin A
HbA2 Hemoglobin A2
HbE Hemoglobin E
HbF Hemoglobin F
HbH Hemoglobin H
HbS Hemoglobin S
NO Nitric oxide
O2 Oxygen
pg Picograms
R state Relaxed
RBCs Red blood cells
SCD Sickle cell disease
T state Tense
TI Beta-thalassemia intermedia
TM Beta-thalassemia major

 Introduction

Hemoglobin has multiple functions that include transporting 
oxygen from the lungs to the tissues, carrying carbon dioxide 
from tissues to the lungs, buffering of hydrogen ions and 
metabolizing nitric oxide. These functions can be altered in 
individuals who have hemoglobin disorders. Hemoglobin 
disorders include hemoglobinopathies, which are structural 
changes in the globin proteins of hemoglobin, and thalas-

semia, which are mutations in globin expression. Depending 
on the amount of mutated hemoglobin present individuals 
can have a variety of severity of symptoms.

 Hemoglobin and Oxygen Binding Regulation

Hemoglobin (Hb) is produced in erythroid cells in the bone 
marrow of long bones and flat bones. It is a tetrameric pro-
tein composed of four globin chains. Each chain contains a 
heme molecule which consist of a protoporphyrin ring and a 
central iron ion in the ferrous state (Fe2+) [1, 2]. In adults, 
there are two major tetramers, Hemoglobin A (HbA) which 
have two α and two β globin polypeptides, and Hemoglobin 
A2 (HbA2), which have two α and two δ globin polypep-
tides. HbA is the most abundant form (>90%) of adult Hb 
[3]. In fetuses, the majority of hemoglobin is hemoglobin F 
(HbF), which contains two α and two γ polypeptides [2]. 
HbF level declines approximately 6 months after birth [2]. 
The globin chains are encoded by the α and β gene clusters 
on chromosome 16 and 11, respectively [4]. The α-like genes 
include an embryonic gene (ζ) and two adult genes (α1 and 
α2) while the β-like genes include an embryonic gene (ε), 
fetal gene (γ), and adult genes (β and δ) [4]. Hb is an alloste-
ric protein that exists in two forms a tense (T) state and a 
relaxed (R) state [2]. When heme binds to oxygen (O2), the 
ferrous ion is pulled closer to the protoporphyrin ring flatten-
ing the ring and changing the shape [2]. In the globin chain, 
the heme molecule is located in a crevice on the side. In the 
T state, the crevices are small making it difficult for oxygen 
to bind to heme [2]. When one heme molecule binds to oxy-
gen, it causes the structural change relaxes the molecule and 
opens up the crevices on adjacent globin therefore increasing 
their affinity to oxygen [2]. When all four hemes are bound 
to oxygen, Hb is then in its relaxed (R) state [2]. Hb only 
binds oxygen when iron heme is in its ferrous (2+) form [5]. 
If iron heme is oxidized to its ferric form (3+), it is called 
methemoglobin and it no longer binds to oxygen [2, 5]. Hb 
can have a harmful role under stress or pathological condi-
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tions. In acidic environment, oxygen attached to Hb can 
accept an electron from the ferrous ion to form a superoxide 
and a ferric ion or a methemoglobin [6]. Within the RBC, 
antioxidants help reduce the ferric ion to the ferrous state but 
outside the RBC, auto-oxidation is high [6].

 Oxygen Binding

Oxygen saturation, which is the percentage of oxygen 
bound to Hb, is different from partial pressure of oxygen 
in the blood, which is the amount of oxygen dissolved in 
the blood. Approximately 98% of oxygen in the blood is 
bound to Hb while 2% is dissolved in the plasma [7]. The 
oxyhemoglobin dissociation curve helps describe the rela-
tionship between the concepts [2, 8]. The oxyhemoglobin 
dissociation curve has a sigmoid shape due to the positive 
cooperativity and change in affinity after subsequent bind-
ing of oxygen to other heme molecules [2]. Initially, when 
the first oxygen molecule binds to deoxyhemoglobin, the 
affinity is low, and the partial pressure of oxygen is low. 
The curve at that point is flat. After one oxygen molecule 
binds, it becomes easier for each subsequent oxygen mol-
ecules to bind; therefore, increasing the slope of the graph. 
As the partial pressure of oxygen increases and most of the 
oxygen binding sites are occupied, the curve flattens again. 
In physiologic conditions, the venous oxygen saturation is 
around 75% or above which implies normally the final 
oxygen binding site is occupied or unoccupied in hemo-
globin making it very efficient [2]. P50 is another impor-
tant point on the oxyhemoglobin dissociation curve. P50 is 
the partial pressure of oxygen in blood when hemoglobin 
is 50% saturated. Changes in the P50 value helps describe 
if the curve is shifted towards the right or left which indi-
cates if the affinity of oxygen is decreased or increased, 
respectively [2].
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Other factors that affect the affinity of Hb to oxygen are 
the pH, partial pressure of carbon dioxide (CO2), tempera-
ture and 2,3 diphosphoglycerate (2,3-DPG) [2]. A decrease 
in pH causes the oxyhemoglobin dissociation curve to shift 
to the right due to increases in hydrogen ions stabilize hemo-
globin in its deoxygenated form [7]. As pH decreases and 
CO2 increases, hemoglobin affinity for oxygen decreases. 
CO2 affects the dissociation curve in two ways. The majority 
of CO2 is converted into carbonic acid within erythrocytes 
[7]. Carbonic acid dissociates into hydrogen ions and bicar-
bonate therefore increasing hydrogen ions which decreases 
the affinity of oxygen to heme [7]. The other method is by 
binding to heme and forming carbaminohemoglobin which 
stabilizes the tense deoxygenated state [7].

 2,3-DPG

2,3-DPG is an intermediate product of glycolysis and is pro-
duced in erythrocytes. It is an anionic phosphate that binds 
between the beta globin chains of deoxyhemoglobin altering 
the structure and promoting the release of oxygen from 
hemoglobin [2]. 2,3-DPG is the principal regulator of oxy-
gen affinity in red blood cells (RBCs). Its binding separates 
the two β chains which causes favoring of the deoxygenated 
form and decreasing the affinity of oxygen [4]. When con-
centrations of 2,3-DPG are high, the dissociation curve is 
shifted towards the right and when concentrations are low, 
the curve is shifted towards the left [2]. This helps to explain 
why oxygen affinity is reduced in anemic patients because 
there is a higher concentration of intracellular 2,3-DPG 
which helps increase oxygen delivery to the tissues [4].

Gas exchange in the capillaries occur through the balance 
of the Bohr and Haldane effects. In the lungs, the partial 
pressure of oxygen is high therefore deoxygenated hemoglo-
bin is exposed to high amounts of oxygen facilitating oxygen 
binding [7, 9]. As blood leaves the lungs, the decrease in 
partial pressure of oxygen in the tissues and increase in CO2 
helps decrease affinity of oxygen and helps release of oxy-
gen from Hb. As the partial pressure of O2 decreases along 
the systemic capillary, hemoglobin deoxygenates and the 
molecule changes toward its tense form. In the tense struc-
tural form, CO2 has increase affinity to hemoglobin Also, the 
increase in partial pressure of CO2 in tissues leads to an 
increase in hydrogen ions [9]. Increase in hydrogen ion con-
centration promotes the deoxygenated conformation of 
hemoglobin which shifts the dissociation curve to the right 
leading to decreased oxygen affinity [4, 7]. When demands 
exceed the oxygen available, tissue hypoxia can occur which 
leads to increase lactic acid in tissues. Decreasing oxygen 
affinity allows for rapid release of oxygen to hypoxic tissues. 
Decreased oxygen in blood increases production of erythro-
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poietin which stimulates the growth and production of red 
blood cells.

As normally humans are isothermic, temperature has little 
effect on oxygen affinity to hemoglobin. During exercise, the 
higher temperatures generated shift the curve to the right and 
increase oxygen unloading [2]. Also with exercise, the 
increase in hydrogen ion concentration also shifts the curve 
to the right favoring oxygen release to the tissues [4].

The binding affinity of heme from highest to lowest is 
nitric oxide (NO), carbon monoxide (CO) then oxygen [6]. 
Hemoglobin has 200–300 times higher affinity to carbon 
monoxide compare to oxygen [9]. When CO binds to Hb, 
carboxyhemoglobin is formed. Oxygen is prevented from 
binding due to competition for the binding sites on heme and 
CO bind nearly irreversibly to heme [9]. When one CO mol-
ecule binds to hemoglobin, it increases affinity of the other 
binding sites for oxygen shifting the oxyhemoglobin disso-
ciation curve to the left [9]. Due to increase affinity for oxy-
gen, release of oxygen to peripheral tissues can be decrease 
causing severe tissue hypoxia [7].

Nitric oxide (NO) is a signaling molecule for multiple 
diverse actions. It is produced by vascular endothelial cells 
and diffuses to smooth muscle cells. In smooth muscle cells, 
it activates guanylate cyclase which converts guanosine tri-
phosphate into cyclic guanosine monophosphate [5]. NO has 
a high affinity for the ferrous heme therefore sequestering it 
due to a slow dissociation rate [5]. NO deoxygenation 
through reaction with oxyHb destroys NO activity. If NO 
binds to Hb in the T state, a Hb-NO complex forms with little 
vasodilatory activity [2]. When NO binds to Hb in the R 
state, the ferrous ion is oxidized creating methemoglobin and 
NO is converted to nitrate [2] NO binding to ferric heme 
does not hinder NO signaling. NO binding to metHb is high 
but also dissociation rate is fast. Cell-free Hb reacts to NO 
1000 times faster than red cell encapsulated Hb [5]. When 
Hb is in the ferrous state, then it limits the NO signaling pre-
venting it from reaching the smooth muscle. When Hb is 
reduced to its ferric state, then NO diffusion to smooth mus-
cle is not prevented.

 Hemoglobinopathies

Hemoglobinopathies occur when there is a mutation affect-
ing the hemoglobin chain structure while thalassemia syn-
dromes (Tables 4.1 and 4.2) are created when there is a 
mutation in hemoglobin chain production and expression 
[2]. Hemoglobin disorders have a high prevalence due to 
natural selection. Hemoglobin disorders provide relative 
protection against certain infections like malaria [10]. The 
improved survival of heterozygotes offset the reduce 
reproductive success of homozygotes. As there is overlap 
in geography where hemoglobin disorders are prevalent, 

co-inheritance of more than one hemoglobin abnormality 
is common which causes a wide range of clinical pheno-
types [4].

 Thalassemia Syndromes

Thalassemia syndromes are a group of disorders caused by 
decreased expression of one or more of the globin chain sub-
units [11]. As a group, they are the most common single 
genetic disorder [12]. A decrease in expression of one of the 
globin chains cause increase expression of the unaffected 
globin chain which create abnormal RBC maturation. Alpha- 
thalassemia is an inherited, autosomal recessive disorder [1]. 
Majority of alpha-thalassemia disorders are caused by dele-
tions in the gene and minorly by point mutations affecting 
the expression of one or more of the alpha globin genes [1]. 
As the alpha genes are duplicated on each chromosome, 
complete absence of alpha globin chain only occurs if all 
four of the genes are deleted. With a mutation affecting the 
alpha gene on one chromosome, an individual is said to have 

Table 4.1 Forms of alpha thalassemia

Gene 
mutation 
inheritance Variant Phenotype Treatment
a-/aa Alpha 

thalassemia 
silent carrier

Asymptomatic

--/aa Alpha 
thalassemia 
trait

Asymptomatic

--/a- Hemoglobin 
H disease

Variable 
expression, 
hemolytic anemia, 
splenomegaly

Episodic 
transfusions, iron 
chelation

--/-- Hemoglobin 
Bart’s

Severe anemia, 
hydrops in 
affected fetuses

Prenatal 
screening and 
counseling, 
intrauterine 
transfusions

Table 4.2 Forms of beta-thalassemia

Genotype Variant Phenotype Treatment
B0/B
B+/B

Beta 
thalassemia 
minor/trait

Asymptomatic, mild 
anemia, MCV and MCH 
decreased,

B+/B+

B+/B0

Beta 
thalassemia 
intermedia

Variable degrees of 
severity, moderate 
hemolytic anemia, MCV 
and MCH decreased

Episodic 
transfusions

B0/B0 Beta 
thalassemia 
major

Transfusion dependent 
hemolytic anemia, MCV 
and MCH decreased, 
failure to thrive, feeding 
problems, splenomegaly

Periodic and 
life-long blood 
transfusions
Hematopoietic 
stem cell 
transplant
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“silent” alpha-thalassemia [1]. When two genes are involved, 
it’s alpha-thalassemia trait [1]. With compound homozygotes 
or heterozygotes, three of four alpha globin genes lose their 
function due to deletions or mutations creating hemoglobin 
H (HbH) [1, 13]. Due to the instability and high oxygen 
affinity, HbH produces intracellular precipitates that 
decreases the integrity of the RBC membrane therefore lead-
ing to ineffective RBC production and early cell death [13]. 
The most severe form of alpha thalassemia is with no expres-
sion of alpha globin genes and is called Hb Bart’s Hydrops 
Fetalis Syndrome [1]. Hemoglobin Bart’s have an extremely 
high oxygen affinity therefore it is ineffective for oxygen 
transportation [4].

Clinical presentations of alpha-thalassemia can vary from 
normal to severe anemia with Hb levels ranging 7.5–15.5 g/
dL, reduced mean corpuscular volume <79 fL, mean corpus-
cular hemoglobin <27 pg, a normal to increase red blood cell 
count, and normal to slightly decreased HbA2 percentage 
[13–15]. Silent alpha thalassemia or silent alpha thalassemia 
trait is clinically asymptomatic and identified by chance after 
routine screening or antenatal screening [1, 16]. HbH disease 
occurs from compound heterozygosity for two different 
mutations or from homozygotes mutations [13]. The alpha 
globin gene is expressed below 30% of normal. HbH disease 
individuals present with hemolytic anemia, splenomegaly, 
and other complications [13, 15]. HbH has become the most 
challenging hemoglobinopathy due to rising genotype pat-
terns and varying phenotypic presentation [13, 15]. The vari-
ation in presentation is influenced by the degree of alpha 
globin deficiency, environmental and genetic factors [13]. 
When alpha globin chain synthesis falls below 70% of nor-
mal in the fetal period, the increase in gamma globin chains 
form Hb Bart’s which can be detected and quantified during 
newborn screening [14–16]. Hb Bart’s Hydrops Fetalis 
Syndrome clinical features include intra-uterine anemia, 
hepatosplenomegaly, cardiovascular deformities, skeletal 
deformities, retardation of brain growth and edema [1]. 
There is a high risk of intra-uterine death and obstetric com-
plications [1].

β-Thalassemias are heterogenous autosomal recessive 
disorders that are mostly due to point mutations on the beta- 
globin gene on chromosome 11 causing abnormal produc-
tion or expression [10, 16]. In individual ethnic or 
geographical groups, a majority of beta thalassemia is due to 
four or five specific mutations [4]. There are three main 
forms of beta-thalassemia: beta-thalassemia major or 
Cooley’s anemia and Mediterranean anemia; beta- 
thalassemia intermedia; and thalassemia minor. The main 
forms are variants of homozygous, compound, or heterozy-
gous mutations or deletion of the beta globin gene [10, 16].

Individuals with beta-thalassemia major (TM) or transfu-
sion dependent thalassemia have severe impairment of beta 
globin chain production causing accumulation of alpha glo-

bin chains and precipitation in precursor RBCs [4]. TM indi-
viduals often show symptoms including failure to thrive, 
progressive paleness, feeding problems, diarrhea, and pro-
gressive enlargement of the abdomen due to splenomegaly 
between the 6–24 months of age [10, 14, 16, 17]. They have 
microcytic anemia, hemoglobin levels less than 7, mean cor-
puscular volume >50 < 70 fL, and mean corpuscular hemo-
globin >12 < 20 pg [10, 14, 16, 17]. TM individuals require 
regular blood transfusions to survive. With regular transfu-
sions, abnormal RBC production is prohibited but without 
compliance with chelation therapy, individuals can develop 
complications with iron overload [10]. If unable to have reg-
ular transfusions, individuals will have growth retardation, 
poor musculature, hepatosplenomegaly, and skeletal changes 
from expansion of the bone marrow [10]. Also, without regu-
lar transfusions, most die from high output heart failure [10].

β-thalassemia intermedia (TI) or non-transfusion depen-
dent thalassemia individuals present later than TM, have 
milder anemia, and either do not require or require less trans-
fusions [10, 16, 17]. They have hemoglobin levels around 7 
and 10 g/dL, mean corpuscular volume >50  <  80 fL, and 
mean corpuscular hemoglobin >16 < 24 pg [10]. If persons 
with TI have symptoms, they present with pallor, mild jaun-
dice, liver and spleen enlargement, tendency to develop 
osteopenia, and thrombotic complications [10]. Individuals 
can have high-output cardiac output and pulmonary hyper-
tension [10]. Persons can have iron overload from increased 
intestinal absorption due to increased production of abnor-
mal RBC [10].

Hemoglobin E (HbE) most common form of thalassemia 
in southeast Asia and is caused by replacement of a glutamic 
acid with lysine in the beta globin chain [11]. Homozygote 
HbE individuals have mild globin-chain imbalance and have 
similar phenotype to beta thalassemia heterozygotes [18]. 
HbE can be co-inherited with alpha and beta thalassemia 
which can produce a variety of clinical syndromes [18].

Alpha thalassemia is predominantly found in tropical and 
sub-tropical areas. The high carrier rate is believed to be due 
to the carriers have better protection against malaria falci-
parum [1]. The severe forms are predominantly found in 
South East Asia, Mediterranean area and the Middle East [1]. 
Beta Thalassemia is located throughout tropical and North 
Africa, the Mediterranean, the Middle East, and south and 
east Asia [4].

 Sickle Cell Disease

Structural variants causing hemoglobinopathies can be 
expressed as a clinical disease like sickle cell anemia and 
other sickling diseases, hemolysis due to unstable structures, 
hemoglobin with altered oxygen affinity, and hemoglobin 
unable to maintain iron in ferrous state [16]. For sickle cell 
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disease (SCD), an amino acid substitution in the beta globin 
chain causes polymerization of mutant hemoglobin S (HbS) 
[19]. Sickle cell disease is an autosomal recessive disorder 
that encompasses all disorders where there is a mutation in 
the beta globin gene that results in the same clinical syn-
drome [20]. Sickle cell anemia is the most common form and 
is the first human disorder to be understood at the molecular 
level [4, 20]. It is caused by homozygous of beta-S allele on 
chromosome 11 [20]. The change in the nucleotide replaces 
a hydrophilic glutamic acid with a hydrophobic valine resi-
due [19]. The change causes a mutated hemoglobin tetramer. 
Deoxygenated Hb which contain two mutant beta chain sub-
units causes exposure of the hydrophobic residue [3]. The 
hydrophobic residues bind to each other initiating nucleation 
of a HbS polymer [20]. The polymers increase cellular rigid-
ity and distort the RBC membrane leading to sickling, stress 
and premature hemolysis [20]. Polymerization occurs faster 
with higher concentrations of HbS and occurs slower with 
higher concentration of HbF [19]. HbF is excluded from HbS 
polymerization therefore interrupting the polymerization of 
deoxygenated HbS [20].

HbS polymerization depends on HbS concentration, par-
tial pressure of oxygen, temperature, pH, 2,3-DPG concen-
tration and presence of different Hb molecules [3]. HbS has 
decreased affinity for oxygen compared with HbA.  The 
decreased affinity exacerbates HbS polymerization which 
further reduces HbS affinity to oxygen [3, 20]. 2,3 DPG also 
decreases HbS affinity for oxygen and levels of 2,3 DPG is 
elevated in sickle erythrocytes [3, 19, 20]. Repeated episodes 
of RBC sickling and unsickling in conditions of low partial 
pressure of oxygen to high partial pressure of oxygen causes 
alterations in membrane structure and function and abnormal 
calcium compartmentalization [3, 19, 20]. Eventually, RBC 
sickling is permanent and can no longer revert to natural 
form.

Geographical distribution of the sickle cell mutation is 
dependent on the endemicity of malaria and population 
movements [3]. HbS provides protection against severe P. 
falciparum malaria therefore the highest frequency of sickle 
cell allele seen in sub-Saharan Africa, parts of the 
Mediterranean, the Middle East and India [3]. Variability of 
the clinical symptoms is partly due to genetic modifiers that 
affect HbF level and co-inheritance of alpha thalassemia. 
Expression of HbF ranging from 10–25% of total Hb reduces 
the clinical severity of sickle cell anemia [3, 19, 20].

Individuals with SCD have propensity for blood vessel 
occlusion which leads to ischemia and acute systemic pain-
ful vaso-occlusive crisis. Vaso-occlusive crisis is frequently 
initiated by an inflammatory or environmental stimulus 
including infection, hypoxia, dehydration, or acidosis. Blood 
vessel occlusion occurs due to the impaired RBC polymer-

ization, increased interaction between RBC’s, inflammatory 
cells, and endothelium, and hemostatic activation [3, 19, 20]. 
Impaired blood flow and ischemia occurs due to increased 
plasma viscosity from chronic hemolysis and sickle cell 
deformity. Due to the sickle cell form, the erythrocytes can 
be sequestered and promote transient vaso-occlusion. With 
the endothelial dysfunction and damage, there is upregula-
tion of selectins, vascular-cell-adhesion-molecule −1, inter-
leukin −8 on endothelial cells [3, 19, 20]. The increase in 
inflammatory markers, can increase neutrophil, monocyte 
and platelet activation and adhesion on damaged endothe-
lium. Sequestering platelets causing thrombocytopenia is a 
predictor of progression of vaso-occlusion crisis to poten-
tially lethal lung injury known as acute chest syndrome [3].

Acute chest syndrome is a complication of vaso-occlusive 
crisis and occurs 2–3 days after onset of vaso-occlusive pain 
[3, 19, 20]. When left untreated, it has a high mortality rate. 
It is caused by a hyper-inflammatory event, which usually in 
children is stimulated by an infection, that leads to release of 
cytokines, recruitment of neutrophils, breakdown of the 
endothelial-epithelial barrier, disruption of the oxygen 
exchange and acute lung injury.

Along with the vaso-occlusion, chronic hemolysis espe-
cially at higher rates cause progressive end-organ complica-
tions. Chronic anemia causes increase in cardiac output, 
dilation in ventricular chamber, and increase ventricular wall 
stress [3, 19]. Intravascular hemolysis causes endothelial 
damage from the increase reaction of oxy-Hb with nitric 
oxide forming inert nitrate which impairs nitric oxide depen-
dent vasodilation [3, 19]. Also, with increase hemolysis, cell- 
free Hb promotes reactive oxygen species formation [3, 19].

Three treatment modalities are currently available: 
hydroxyurea, erythrocyte transfusion, and hematopoietic 
stem cell transplantation [3, 19, 20]. Hydroxyurea is a ribo-
nucleotide reductase inhibitor that increases HbF expression 
and decreases leukocyte count [21]. Hydroxyurea decreases 
number of vaso-occlusive crises, hospitalizations and mor-
tality in high-income countries. Another treatment is RBC 
transfusion [20]. This therapy improves microvascular flow 
due to decrease in circulating sickled RBCs. Continued 
transfusions can prevent stroke and vaso-occlusive crises. 
Complications though from regular transfusions include iron 
overload, alloimmunization, and hemolytic transfusion reac-
tions. Current curative option for beta thalassemia major and 
sickle cell disease is allogenic hematopoietic stem cell trans-
plantation if a human leukocyte antigen compatible donor is 
available [1]. If one is not available, ex-vivo gene therapy 
using autologous hematopoietic stem cells is considered a 
possible curative option [1, 22]. Ex-vivo lentiviral transfer to 
hematopoietic stem cells was a breakthrough in gene therapy 
curing a sickle cell patient [23].
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 Summary

Hemoglobin is a tetrameric protein composed of four globin 
chains. Each globin chain has a heme molecule with a central 
iron ion. The predominant hemoglobin in adults is 
Hemoglobin A which consists of two alpha and two beta glo-
bin subunits. Minor hemoglobin is present including 
Hemoglobin F which are two alpha and two gamma globin 
chains and Hemoglobin A2 which consists of two alpha and 
two delta subunits. Each heme group can bind to gases for 
transport. When a heme group binds to oxygen, it causes a 
structural change in hemoglobin from a tense state to a 
relaxed state. The relaxed state has an increased affinity for 
oxygen to the other heme molecules. The oxyhemoglobin 
dissociation curve can help visualize how different factors 
can affect the affinity of hemoglobin for oxygen.

Hemoglobinopathies are the most common monogenic 
disease. They occur when there are mutations affecting the 
hemoglobin chain structure or production and expression. 
Individuals with hemoglobinopathies can have varied expres-
sion of hemoglobin F and A2 due to the decrease or mutated 
expression of Hemoglobin A.  Thalassemias occur when 
there are mutations in the hemoglobin chain affecting expres-
sion and production. Clinical presentation can vary from 
mild anemia to hydrops fetalis depending on the production 
and expression of the affected hemoglobin chain. Sickle cell 
disease is the most common form of hemoglobinopathies 
affecting hemoglobin chain structure. Though protective 
against malaria, individuals with sickle cell disease can have 
varied symptoms mostly due to vaso-occlusive propensity of 
the sickled erythrocytes.

Key Points
• Hemoglobin is produced in erythroid cells in the bone 

marrow of long bones and flat bones
• Hemoglobin is a tetrameric protein composed of four glo-

bin chains and each chain contains a heme molecule with 
a central iron ion

• Hemoglobin exists in two states: a tense deoxygenated 
state and a relaxed oxygenated state

• Hemoglobin is an allosteric protein therefore when one 
heme molecule binds to oxygen, hemoglobin transitions 
from its tense state to its relaxed state which increases its 
affinity for oxygen.

• Heme also binds to other gasses which allows for trans-
port of these gasses to different tissues

• The oxyhemoglobin dissociation curve helps describe the 
relationship between oxygen saturation and partial pres-
sure of oxygen.

• Thalassemias are a group of autosomal recessive disor-
ders caused by decreased expression of either alpha or 
beta globin chains due to mutation or deletion in the alpha 
or beta gene

• Individuals with thalassemia can have a range of severity 
of symptoms based on the if the gene on both chromo-
somes is affected.

• Hemoglobinopathy occurs when there is a mutation caus-
ing a change in hemoglobin chain structure.

• Sickle Cell disease is due to an amino acid substitution in 
the beta globin chain causing hemoglobin to polymerize 
and the red blood cell to sickle

• Individuals with sickle cell disease have a propensity for 
blood vessel occlusion and ischemia leading to vaso- 
occlusive crisis.

• Current treatments available for sickle cell disease include 
hydroxyurea, red blood cell transfusion, and hematopoi-
etic stem cell transplantation.
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The Global Burden of Anemia

Matthew A. Warner and Angela C. Weyand

 Introduction

Anemia, literally translated from the Greek roots of “an” 
(without) and “haima” (blood), represents a decrease in the 
number of functional circulating erythrocytes, and therefore 
is most accurately assessed through measurement of red 
blood cell (RBC) mass. Unfortunately, such measurements 
are cumbersome and are unavailable in most clinical set-
tings. As such, medical professionals are forced to rely on 
surrogates, including hemoglobin concentrations (i.e. the 
average amount of hemoglobin in a given volume of blood) 
and hematocrit (i.e. the volume of whole blood which is 
comprised by red cells, expressed as a percentage). While 
these are imperfect instruments influenced by changes in 
intravascular volume status and prone to laboratory errors, 
they are ubiquitously available in modern medical practice 
and generally provide a reasonable representation of true 
RBC or hemoglobin mass in the absence of acute bleeding 
[1]. Hence, anemia is typically defined by a hemoglobin con-
centration or hematocrit value falling below a reference nor-
mal value. In practical terms, anemia can be described as 
insufficient hemoglobin content (i.e. oxygen carrying capac-
ity) to meet tissue oxygen demands.

With regards to hemoglobin concentrations, lower thresh-
old values to define normality have been published in multi-
ple investigations (Table  5.1) with the World Health 
Organization (WHO) defining anemia by a hemoglobin 
<13 g/dL in adult men and <12 g/dL in non-pregnant adult 
women [2]. While likely a reflection of multiple underlying 
physiological processes, sex differences in adult hemoglobin 

concentrations are thought to be driven, in part, by stimula-
tory effects of androgens on the bone marrow [3, 4]. Notably, 
normative hemoglobin values are derived from studies of 
distinct populations, which are limited in size and not repre-
sentative of the entire global population. Indeed, numerous 
population-based investigations have noted disparate hemo-
globin thresholds at which to define anemia [5]. Further, tra-
ditional anemia definitions are based on the observed 
distributions of hemoglobin concentrations in a given popu-
lation of interest and not on the physiological significance of 
the hemoglobin concentrations themselves, though previous 
work has advocated for the importance of linking hemoglo-
bin concentration-based anemia definitions to clinical out-
comes [6–8].

It has been described that hemoglobin concentrations are 
lower in certain ethnic groups and races (i.e. Black compared 
to White persons) [9–11], which has generally been attrib-
uted to a higher prevalence of hemoglobinopathies (e.g. thal-
assemia trait) and other non-genetic factors such as chronic 
disease states and iron deficiency in Black persons. Yet, even 
after attempts to account differences in hemoglobinopathies, 
iron deficiency, and disease burden, persistent racial differ-
ences in hemoglobin concentrations remain [12–14], which 
have culminated in the creation of different reference stan-
dards to define anemia across races [15]. Importantly, low 
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Table 5.1 Hemoglobin concentrations utilized to define anemia across 
various studies

Source
Men g/
dL

Women g/
dL

Percent normal below 
cutoff

WHO (Blanc1) 13 12 Not provided
Jandl3 14.2 12.2 2.5
Williams(Beutler4) 14 12.3 2.5
Wintrobe(Lee5) 13.2 11.6 Not provided
Rapaport6 14 12 Not provided
Goyette7 13.2 11.7 5
Tietz8 13.2 11.7 Not provided
Hoffman9 13.5 12 2.5

Adapted from Beutler [63, 64]
Lower limits of normal of hemoglobin concentration of the blood of 
adult men and women as assessed by various sources
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hemoglobin concentrations are associated with increased 
mortality in both Black and White persons [6, 16], and 
attempts to utilize lower normative hemoglobin concentra-
tions in Black persons are likely ill-conceived. Beyond the 
previously mentioned factors that may influence hemoglobin 
distributions across races, there are likely significant social 
determinants of health (i.e. inferior health care access and 
quality, differences in dietary habits, living conditions, and 
nutritional status, lower wages, structural racism), which 
have facilitated and perpetuated the acceptance of lower nor-
mative hemoglobin concentrations in Black persons. While 
these important determinants of health are often difficult to 
accurately assess in population-based studies, future research 
is clearly warranted to determine the exact drivers of differ-
ences in hemoglobin concentrations across races. For now, it 
is most sensible that we commit to employing consistent 
hemoglobin thresholds to define anemia irrespective of race.

Beyond race, hemoglobin values tend to decrease with 
age, though the precise physiological or pathologic drivers 
remain unclear [17]. Decreases in hemoglobin with age are 
generally greater in men than women such that sex- 
discrepancies in hemoglobin concentrations decrease with 
advancing age. Additionally, hemoglobin values are impacted 
by altitude [18, 19], with those living and/or training at 
higher elevations having increased hemoglobin mass in 
response to hypoxemia-driven increases in erythropoiesis. 
Other hypoxemia-inducing environmental factors (e.g. ciga-
rette smoking) are also known to increase RBC production. 
Conversely, endurance athletes have been reported to have 
lower hemoglobin concentrations than the population aver-
age, which is likely multifactorial, including dilutional 
effects from increased plasma volumes [20], occult gastroin-
testinal bleeding with iron deficiency [21], intravascular 
hemolysis from repetitive trauma [22–24], and exercise- 

induced stimulation of pro-inflammatory cytokines, includ-
ing hepcidin upregulation, with subsequent impairment of 
iron transport and erythropoiesis [25]. Conversely, the use of 
performance enhancing substances, including erythropoietin 
and steroids, may result in polycythemia in athletes. It is 
important to note that hemoglobin mass is strongly and posi-
tively correlated with maximal aerobic performance in both 
children [26] and adults [27–29], with each 1 gram increase 
in hemoglobin mass associated with a 4 ml/min increase in 
maximum oxygen consumption (i.e. VO2max; Fig. 5.1).

 Anemia Development and Classification

In broad terms, anemia can be secondary to one of three pro-
cesses: blood loss, impaired RBC production, or premature 
destruction of RBCs. These mechanisms may occur alone or 
concurrently in any given patient. Blood loss may result in 
either rapid or slow development of anemia over time 
depending on the magnitude, speed, and frequency of bleed-
ing. Impaired RBC production is typically related to nutri-
tional deficiencies including iron, vitamin B12, and folate 
deficiencies, disease or drug-related bone marrow failure or 
suppression, inflammatory states characterized by impaired 
iron availability and/or reductions in the trophic hormones 
(e.g. erythropoietin, thyroxin, testosterone) that are respon-
sible for the stimulation of RBC production (i.e. erythropoi-
esis), and disease-related reductions in trophic hormones 
such as that seen in end-stage renal disease, severe hypothy-
roidism, and gonadal disorders. Destruction of RBCs at a 
rate exceeding a typical 100 to 120-day RBC lifespan is used 
to define hemolysis. Hemolysis may occur intravascularly 
(i.e. in the vascular space itself) or more commonly in extra-
vascular locations (e.g. liver, spleen). It may be secondary to 
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either congenital or acquired conditions. Further, hemolysis 
may result from mechanical devices such as prosthetic heart 
valves and ventricular assist devices. Hemolysis is often sus-
pected based upon clinical findings (e.g. dark urine, jaun-
dice) and laboratory evaluations (e.g. increased lactate 
dehydrogenase levels, reduced haptoglobin levels, increased 
indirect bilirubin levels, hemoglobinuria, hemoglobinemia).

Anemia may also be defined by the speed of develop-
ment. In a general sense, anemia either develops rapidly (i.e. 
acute) or slowly (i.e. chronic) over time. The most common 
cause of acute anemia is blood loss, including traumatic and 
non-traumatic hemorrhage, surgical and procedural bleed-
ing, and iatrogenic blood loss from phlebotomy [30–32]. 
Importantly, hemoglobin concentrations do not provide an 
accurate assessment of red cell mass or tissue oxygenation 
during acute bleeding [33–35]. Other notable causes of acute 
anemia include acute hemolysis, acute inflammation, medi-
cation, or infection-induced bone marrow suppression, and 
hemodilution, though the latter represents a state of plasma 
volume excess rather than actual hemoglobin deficiency [1]. 
Chronic anemia is characterized by slow loss of RBC mass 
over time and is most often associated with chronic medical 
conditions (i.e. chronic kidney disease, cancer, heart failure, 
chronic inflammatory or infectious states) or nutritional defi-
ciencies. Iron deficiency remains the leading global nutri-
tional deficiency resulting in anemia and the most common 
cause of anemia overall [36]. It is especially prevalent in per-
sons residing in low- and middle-income countries, children, 
and women of child-bearing age [37, 38]. Iron deficiency, 
which often occurs without anemia, is primarily driven by 
insufficient dietary intake, impaired intestinal absorption, or 
recurrent episodes of blood loss. Folate and vitamin B12 
deficiencies are other nutritional causes that may result in 
anemia development, typically developing over a period of 
months to years. Anemia, irrespective of chronicity, has con-
sistently been associated with poor health outcomes.

Anemia may be further classified based upon morpho-
logical evaluation, most commonly RBC size. A normal 
RBC has a volume of approximately 80–100 femtoliters 
(fL). This reference range can therefore be utilized to facili-
tate evaluations for anemia etiology based upon mean cor-
puscular volumes (MCV) of RBCs falling below, within, or 
above the expected range. When the MCV exceeds 100 fL, 
anemia is macrocytic. Common causes of macrocytic ane-
mia include folate and vitamin B12 deficiencies, alcohol 
abuse, chronic liver disease, hypothyroidism, and diseases 
associated with abnormal RBC maturation, including acute 
leukemia and myelodysplastic syndrome. Reticulocytes or 
immature RBCs are larger than mature RBCs so any 
 condition with reticulocytosis can cause macrocytosis. 
Microcytic anemias are defined by an MCV less than 
80 fL. Common causes include iron deficiency anemia, dis-
orders of globin production (i.e. alpha and beta thalassemia), 
and disorders of heme synthesis (i.e. sideroblastic anemias). 

Normocytic anemias by definition have a normal MCV. It is 
important to consider that the MCV is generally reported 
through the use of an automatic cell counter on a peripheral 
blood smear. Hence, the MCV represents the average or typi-
cal RBC volume, and there may indeed exist subpopulations 
of RBCs that are microcytic or macrocytic; hence, a normal 
MCV does not exclude the possibility for an underlying 
microcytic or macrocytic anemia. In general, normocytic 
anemias are reflective of underlying systemic disorders asso-
ciated with impairments in erythropoiesis.

Anemias occurring in hospitalized patients warrant spe-
cial attention. As anemia is common in community-dwelling 
persons, it is perhaps not surprising that anemia is also com-
mon in those requiring hospitalization. However, many 
patients that do not have a previous diagnosis of anemia 
develop incident anemia during hospitalization (i.e. hospital- 
acquired anemia [HAA]). HAA is thought to occur in 
33–75% of all hospitalized patients without a known history 
of anemia [39, 40]. The causes for HAA are multifactorial, 
but are most commonly related to blood loss, hemodilution, 
and impaired RBC production. Blood loss occurs as a result 
of hemorrhage, surgical and procedural bleeding, and iatro-
genic blood loss through phlebotomy. Every 50 ml of phle-
botomized blood is associated with a nearly 20% increase in 
the risk for developing moderate-to-severe HAA [31]. 
Hemodilution is defined by expansion of the circulating 
plasma volume without concurrent growth in hemoglobin 
mass, thereby culminating in a reduction in the hemoglobin 
concentration. Although not a true anemia per se, hemodilu-
tion creates an apparent anemia for clinicians who are accus-
tomed to making anemia-treatment decisions (e.g. RBC 
transfusion) based upon threshold hemoglobin concentra-
tions. It is important to recognize that the treatment for 
hemodilution-related anemia should be a reduction in the 
expanded plasma volume (e.g. diuresis) rather than further 
blood volume expansion with RBC transfusion. Finally, hos-
pitalized patients are at heightened risk for impairments in 
RBC production. For example, inflammatory and infectious 
conditions result in the production of inflammatory cyto-
kines which may result in decreased iron availability and 
decreases in erythropoietin [41, 42]. Critically ill patients 
and those requiring prolonged hospitalization are at particu-
lar risk for HAA [43, 44]. This anemia may persist long after 
hospitalization [41, 43] and has been associated with impair-
ments of post-hospitalization physical function [45].

 Health and Societal Implications of Anemia

Anemia has tremendous global impact. Approximately 2 bil-
lion people, more than ¼ of the global population, are esti-
mated to be living with anemia [38]. The highest rates of 
anemia are found in low- and middle-income countries, with 
vast discrepancies across geographic regions (Fig. 5.2). For 
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Anemia prevalence in 1990, all ages
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example, the prevalence of anemia in Sub-Saharan African is 
approximately 50,000–60,000 per 100,000 persons, which is 
substantially higher than a prevalence of 15,000 per 100,000 
persons in Western Europe and the United States [37]. Iron 
deficiency, the leading cause of anemia globally, affects 
approximately 1  in every 5 women and 1  in every 7 men 
[37]. However, causes of anemia vary by geographic loca-
tion, age, and sex [37, 38]. Notably, iron deficiency anemia 
and anemia of inflammation often coexist in low- and 
middle- income countries secondary to a high prevalence of 
nutritional deficiencies and chronic infections. Fortunately, 
anemia seems to be improving over time, with an estimated 
global prevalence of 27% in 2013 down from 33% in 1990 
[38], though rates remain alarmingly high.

Anemia has consistently been associated with poor 
health outcomes, including decreased health-related quality 
of life and survival [46]. As red blood cells are the dominant 
vehicles for oxygen delivery to vital organs and peripheral 
tissue beds, it is perhaps not surprising that anemia is asso-
ciated with a host of symptoms linked to inadequate tissue 
oxygen delivery. These include fatigue, weakness, impaired 
cognition, and concentration difficulties, though symptom-
atology may vary based on chronicity and degree of physi-
ological compensation. Anemia symptoms may result in 
difficulties in school, decreased work productivity, dimin-
ished physical functioning, and impaired quality of life. 
Globally, it has been estimated that anemia is responsible 
for more than 68 million years lived with disability, which 
accounts for nearly 10% of total global disability from all 
causes [37]. This burden falls disproportionately on women 
and children. Further, anemia in women of childbearing age 
is associated with increased risk for preterm labor, low birth 
weight infants, and both maternal and infant mortality [47, 
48]. This further aggravates global socioeconomic and 
health disparities.

In hospitalized patients, anemia has been associated with 
organ dysfunction such as acute kidney injury and myocar-
dial ischemia [49, 50], prolonged hospital stays [39], mortal-
ity [39, 40, 51], readmissions [40, 52], and increasing 
hospital costs [39]. In surgical patients, anemia is similarly 
associated with poor perioperative outcomes, including lon-
ger hospital lengths of stay, increased transfusion require-
ments, postoperative organ dysfunction, and mortality [50, 
53–59]. Despite this, only a fraction of patients receive dedi-
cated evaluation and management of anemia prior to elective 
surgery; more than a quarter of patients proceed to surgery 
with untreated anemia [43]. Further, up to 90% of patients 
experience anemia following surgery [53]. Importantly, ane-
mia is the leading predictor for red blood cell (RBC) transfu-
sion in hospitalized patients, with transfusion itself being 
associated with a myriad of adverse clinical outcomes. While 
clinical trials have consistently demonstrated that more 
restrictive RBC transfusion practices (i.e. transfusion for 

hemoglobin <7–8 g/dL) are generally equivalent or superior 
to more liberal practices (i.e. transfusion for hemoglobin 
<9–10 g/dL) [60, 61], many clinicians continue to view allo-
genic transfusion as a primary treatment for anemia in the 
hospital setting [62]. Unfortunately, anemia is often ignored, 
or “tolerated”, until hemoglobin concentrations fall below a 
given transfusion threshold, rather than evaluating and 
addressing the underlying causes.

 Summary

Anemia is a common disorder defined by a decrease in the 
number of circulating erythrocytes, which generally occurs 
as a result of one (or more) of the following processes: blood 
loss, impaired red cell production, or premature red cell 
destruction. The effects of anemia are felt globally, yet this 
burden falls disproportionately upon those in lower and 
middle- income countries. Despite being associated with a 
host of adverse clinical outcomes, anemia is often ignored 
until it is deemed severe enough to warrant transfusion.

Key Points
• Anemia represents insufficient hemoglobin content to 

meet tissue oxygen demands and is typically defined by a 
hemoglobin concentration less than 13 g/dL in adult men 
and less than 12 g/dL in adult, non-pregnant women.

• Anemia may be defined by the underlying pathological 
processes that lead to its development, the speed of devel-
opment, and by laboratory and morphological features.

• Iron deficiency is the leading cause of global anemia, 
which is particularly common in children and women.

• Anemia is experienced by more than 25% of the global 
population and is estimated to account for approximately 
10% of global disability, with the greatest burden experi-
enced in low- and middle-income countries.

• Symptoms of anemia include fatigue, concentration dif-
ficulties, and impaired aerobic capacity with subsequent 
impairments in quality of life.

• Anemia is associated with increased morbidity and mor-
tality and is the leading risk factor for allogeneic red 
blood cell transfusion.
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 Introduction

Blood transfusions are a crucial, life-saving treatment for a 
range of disorders and are among the most common medical 
interventions in use today. In the United States and other 
developed countries, whole blood is rarely used therapeuti-
cally, however. Instead, blood is separated into its compo-
nents during or immediately following its collection from a 
donor. This allows for each blood component to be processed 
and stored under optimal conditions. Platelets and certain 
coagulation factors quickly lose their clinical efficacy when 
stored in whole blood. When processed and stored separately 
from red blood cells, in contrast, platelets and factor-rich 
plasma retain their viability. In addition, the separation of 
blood components allows for each product to be transfused 
independently based upon the specific pathology being 
treated. Disorders of hemostasis, for example, may be treated 
with platelets, plasma, or specific coagulation factors. 
Symptomatic anemia, meanwhile, is managed with the trans-
fusion of red cell concentrates.

In the setting of massive hemorrhage, patients are typi-
cally deficient in all blood components. Even in cases such 
as these, requiring transfusion of whole-blood equivalents, 
component therapy has been shown to be non-inferior to the 
transfusion of whole blood. As such, the use of whole blood 
is limited to a small number of specific indications that 
include neonatal exchange transfusions and some cardiovas-
cular surgeries. While component therapy is nearly universal 
in wealthier countries, whole blood continues to be used in 
parts of the world where blood-banking infrastructure is 
underdeveloped.

Blood components may be derived from whole-blood 
donations or collected directly by means of apheresis. In 
either case, whole blood is initially separated into its major 
components by density gradient centrifugation. The subse-
quent processing, preservation, and storage of each blood 
component is unique to the product being manufactured.

This chapter describes the basic characteristics, process-
ing, storage of the major blood components. These include 
red blood cell concentrates, plasma-derived blood products, 
and platelets. The clinical use and physiologic effects of 
these blood products are also addressed.

 Red Cell Components

Blood product components are collected from donors in the 
form of whole blood through apheresis, a method that first 
removes whole blood and filters out specific components and 
returning the remaining components to the donor. After col-
lection, whole blood is biologically processed by centrifuga-
tion to separate red blood cells from platelets and plasma. 
The separation of whole blood into its cellular components, 
allows each to be processed and stored under optimal condi-
tions allowing targeted therapeutic deployment. Blood bank-
ing, the preservation and long-term storage of blood 
components, is essential to maintaining an adequate store of 
available blood products and allows for blood product 
screening, testing, and processing prior to transfusion.

 Red Blood Cell Concentrates

RBCs, administered in the form of red cell concentrate (RCC), 
are the most frequently transfused blood product. Common 
indications for transfusion include: acute blood loss anemia, 
symptomatic anemia, and sickle cell crisis. RCC transfusion 
volume generally consists of 350  ml and a hematocrit of 
approximately 60%. On average, transfusion of a single unit in 
an adult patient increases hemoglobin by 1 g/dL.
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 Collection and Processing

Whole blood is collected into bags containing a buffered, 
sodium-citrate anticoagulant solution, typically citrate, phos-
phate, dextrose or CPDA-1 (Table 6.1). The resulting mix-
ture is then separated by centrifugation into RBCs and 
platelet-rich plasma. The concentrated red blood cells are 
isolated and then re-suspended in a preservation solution 
(Table 6.1). In order to manufacture platelets or fresh frozen 
plasma, whole blood must be separated into its components 
and processed within 8 hours of collection. If platelets are to 
be separated from the sample, the whole blood is maintained 
at room temperature prior to separation [1].

Depending upon the collection system used, a 450- or 
500-ml volume of whole blood is collected from each donor. 
Assuming a donor with a hematocrit of 42%, 500  ml of 
whole blood contains approximately 210  ml of RBCs. 
During centrifugation, roughly 90% of both the plasma and 
anticoagulant solution is removed [2], bringing the hemato-
crit of the red-cell concentrate to between 80 and 90%. The 
added volume of the preservation solution dilutes the mix-
ture, lowering the hematocrit to approximately 60% [3]. The 
final concentration of the RCC balances a desire to minimize 
the unit volume against the need to ensure adequate diffusion 
of nutrients during storage, which also limits the viscosity of 
the product at transfusion. Notably, the actual volume of 
RBCs in a unit of blood and the final hemoglobin content of 
the RCC varies depending upon the characteristics of the 
donor. In addition, the volume of RBCs may be reduced by 
up to 15% in units that are filtered to remove white blood 
cells (WBCs) [1].

While the vast majority of RCC units are derived from 
whole-blood donations, RBCs may also be collected by 
apheresis. In the US, approximately 15% of RCC units are 
now produced in this manner [4]. Apheresis allows for the 
collection of two RCC units from a single donor. If both 

units are administered to the same patient, this offers the 
benefit of limiting blood-donor exposure. Additionally, 
apheresis allows for the production of RCC units with con-
sistent RBC content [5]. Modern apheresis devices are 
designed to collect a specific volume of RBCs, and thus yield 
a relatively standardized product. RBCs collected by apher-
esis have been shown to be of similar quality to those col-
lected by conventional, whole-blood donation [6].
RCCs can generally be stored at 4  °C for up to 42  days, 
though variation of storage time exists depending upon the 
methods of processing, preservation solutions, institutional 
policies, and national regulatory guidelines. In Germany and 
Switzerland, for example, RCCs may be stored for up to 
49 days using certain additives [7]. The national blood ser-
vices in the UK and the Netherlands, meanwhile, limit the 
storage of RCCs to 35 days [7].

 Principles of Preservation

In order to improve oxygen delivery to tissues, RBCs must 
survive storage and remain in circulation following transfu-
sion. Thus, methods of preservation and storage have been 
developed to minimize the extent of ex vivo hemolysis and 
maximize the rate of in vivo recovery following transfusion. 
It has long been recognized that the gradual depletion of 
intracellular ATP during storage impairs the post-transfusion 
recovery of RBCs [8, 9]. Several components of the standard 
anticoagulant and additive solutions  – including glucose, 
adenine, and phosphate – aid in preservation of ATP levels 
during storage and facilitate its rapid regeneration after 
transfusion.

Lacking a nucleus, mitochondria, and other organelles 
needed for energy production, RBCs produce ATP through 
the breakdown of glucose to lactate or pyruvate. Whole 
blood contains sufficient glucose to permit refrigerated stor-
age for approximately 5 days [3]. Additive solutions are for-
mulated to both replace the glucose lost with plasma removal 
and supplement the glucose supply to allow for longer-term 
storage [1].

A depletion of intracellular phosphate is also thought to 
impair the regeneration of ATP following transfusion. 
Phosphate slowly leaks from RBCs during storage due to the 
breakdown of 2,3-DPG in the acidic storage environment 
[10]. The supraphysiologic concentration of phosphate pres-
ent in anticoagulant solutions slows its diffusion out of the 
cells, reducing the depletion of intracellular phosphate stores 
and modestly improving post-transfusion recovery [2]. 
Finally, anticoagulant and additive solutions contain ade-
nine, which has been shown to promote the maintenance of 
ATP levels during prolonged storage [11]. Mannitol is the 
final major constituent of most additive solutions. Its use 
limits the osmotic swelling of RBCs and further reduces the 

Table 6.1 A & B: Compositions of common anticoagulant and addi-
tive solutions (all concentrations in mmol/L) [2]

CPD CPDA-1
Citric acid 14 14
Sodium citrate 116 117
Monosodium phosphate 15.8 16
Adenine 0 2
Dextrose 141 142

SAG-M AS-1 AS-3 AS-5
NaCl 150 154 70 154
Phosphate 0 0 23 0
Adenine 1.25 2 2 2
Glucose 45 111 55 45
Mannitol 30 41.2 0 29
Citric acid 0 0 2 0
Sodium citrate 0 0 30 0

W. Davis et al.
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rate of hemolysis during storage [2]. Mannitol has the addi-
tional benefit of absorbing free radicals in the storage envi-
ronment [12].

The type of container used to store RBCs is known to 
have a significant impact on rates of ex vivo hemolysis and in 
vivo recovery. Blood products are generally stored in polyvi-
nyl chloride (PVC) bags. These are permeable to small gas 
molecules, which allows for the release of carbon dioxide 
generated by RBCs during glycolysis. This effect limits the 
fall in pH that occurs during storage. In addition, the diethyl-
hexylphthalate (DEHP) plasticizer used in PVC diffuses into 
the stored blood, where it stabilizes the RBC membrane and 
minimizes membrane loss. Together, these factors signifi-
cantly reduce the rate of hemolysis and allow for blood to be 
stored twice as long in PVC bags as in other plastic or glass 
containers [3].

Finally, the filtering of WBCs from collected blood prior 
to storage reduces ex vivo hemolysis and improves the rate of 
in vivo recovery after transfusion [13]. More recently, this 
has also been shown to attenuate a variety of oxidative stor-
age lesions [14]. While leukoreduction has been widely 
adopted in the US and Europe, studies have yet to demon-
strate the clinical efficacy of the practice [15].

 RBC Storage Lesions

RBCs are stored under conditions that diverge markedly 
from those found in the human body. Most notably, RBCs 
are maintained at low temperatures and stored in a closed 
system that allows for the buildup of many metabolic byprod-
ucts. The result is the accumulation of biochemical and 
structural changes during storage. While some of these 
changes are reversible upon transfusion, others have lasting 
effects on cell function. Clinically, these lesions compromise 
the therapeutic efficacy of RCCs and contribute to many of 
the adverse outcomes associated with RBC transfusion.

 Metabolic Impairment
Although metabolic activity is slowed under hypothermic 
conditions, glycolysis continues within RBCs, and lactate 
gradually accumulates in the storage medium. As a result, 
the pH at the start of storage medium falls from 7.05 to 
approximately 6.4 after 6 weeks [9]. The acidic nature of the 
storage environment reduces the activity of the rate-limiting 
enzymes in key metabolic pathways, resulting in the rapid 
depletion of 2,3-DPG and the gradual exhaustion of ATP 
[16]. Oxidative damage to these enzymes during storage fur-
ther compromises their function. Notably, the availability of 
glucose is not a limiting factor for ATP generation due to the 
high concentrations of glucose in all of the widely used addi-
tive solutions (Fig. 2).

These metabolic impairments are largely reversed follow-
ing transfusion. Intracellular pH normalizes and stores of 
ATP and 2,3-DPG are quickly regenerated. During storage, 
however, these metabolic deficiencies induce a cascade of 
biochemical and structural changes that are not easily 
reversed.

 Oxidative Injury
RBCs are subjected to a significant degree of oxidative stress 
in vivo due to high intracellular concentrations of both fer-
rous iron and oxygen. As such, they have evolved elaborate 
mechanisms for protecting against oxidative injury. In the 
presence of oxygen, hemoglobin is slowly oxidized to met-
hemoglobin, generating the reactive oxygen species (ROS) 
superoxide (O2

−) as a byproduct (Eq. 6.1). Normally, methe-
moglobin is quickly reduced to hemoglobin by an NADH- 
dependent reductase. Superoxide is converted to hydrogen 
peroxide (H2O2) (Eq. 6.2), which is then eliminated through 
reaction with reduced glutathione (GSH) (Eq. 6.3) or dismu-
tation by catalase (Eq. 6.4).

 
HbFe II O HbFe III O( ) → ( ) + −

2 2  (6.1)

 
2 22 2 2 2O H H O O superoxide dismutase− ++ → + ( )  (6.2)

 
H O H O GSH GSSG glutathione peroxidase2 2 22→ → ( )/  

(6.3)

 
2 22 2 2 2H O H O O catalase→ + ( )  (6.4)

 

GSSG NADPH H
GSH NADP glutathione reductase
+ + →

+ ( )
+

+2  (6.5)

The storage of RBCs under hypothermic conditions 
impairs these protective mechanisms. Additionally, the con-
centration of oxygen in the extracellular environment rises 
due its increased solubility at low temperatures. Both factors 
contribute to an increase in the susceptibility of RBCs to oxi-
dative injury during storage.

The elimination of ROS generally involves the consump-
tion of reducing equivalents such as GSH.  In RBCs, these 
reducing equivalents are regenerated using NADPH (Eq. 6.5) 
produced via the ATP-dependent hexose monophosphate 
shunt. The depletion of ATP during storage, described above, 
inhibits the production of these electron donors and allows 
for an accumulation of oxidized hemoglobin and ROS over 
time. In its reduced form, GSH plays an essential role in the 
elimination of H2O2 (Eq.  6.3). During storage, however, 
there is a significant decline in both GSH levels [17] and the 
activity of related enzymes, including glutathione peroxidase 
and glutathione reductase [18]. The associated rise in H2O2 
concentration is believed to be a significant mediator of oxi-
dative injury [19]. While the autoxidation of hemoglobin to 
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methemoglobin is potentially reversible, subsequent oxida-
tion by H2O2 can result in its irreversible degradation [19]. 
These reactions are accompanied by the generation of addi-
tional oxidizing species [20], while the release of heme from 
denatured hemoglobin causes oxidative injury to the cell 
membrane. Finally, the degradation heme releases free iron, 
which can generate hydroxyl radicals via the Fenton reaction 
[19] and thus drive further oxidative injury. Exposure to the 
plasticizer DEHP is another source of oxidative stress for 
stored RBCs. While DEHP is known to reduce the rate of 
membrane vesiculation during storage, it is also associated 
with an increase in lipid peroxidation and depletion of vita-
min E and GSH [21]. Finally, the exposure of RBCs to sup-
raphysiologic concentrations of glucose contributes to the 
nonenzymatic glycation of hemoglobin [22].

In studies of patients with diabetes, the glycation of 
hemoglobin is associated with an increase in ROS formation 
and lipid peroxidation [23].

The exposure of RBCs to high levels of oxidative stress 
during storage has a number of important functional conse-
quences. Methemoglobin is unable to bind oxygen at physi-
ologic concentrations, and thus the accumulation of oxidized 
hemoglobin impairs the ability of these cells to effectively 
deliver oxygen to tissues [24]. More significant, is the oxida-
tion of cytoskeletal proteins and peroxidation of lipid mem-
branes, which induces changes in the structural properties of 
stored RBCs.

 Membrane Asymmetry
Normal RBCs are characterized by an asymmetrical distribu-
tion of phospholipids across their cell membranes: choline 
phospholipids localize to the outer leaflet, while aminophos-
pholipids, such as phosphatidylserine (PS) and phosphatidyl-
ethanolamine (PE) localize to the inner leaflet [25]. Bilayer 
asymmetry is maintained by an ATP-dependent aminophos-
pholipid translocase, which transports PS and PE from the 
outer to the inner leaflet [26], and is opposed by the activity of 
phospholipid scramblases, which mediate the bidirectional 
movement of phospholipids across the membrane.

The declines in intracellular ATP, potassium, and pH that 
occur during storage all act to inhibit aminophospholipid 
translocase [27, 28]. Under hypothermic storage conditions, 
however, the activity of all enzymes, including the phospho-
lipid scramblases, is reduced. As a result, the loss of phos-
pholipid asymmetry is limited while RBCs remain in storage. 
After 5 weeks, the fraction of RBCs expressing PS rises from 
approximately 0.5–1.5% [27]. In the 24 hours after transfu-
sion, however, the loss of membrane asymmetry is thought to 
accelerate significantly with a restoration of scramblase 
activity [28]. This process is amplified by the intracellular 
accumulation of calcium during storage. The depletion of 
ATP impairs the energy-dependent efflux of calcium from 

RBCs, allowing its concentration to rise. Calcium is a key 
mediator of eryptosis and serves to activate phospholipid 
scramblases [29].

Following transfusion, the exposure of PS on the outer 
surface of RBCs marks these cells for phagocytosis by 
splenic and hepatic macrophages [28, 30]. The loss of mem-
brane asymmetry thus impairs RBC recovery and likely con-
tributes to the high rate of extravascular hemolysis after 
transfusion.

The externalization of PS is also thought to contribute to 
the procoagulant activity of transfused RBCs. The negatively 
charged PS serves as an assembly sites for coagulation com-
plexes [31], binding factors II, V, VII, VIII, IX and X [29]. It 
has also been shown to be an essential cofactor for the pro-
thrombinase enzyme complex [29]. As a result, PS exposure 
on RBC increases the rate of thrombin formation.

Additionally, the translocation of phosphatidylserine to 
the surface of RBCs during storage enhances the ability of 
transfused RBCs to bind to the endothelium [32]. This can 
predispose to the formation of microaggregates and the 
occlusion of small blood vessels [33]. Finally, the exposure 
of PS is associated with the formation of microvesicles [28], 
which are thought to mediate many of the important adverse 
effects associated with RBC transfusions.

 Vesiculation
Microvesicles (MVs) are small phospholipid-bound parti-
cles released by a variety of cell types. They consist of 
cytosolic contents surrounded by a bilayer membrane 
expressing surface markers of their parent cells. While the 
release of MVs serves important physiologic roles in vivo, 
the generation of RBC-derived vesicles is greatly enhanced 
by changes that occur during storage [34]. The most signifi-
cant of these are the oxidation of membrane lipids and 
cytoskeletal proteins, which weaken the association 
between the cell membrane and the underlying cytoskele-
ton [35], and the translocation of PS to the external phos-
pholipid layer [28, 36]. As a result of these and other 
lesions, the concentration of MVs found in RCCs increases 
with storage duration [37].

Importantly, pathologic vesiculation of stored RBCs is 
thought to continue after transfusion [28]. The accumulation 
of lesions during storage renders these cells more susceptible 
to the physiological stresses, resulting in the continued pro-
duction of MVs in vivo [38].

Following their release, RBC-derived MVs are rapidly 
cleared from circulation by splenic and hepatic phagocytes 
[37]. Despite their short half-life, transfused MVs are 
believed to have a variety of important effects. Specifically, 
they have been shown to promote coagulation, impair 
hypoxic vasodilation, and amplify the immunomodulatory 
effects of transfusions.
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RBC-derived MVs have been shown in vitro and in ani-
mal models to induce a hypercoagulable state with dose- 
dependent increases in thrombin and fibrinogen activation 
[39]. In humans, MV formation is known to be increased in 
prothrombotic disease states such as sickle cell disease and 
hemolytic anemia [40]. Several mechanisms have been pro-
posed to account for these observations. The exposure of PS 
on MVs is thought to enhance thrombin formation by pro-
moting the assembly of coagulation complexes [33]. It has 
also been shown that RBC-derived MVs are capable of ini-
tiating the coagulation cascade in the absence of tissue fac-
tor, mostly likely via the factor XII-dependent intrinsic 
pathway [41].

RBC-derived MVs also act as potent scavengers of nitric 
oxide (NO). Hemoglobin reacts readily with NO to generate 
the biologically inactive products, nitrate and methemoglo-
bin [42]. Under physiological conditions, the rate at which 
NO is consumed through this reaction is limited by the com-
partmentalization of hemoglobin within RBCs. Hemoglobin 
contained within MVs reacts with NO at approximately 1000 
times this rate [37]. As a result, RBC-derived MVs have the 
potential to significantly limit the bioavailability of NO and 
disrupt vascular homeostasis.

Finally, RBC-derived MVs are thought to contribute to 
the immunomodulatory effects of transfusions [43]. While 
their clinical significance is debated, RBC-derived MVs 
have been shown to have a variety of both immunosuppres-
sive and proinflammatory effects. They can suppress macro-
phage activity, inhibiting the release of the proinflammatory 
mediators TNF-α and IL-8 [44]. They have also been impli-
cated in the pathogenesis of transfusion-associated acute 
lung injury (TRALI) through the activation of neutrophils 
[45] and fixation of complement [46].

 Decreased Deformability
During preservation and storage, RBCs undergo a predict-
able sequence of morphological changes [47]. Normal 
RBCs are characterized by a highly flexible cytoskeleton 
and a biconcave, discoid morphology. With the accumula-
tion of biochemical lesions during storage, RBCs gradually 
adopt a spherical form [16]. The proportion of RBCs dem-
onstrating this abnormality rises steadily with the duration 
of storage [47].

The etiology of these morphological changes is complex, 
but likely involves dysfunction in cytoskeletal-membrane 
interaction as well as an increase in cytosolic viscosity. The 
oxidation of transmembrane and cytoskeletal proteins weak-
ens the cytoskeleton and causes a decrease in the flexibility 
of the cellular envelope [33]. Likewise, the degree of lipid 
peroxidation has been shown to correlate directly with the 
rigidity of the cell membrane [32]. Impaired phosphorylation 

of cytoskeletal proteins, secondary to the depletion of ATP, 
may also contribute to a loss of flexibility [48].

In vivo, fluctuation in the levels of non-hemoglobin- 
bound 2,3-DPG serves to modulate the rigidity of the cyto-
skeleton [49]. The depletion of 2,3-DPG during storage 
disrupts this regulatory mechanism and is thought to further 
impair the deformability of transfused RBCs.

The loss of cell surface area associated with the increase 
in membrane vesiculation during storage may also contribute 
to the decrease in RBC deformability. The resulting rise in 
cell density and hemoglobin concentration is associated with 
greater cytosolic viscosity [50, 51]. These changes in the 
mechanical properties of RBCs have significant effects on 
the flow of transfused cells through the vasculature. The loss 
of flexibility impairs the ability of stored RBCs to traverse 
small vessels [33]. It also forces these cells into the normally 
cell-free layer adjacent to the vessel wall, where they scav-
enge endothelium-derived NO and induce vasoconstriction 
[52]. The structural changes that occur during storage are 
also thought to contribute to the significant rate of extravas-
cular hemolysis following transfusion. Decreased deform-
ability results in slower transit of transfused RBCs through 
the liver and spleen. This increases the time that resident 
macrophages can interact with these RBCs and thus increases 
the chance of phagocytosis [53].

 Physiological Considerations

While RBC transfusions are potentially lifesaving interven-
tions, they are also associated with a variety of adverse out-
comes. These are only partially attributable to rare events 
such as hemolytic transfusion reactions, transfusion- 
transmitted infections, TRALI, or transfusion-associated cir-
culatory overload. They are also the result of the predictable 
changes occurring in RBCs during processing and storage.

 Hemolysis
While rates of hemolysis during storage are low, averaging 
0.3–0.4% at 6 weeks, up to a quarter of stored RBCs may be 
cleared from circulation within hours of a transfusion [54]. 
The clearance of transfused RBCs from circulation lowers 
hematocrit and thus attenuates the intended benefits of trans-
fusion. More significant, however, are the adverse effects 
associated with a supraphysiologic rate of hemolysis. 
Extravascular hemolysis following transfusion of stored 
RBCs can easily exceed the physiological capacity to seques-
ter iron, resulting in the release of non-transferrin bound iron 
into circulation [55]. Iron is a limiting nutrient for many bac-
teria and thus the presence of free iron increases the risk of 
infection and sepsis [56]. Non-transferrin bound iron may 
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also cause oxidative injury through the production of reac-
tive oxygen species via the Fenton reaction [16]. These 
effects are amplified, predictably, with the transfusion of 
multiple RCC units.

 Oxygen Delivery
The delivery of oxygen to tissues is primarily a function of 
blood oxygen content and blood flow. RBCs are understood 
to be important determinants of both. While transfusions are 
generally intended to improve oxygen delivery, storage 
lesions compromise the ability of transfused RBCs to effec-
tively transport oxygen to tissues.

As previously described, the oxidation of hemoglobin to 
methemoglobin renders the complex unable to transport 
oxygen [24]. While methemoglobin may be reduced to its 
functional form, prolonged exposure to oxidative stress can 
result in the irreversible degradation of hemoglobin [19]. In 
either case, the capacity of RBCs to carry oxygen is reduced.

The depletion of 2,3-DPG and ATP during storage also 
causes an increase in the affinity of hemoglobin for oxygen. 
The resulting leftward shift of the oxygen-dissociation curve 
impairs offloading of oxygen and thus compromises the abil-
ity of tissue to take up oxygen. Following transfusion, intra-
cellular stores of 2,3-DPG are regenerated quickly, with a 
greater than 50% recovery within 7 hours, and full recovery 
to pre-transfusion levels within 48-72  hours [57]. In the 
immediate post-transfusion period, however, the characteris-
tics of transfused RBCs remain significantly altered.

RBCs are also key mediators of hypoxic vasodilation, 
modulating the availability of nitric oxide in response to local 
oxygen levels [58]. As such, RBCs play an essential role in 
regulating blood flow to tissues and the matching of oxygen 
supply to metabolic demand. The transfusion of stored RBCs 
may induce vascular dysfunction by disrupting NO signaling 
[59]. Cell-free hemoglobin, whether contained within MVs 
or free in solution, reacts readily with NO [42]. As previously 
described, there is also increased NO scavenging by stored 
RBCs themselves due to changes in their rheologic properties 
[59]. In each case, the transfusion of RBCs impairs 
NO-mediated hypoxic vasodilation, disrupting an essential 
regulatory mechanism for maintaining oxygen homeostasis.

 Hemostasis and Thrombosis
RBCs are recognized to play an important role in both hemo-
stasis and thrombosis. Many of the changes that occur during 
storage serve to amplify the procoagulant effects of RBCs. 
The significance of this phenomenon depends upon the clini-
cal context. In the setting of acute hemorrhage, for example, 
the procoagulant effects of transfusion may aid in hemostasis 
[33]. In other settings, however, transfusions are associated 
with an increased risk of thrombosis and thromboembolism 
(VTE) [60].

The strong procoagulant effects of transfusion are primar-
ily mediated by the structural and biochemical alteration of 
RBCs during storage. Among these changes is the exposure 
of PS on the surfaces of transfused RBCs, which enhances 
the formation of thrombin. The externalization of PS also 
promotes adhesion to the endothelium, which can lead to the 
formation of RBC aggregates and occlusion of small blood 
vessels [32]. The transfusion of PS-enriched MVs has simi-
lar effects.

The impaired deformability of long-stored RBCs further 
contributes to their thrombogenic potential. Normally, 
RBCs depend on a flexible cytoskeleton and membrane to 
traverse the microvasculature. Rigid cells can obstruct these 
vessels and prevent the delivery of oxygen to more distal 
tissues [33].

In addition to inducing vasodilation, NO is a potent inhib-
itor of platelet aggregation and endothelial cell activation. 
By reducing the bioavailability of NO in the vasculature, the 
transfusion of stored RBCs promotes platelet activation [61]. 
Finally, the increase in hematocrit associated with RBC 
transfusion may contribute to its procoagulant effects. RBCs 
are important determinants of blood viscosity, which 
increases non-linearly with a higher concentration. Increased 
viscosity slows blood flow and promotes platelet margin-
ation, both of which contribute to clot formation [33].

 Immunomodulation
Stored RBCs are known have a variety of important immu-
nologic effects in transfused patients. This phenomenon was 
first noted in the 1970s with studies showing an association 
between RBC transfusion and improved graft survival fol-
lowing organ transplantation [62–64]. In most contexts, 
however, the immunosuppressive effects of transfusion have 
been linked to adverse clinical outcomes. For example, stud-
ies have shown a dose-dependent correlation between RBC 
transfusion and rates of nosocomial infection in critically ill 
patients [65]. Transfusion has also been associated with an 
increased risk of cancer recurrence following surgical resec-
tion [66]. There is also mounting evidence that RBC 
 transfusion can have proinflammatory effects [67]. While the 
clinical implications of these findings are yet unclear, multi-
ple preclinical studies have shown that stored RBCs can trig-
ger the release of pro-inflammatory cytokines and promote 
the activation of both neutrophils and monocytes [43].

Leukoreduction has been shown to greatly reduce the 
immunomodulatory effects of RBC transfusion, suggesting 
that WBCs play a significant role in mediating these effects 
[43]. Various RBC-derived factors have also been impli-
cated in transfusion-related immunomodulation. 
Transfusions deliver a significant iron load, for example, 
which has both proinflammatory and immunosuppressive 
effects [43]. Finally, RBC-derived MVs have significant 

W. Davis et al.



67

proinflammatory activity and may play a role in the patho-
genesis of TRALI [9].

 Clinical Outcomes

Despite the accumulation of metabolic and structural lesions 
in RBCs during storage, recent studies have failed to show a 
significant difference in clinical outcomes based upon the 
age of the transfused blood unit [68]. These findings remain 
controversial, however, and it has been speculated that vari-
ability in processing methods and donor characteristics could 
obscure the effect of storage time on clinical outcomes [69].

 Component Therapy: All Things “Yellow”

Historically, component therapy involving a transfusion was 
employed to resolve disruptions of hemostasis that involved 
dysfunctional or low values of plasma proteins, disruption of 
the vascular endothelium, the complement system and 
immunoglobulins. Blood may be transfused as whole blood 
or as one of its components. Because patients seldom require 
all of the components of whole blood, it may seem intuitive 
to transfuse only that portion needed by the patient for a spe-
cific condition or disease. This treatment, known as “blood 
component therapy”, allows several patients to benefit from 
one unit of donated whole blood. Blood components without 
red blood cells is referred to as plasma [70]. Blood plasma is 
a yellow liquid component of blood that holds the blood cells 
of whole blood in suspension. It is the liquid part of the blood 
that carries cells and proteins throughout the body. It makes 
up about 55% of the body’s total blood volume. It is the 
intravascular fluid part of extracellular fluid (all body fluid 
outside cells). It is mostly water (up to 95% by volume), and 
contains important dissolved proteins (6–8%) (e.g., serum 
albumins, globulins, and fibrinogen), glucose, clotting fac-
tors, electrolytes (Na+, Ca2+, Mg2+, HCO3

−, Cl−, etc.), hor-
mones, carbon dioxide (plasma being the main medium for 
excretory product transportation), and oxygen. It plays a 
vital role in an intravascular osmotic effect that keeps elec-
trolyte concentration balanced and protects the body from 
infection and other blood disorders.

Component therapy has been compared to whole blood in 
the treatment of acute blood loss in trauma with no differ-
ence discovered between survivorship [71]. The study points 
out that due to complex methodology, it is more than chal-
lenging to do this comparison. Due to complex project 
design, no conclusion could be drawn to answer the ques-
tion. Component therapy is not less suitable for transfusion 
when compared to whole blood transfusion in this 
population.

 Plasma Transfusions

The history of plasma extends as far back as Vesalius (1514–
1564). The discovery of fibrinogen by William Henson in 
1770, led to the study plasma, as encountering a foreign sur-
face, endothelium. Charles Drew (June 3, 1904  – April 1, 
1950) was a surgeon and medical researcher in the field of 
blood transfusions who developed techniques for blood stor-
age. He applied his expert knowledge to developing large- 
scale blood banks early in World War II [72]. Dr. José 
Antonio Grifols Lucas, in, 1940, pioneered a technique 
called plasmapheresis, where a donor’s red blood cells would 
be returned to their body almost immediately after the sepa-
ration of the blood plasma. This technique is still in practice 
today [73, 74].

 The Origin of Plasmapheresis Leading 
to Fresh Frozen Plasma

Clotting factors become activated and clotting proceeds by 
trapping RBCs in the plasma and preventing the separation 
of plasma from blood. Plasma is a yellowish liquid compo-
nent of blood that suspends the blood cells of whole blood. It 
is the liquid part of the blood that carries cells and proteins 
throughout the body. It makes up about 55% of the intravas-
cular portion of the body’s blood. While plasma is mostly 
water, it contains important dissolved proteins such as: glob-
ulins, fibrinogen, glucose, clotting factors, electrolytes, hor-
mones, carbon dioxide, and oxygen. These total more than 
500 distinct proteins in plasma. Plasma is the main medium 
for excretory product transportation; playing a vital role in 
an intravascular osmotic effect that keeps electrolyte concen-
tration balanced and protects the body from infection and 
other blood disorders.

The use of blood plasma as a substitute for whole blood 
and for other transfusion purposes was proposed in 1918 
[74]. Dried plasma, in powder or strips of material format 
were developed and first used in World War II. Prior to the 
United States’ involvement in the war, only liquid plasma 
and whole blood were used. Plasma is separated from whole 
blood by centrifugation (apheresis). There are several prepa-
rations of plasma: fresh frozen plasma (FFP), plasma frozen 
within 24 hours (PF24), thawed plasma (TF), liquid plasma 
(LP), and solid detergent plasma [75].

Whole blood contains various immune cells; mononu-
clear (monocytes and lymphocytes) apolymorphonuclear 
cells (granulocytes). Density gradient centrifugation allows 
the separation of immune cells from other whole blood com-
ponents such as red blood cells, platelets and plasma.

Plasma is FDA approved and is stored at 1–6 °C for up to 
40 days. Because liquid plasma is stored in a liquid state, it 
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is ready for immediate administration, thus making it ideal 
for the transport environment. Plasma is separated from 
whole blood at any time from collection up to 5 days after 
the whole blood unit expires. Whole blood is typically col-
lected in CPD or CP2D anticoagulant preservative solution 
with a 21  days shelf life in the U.S. Liquid Plasma has a 
maximum shelf life of 26 days and is stored refrigerated at 
1-6 degrees. The quantity of certain coagulation factors var-
ies within each unit of plasma. Factor V and Factor VII 
decline in a plasma product stored for this length of time. 
Adequate quantities remain to be useful as a starting point in 
urgent situations.

Liquid plasma is separated and prepared from whole 
blood in a liquid state, and does not need to be thawed prior 
to transfusion. So, it can be quite useful in “the initial treat-
ment of patients who are undergoing massive transfusion” 
(Circular of Information for the Use of Human Blood and 
Blood Components, November 2013, page 21). Growing 
numbers of trauma centers are using Liquid Plasma as a 
“bridge” to a thawed plasma component [76].

Solvent/detergent-treated plasma (SD-plasma) reduces 
the risks associated with the use of untreated FFP. Solvent/
detergent technology eliminates the risk of transmission of 
viruses, such as human immunodeficiency virus (HIV), hep-
atitis B virus (HBV) and hepatitis C virus (HCV). The 
SD-plasma manufacturing process involves pooling thou-
sands of single-donor plasma units [77]. This reduces the 
virus load through dilution and neutralizes antibodies. The 
plasma pool also lowers the antibody titers against blood 
cells and plasma proteins. This allows a more standardized 
content of plasma proteins.

PF 24 PF24 stands for “Plasma frozen within 24 hours after 
phlebotomy,” and is also known as “FP24” [78]. In the US, 
this product can be made from either whole blood or apher-
esis collection (note the contrast to PF24’s similar-sounding 
sibling “PF24RT24“. PF24 differs from “fresh frozen 
plasma” (FFP) in a very specific way:

• FFP: In a freezer (at < −18  °C) within 8  hours of 
collection

• PF24: In a refrigerator (at 1–6  °C) within 8  hours of 
collection

In a freezer (at < −18  °C) within 24  hours of 
collection

The 16-hour difference in freezer placement between the 
two products leads to mild to moderate decreases in the 
“labile coagulation factors” in PF24 [79]. There is some 
decrease in factor VIII when compared to FFP, but the levels 
of factor V are not significantly different between the two 
products. There is also a decrease in the clotting inhibitor 
Protein C in PF24. Theoretically, PF24 should not be used in 

clinical situations where a patient has a deficit of either fac-
tors V or VIII. Clinically, the two plasma products are used 
interchangeably. At this time, PF24 cannot be used to make 
cryoprecipitate (due to decreased levels of FVIII), but like 
FFP, it can be relabeled as Thawed Plasma [80].

All forms of plasma may be used for management of 
bleeding with a specific loss of factors that are essential to 
clot formation and clot stability. FFP and PF24 are used 
interchangeably. TP and LP are not indicated for specific fac-
tor loss. Products that have higher concentrations of the 
missing factor should be used. Solvent-detergent plasma is 
indicated for plasma exchange in thrombotic thrombocyto-
penic purpura. (TTP), and in cases of acquired multiple fac-
tor loss as in liver transplantation and cardiac surgery [80].

Transfusion with FFP is in the process of being replaced 
by plasma components that are rich in factors and proteins. 
FFP is indicated when particular factor concentrates are not 
available. FFP will remain relevant when there is an acquired 
loss of factors and endothelial dysfunction [81]. Endothelial 
cells impact various steps of the coagulation cascade. These 
cells inhibit the tissue factor cascade. Endothelial cells bal-
ance clotting and fibrinolysis [81].

Massive transfusion protocols (MTP) are meant to deliver 
a balanced resuscitation, avoid coagulopathies, and gener-
ally deliver 1unit of PRBCs, I unit of FFP and 1 unit of plate-
lets in each cycle [82]. The protocol is not hemostatic and 
large quantities of FFP, when factor levels are borderline for 
clotting, may lead to transfusion related lung injury (TRALI) 
and circulatory overload [83]. TRALI is believed to be the 
result of development of alloantibodies from previous trans-
fusions or from pregnant patient’s donations. Collection only 
from males or never pregnant females have reduced TRALI 
significantly [83].

4-Factor prothrombin complex, Kcentra, [84] is ideal for 
complete warfarin reversal. The volume is low and mitigates 
TRALI and fluid overload from FFP transfusions. When 
Kcentra is not available, FFP is still used. For thrombotic 
thrombocytopenic purpura (TTP), treatment consists of an 
exchange transfusion to rid blood of ADAMTS-13 [85]. This 
enzyme prevents the formation of thrombi in small vessels 
that are rich in platelets resulting in thrombocytopenia and 
microangiopathic hemolytic anemia which essentially 
defines TTP. Biologics are now on the market and it remains 
to be determined over the efficacy of these medications.

The Covid-19 pandemic renewed the role of convalescent 
plasma for the clearing of viruses. Convalescent plasma is 
generated from donors who had already been infected by the 
virus. Collection, storage and transfusion follow the same 
technology as other plasma products. The dose for each virus 
is not known and there are no trials to determine efficacy. 
The urgency of need remains high and is helpful in patients 
where other therapies have failed. With the progress in medi-
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cal virology, monoclonal antibodies for treatment and vac-
cines for prevention remain the leading science attempts to 
stop the Covid-19 pandemic.

 Cryoprecipitate

The term “cryo” stems from the process of preparation. FFP 
is thawed between 1 and 6 degrees Celsius. Cold insoluble 
proteins are derived and are then centrifuged to allow the 
separation of distinct proteins [86]. The proteins include 
fibrinogen, factor VIII, Factor XIII, von Willebrand factor 
and fibronectin. It is then frozen in 10–20 cc volumes and 
stored for up to 12 months. Once thawed, it must be admin-
istered within 4 hours.

Cryoprecipitate was used in the 1970s-1990s for the treat-
ment of Hemophilia A and an array of factor deficiencies. A 
transfusion is triggered by a fibrinogen level less than 
100  mg/ml. One unit of “cryo” per 10  kg of body weight 
commonly raises the plasma fibrinogen concentration by 
approximately 50 mg/dl [87].

Initially in the 1960s, cryoprecipitate was used for the 
treatment of Hemophilia A and then evolved to massive 
transfusions in the setting of liver transplantation, hemor-
rhage and obstetrical complications. Fibrinogen is the earli-
est factor to be depleted in blood loss due to hemodilution 
and frank blood loss. Cryoprecipitate that has high fibrino-
gen levels as emerged as the first blood product administered 
in trauma induced coagulopathy. The loss of fibrinogen leads 
to fibrinolysis, low serum levels and poorly functioning 
fibrinogen. In a paper on combat induced bleeding, the early 
use of fibrinogen lead to an increase of survivorship [88].

Cryoprecipitate has long history of treating inherited 
coagulopathies outside of trauma. Its role in trauma induced 
hemorrhage is intuitive but has only recently studied, “The 
Role of cryoprecipitate in massively transfused patients: 
Results from the Trauma Quality Improvement Program data 
base may change your mind.” With an excellent study design, 
it was determined that adjunctive use of cryoprecipitate 
reduced mortality without additive complications [89].

It has been suggested that fibrinogen concentrates can 
replace cryoprecipitate in most clinical scenarios. Jensen at 
al. [90]. compared the efficacy and safety of fibrinogen con-
centrate to cryoprecipitate in bleeding patients. An IRB 
would not approve patients being randomized between the 
two preparations of fibrinogen, let alone the almost impos-
sible task of having meaningful data. To answer the question, 
electronic data bases of two randomized no-randomized tri-
als were reviewed in the Central Registered Cochrane, 
EMBASE, and Medline and non-randomized trials (meta- 
analysis) were subjected to intensive scrutiny. Mortality was 
the final endpoint [91].

Treating hyperfibrinolyis is a dangerous clinical event, 
as treatment can either stop the process of generating a sta-
ble clot or generate a thromboembolic event. Aminocaproic 
acid or tranexamic acid prevent fibrinolysis by giving them 
as early as possible in bleeding states [92]. They are a dou-
ble edge sword as they will prevent fibrinolysis that can 
leading to a thromboembolic event. Cryoprecipitate, fibrin-
ogen concentrate and Factor XIII have been used to both 
prevent and treat fibrinolysis. Cushing et  al. compared 
these therapeutics to determine if one was better than the 
other two with the addition of aminocaproic acid [93]. 
Blood specimens were “spiked with tissue plasminogen 
activator” (TPA) that usually prevents clot stability and 
promotes fibrinolysis [94]. The impact of these specimens 
was measured by thromboelastography, cryoprecipitate 
was able to mitigate hyperfibrinolysis better than fibrino-
gen concentrates in an in-vitro model. This suggests a sig-
nificant cost reduction is a significant factor in treating 
hyperfibirnolysis [95].

 Platelets

Platelets are non-nucleated blood components that are pre-
pared for transfusion by variable centrifugation of whole 
blood. Platelets are the smallest and lightest cells compo-
nents of blood and float to the top after spinning. They are 
prepared by three different methods: (1) Platelet rich plasma 
concentrates (PRP PC). (2) Buffy coat platelet concentrates 
(BC-PC). (3) Apheresis- platelet concentrates. The three 
preparations are collected by different speeds of centrifuga-
tion. The danger of this process is that platelets may become 
activated [96].

Platelets are non-nucleated cells that circulate in the blood 
stream for 7–10  days. They have three distinct granules: 
alpha granules, dense delta granules and lysosomes [97].

Alpha granules contain proteins, chemokines and growth 
factor. Delta granules contain ADP, serotonin, polyphos-
phates, glutamate, histamine and calcium that are vital for 
hemostasis. Platelet lysosomes contain enzymes that degrade 
glycoproteins, glycolipids, and glucosamine. The main dif-
ference between glycolipid and glycoprotein is that glyco-
lipid is a carbohydrate-attached lipid whereas a glycoprotein 
is a carbohydrate-attached protein. Glycolipids and 
 glycoproteins stabilize membranes by forming hydrogen 
bonds with surrounding water molecules. They are also sites 
where drugs, hormones and antibodies bind, which act as 
receptors for cell signaling [98]. When the chemical binds to 
the receptor it elicits a response from the cell. This may 
cause a direct response or set off a cascade of events inside 
the cell. This process is known as cell communication or cell 
signaling [98].
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Platelets have an established role in hemostasis and 
thrombosis. Platelets adhere to the injured vessel wall. 
Adherence leads to signaling cascades that are dependent on 
glycoproteins on the cell surface. NO and prostacyclin main-
tain the integrity of blood vessel membranes and are reduced 
with endothelial disruption and when matrix proteins are 
exposed to the circulation [99].

Adhesion and activation of platelets leads to recruitment 
of additional platelets and from three dimensional aggre-
gates. Additional platelets are activated and aggregate in 
response to platelet release of thromboxane and ADP. When 
blood leaks into the tissue, they are exposed to tissue factor 
expressed by the cells that comprise the vessel. Activated tis-
sue factor leads the generation of thrombin which mediates 
further platelet aggregation. This combination causes the 
clot to retract to “plug the hole’ where the injury to the vessel 
occurred and starts the generation of fibrin. The fibrin- 
platelet network solidifies the plug generating a network of 
clot stability, over activity of this process may lead to 
thrombosis.

The platelet plug incites leukocytes to migrate to newly 
formed clot. Essentially, platelets have two roles: hemostasis 
and immunity at the site of vessel injury. Platelet activation 
leads to the release of the contents of the delta granules: sero-
tonin and RANTES (CCLL5) that are known to mediate T 
cell activation and differentiation [100]. Activation attracts 
monocytes, eosinophils, B and T cells, and natural killer 
cells.

Platelets other roles include interactions during inflam-
mation include a contribution in murine models of athero-
sclerosis, increased thrombotic risk in cancer patients, the 
destruction of a particular host of invading bacteria and 
viruses. The mechanism of action of each of these roles is 
known and comprehensive. They interact with monocytes, 
eosinophils, B-cells, and T cells and modify the inflam-
mation process. Platelets are activated by monocytes and 
their bond is considered a marker of platelet activation. 
Platelets decrease apoptosis in eosinophils and may 
enhance an allergic response. Clinically, the prolongation 
of eosinophilic life may lead to many disease states as in 
asthma [101].

It is not uncommon to transfuse platelets at the same time 
that a lumbar puncture for chemotherapy is performed. The 
same scenario exists in ITP when a spleen is intact. It is 
assumed that the transfused platelets are effective shortly 
after infusion [102, 103] A great variety of patient- and 
product- related factors influence the outcome of platelet 
transfusions. These factors are almost countless. Physical 
factors include weight and height, or are pathological such as 
splenomegaly, fever, infection, disseminated intravascular 
coagulation, and previous HLA alloimmunization. Platelet 
factors that are associated with impaired responses are giv-

ing a decreased dose of platelets, ABO incompatible prod-
ucts, and platelets stored for more than 48  hours. If you 
eliminate these factors, transfusion increases the number of 
platelets in your blood straight away. For some people, the 
benefits may only be temporary and they may need more 
transfusions.

 Platelet Activation and Adherence

Endothelial damage leads to collagen exposure that binds 
circulating platelets. Specifically, platelets bind to collagen 
specific glycoprotein Ia/lla receptors. Adherence is strength-
ened by von Willebrand factor (vWF) that is released from 
surface receptors of the endothelium and from platelets. 
These interactions activate platelets. vWF forms additional 
links between the platelets’ glycoprotein IIb/IX/V and the 
collagen based glycoproteins [104].

This localization of platelets to the extracellular matrix 
increases collagen interaction with platelet glycoprotein 
VI. Binding of collagen to glycoprotein VI starts a cascade 
resulting in activation of platelet integrins [105]. Integrins 
are transmembrane receptors that facilitate cell-cell and cell- 
extracellular matrix. They are heterodimers, in that they 
always have just two subunits: α (alpha) and β (beta) 
Activated integrins lead to tight binding of platelets to the 
extracellular matrix. This process adheres platelets to the site 
of injury [105].

Activated platelets release contents of stored granules 
into plasma. The granules include ADP, serotonin, 
platelet- activating factor, vWF, platelet factor 4, and 
thromboxane A2 (TXA2) Activated plates activate addi-
tional platelets. The granules’ contents activate a G-linked 
protein receptor cascade [106]. This cascade, leads to an 
increase in calcium concentration in the platelets’ cytosol. 
Calcium activates protein kinase C, which, in turn, acti-
vates phospholipase A2 (PLA2). PLA2 then modifies the 
integrin membrane glycoprotein IIb/IIIa, increasing its 
affinity to bind fibrinogen [107]. Activated platelets 
change shape from spherical to stellate, and the fibrinogen 
cross-links with glycoprotein IIb/IIIa aid in aggregation 
of adjacent platelets [108].

Key Points
• Component Therapy is very effective in certain specific 

coagulation disorders.
• In cases of hemorrhage, point of care testing can guide 

which component is needed
• Cryoprecipitate should be first component administered 

in most cases of trauma
• Several units of Fresh Frozen Plasma may be needed to 

control a coagulation disorder at the risk of developing 
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circulatory overload (TACO) or transfusion related lung 
injury.

• Artificial factor concentrates may replace FFP and 
Cryoprecipitate. Adverse effects of component therapy 
will no longer be a factor

• Platelet function deteriorates very quickly when the integ-
rity of the vascular endothelium is disruptive.
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Allogeneic Blood Transfusion: 
Complications and Side Effects

Matthew Hammer

 Introduction

Physicians across a diverse array of specialties are frequently 
tasked with the decision whether or not to transfuse patients, 
both in the inpatient and outpatient settings. Examples of 
clinical scenarios in which transfusions may be indicated are 
seemingly limitless and include trauma, post-partum hemor-
rhage, replacement of intraoperative blood loss, patients with 
oncologic diagnoses undergoing chemotherapy, patients 
with chronic anemia, etc. The physician who elects to trans-
fuse a patient should not make that decision without weigh-
ing the benefits and often very serious risks that are inherent 
to blood product administration. This chapter will identify 
and describe the most common and most dangerous acute 
adverse events and side effects of blood product administra-
tion, including infectious, immunologic, and circulatory 
complications. Reactions that are quite rare or that tend to be 
clinically insignificant will not be discussed.

 Infectious Complications

In past decades, transmission of viruses via allogeneic blood 
transfusion was lamentably a frequent event that could inflict 
significant morbidity and mortality on the recipient. The 
advent of highly sensitive screening tests significantly 
decreased the rate of viral transmissions, but the clinician 
should still be aware of this now rare but potentially devas-
tating complication.

 Human Immunodeficiency Virus

Transmission of the human immunodeficiency virus (HIV) 
via blood transfusion has been a long-standing concern, dat-

ing back to the outbreak of the disease in the 1980s. Since the 
introduction of the highly sensitive minipool nucleic acid 
testing in the United States in 1999, the risk of HIV transmis-
sion has markedly decreased [1]. Over a 10 year period from 
1999 to 2008, the American Red Cross observed the inci-
dence of HIV transmission via blood transfusion to be 1 in 
2,000,000 donations [1]. This now exceedingly rare compli-
cation can still occur if a newly infected person donates 
blood in the short window period before the assay can detect 
the presence of the virus.

 Hepatitis C Virus

Screening of donated units for the hepatitis C virus using 
nucleic acid testing was also implemented in the United 
States in 1999, marking a significant decrease in transfusion- 
mediated transmission of the virus, which had been fairly 
common prior to the introduction of this highly sensitive test 
[2]. Drawing on data from the American Red Cross, the risk 
of transmission of the hepatitis C virus occurs in less than 
1 in 1,000,000 donations [2].

 Hepatitis B Virus

Similarly, increasingly sensitive assays, as well as the pres-
ence of a vaccine, have led to a decreased incidence of hepa-
titis B transmission due to blood transfusion in the past four 
decades, though it still occurs more frequently than HIV and 
hepatitis C, possibly owing to a seroconversion window and 
donors with exquisitely low viral loads [3]. Estimates place 
the risk between 1 in 500,000 and 1,100,000 [3].

 Septic Transfusion Reactions

Clinicians who administer platelets must be vigilant for sep-
tic transfusion reactions, a potentially fatal complication. 
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Because platelets are stored at room temperature, they are 
susceptible to bacterial contamination, a problem that has 
persisted despite multiple advancements in surveillance and 
testing [4]. Incidence in platelet transfusions remains 
approximately 1 in 5000 [5]. Patients typically present with 
signs of the systemic inflammatory response syndrome. If 
septic transfusion reaction is suspected, the clinician should 
promptly order Gram stain and culture of all transfused 
units [5].

 Immune-Mediated Complications

Whereas the incidence of transmission of the aforemen-
tioned viral pathogens via transfusion of blood products has 
become an extremely rare event, the clinician must be aware 
of the risks of immunologic complications, which are far 
more common. This broad term is divided into several differ-
ent subtypes, with varying degrees of morbidity and 
mortality.

 Hemolytic Transfusion Reaction

Hemolytic transfusion reactions, characterized by the 
destruction of transfused red blood cells in patients with anti-
bodies, are among the most emergent and dangerous clinical 
scenarios in the setting of blood transfusions. These reac-
tions are further subdivided into acute (onset of signs and 
symptoms within 24  hours of product administration) and 
delayed (onset of signs and symptoms after 24 hours of prod-
uct administration). While significantly more common in 
previous decades, the incidence of fatal hemolytic transfu-
sion reactions has fallen significantly since 2005, with one to 
four annual deaths in recent years [6]. This has coincided 
with a decrease in transfusion of ABO-incompatible blood 
due to improved safety protocols and electronic verification 
prior to transfusion. A 2016 practice guideline form the 
American Association of Blood Banks estimated the risk of 
fatal hemolytic transfusion reaction at 1 in 972,000 units [7]. 
The Food and Drug Administration maintains a database for 
all transfusion related deaths, and from 2014 to 2018, hemo-
lytic reactions were implicated in 18% of deaths – 7% ABO 
mediated, and 11% for non-ABO mediated (FDA). The clas-
sically reported triad of fever, flank pain, and red urine 
should alert the clinician to a possible acute hemolytic trans-
fusion reaction, but other symptoms such as rigors, chills, 
hypotension, and oliguria may also be present [6]. If a reac-
tion is suspected, the transfusion should be stopped and the 
unit returned to the blood bank for further ABO, Rh factor, 
and antibody testing. A direct antiglobulin (Coombs’) test 
confirms the presence of hemolysis, but false negative results 
can occur if the hemolyzed red blood cells have been cleared 

from the circulation prior to obtaining the sample [6]. The 
treatment for hemolytic transfusions consists of supportive 
care. This entails ensuring adequate hydration as well as 
adequate perfusion to organ systems. In severe cases, more 
advanced therapies such as vasopressors, inotropes, and ven-
tilatory support may be indicated.

There is currently no evidence for any specific interven-
tion [5], and therapies should be tailored to the clinical con-
dition of each individual patient.

Delayed hemolytic transfusion reactions refer to hemo-
lytic events that occur between 24  hours and 30  days of 
blood administration. Such reactions tend to be more mild 
than acute hemolytic reactions and are often clinically silent. 
However signs and symptoms can be more severe in patients 
with underlying sickle cell disease [6]. Patients most com-
monly present with anemia and jaundice. Initial laboratory 
investigation may reveal low hemoglobin, elevated lactate 
dehydrogenase, low haptoglobin, and elevated bilirubin. A 
thorough transfusion history should be conducted. Patients 
should receive subsequent crossmatched units as needed to 
treat the anemia. Further treatment is rarely indicated [6].

 Allergic/Anaphylactic Complications

 Allergic Transfusion Reactions

Allergic transfusion reactions are relatively common, occur-
ring in up to 3% of transfusions [8] and possibly more due to 
underreporting. They are most commonly associated with 
urticaria, pruritis, and flushing, though these can be variable 
[9]. Both allergen and non-allergen dependent pathways 
have been postulated, with type I hypersensitivity IgE- 
mediated histamine release implicated in the former [10]. In 
most cases the signs and symptoms remain mild but they can 
progress to more severe symptoms (see Anaphylactic 
Transfusion Reactions below) If allergic transfusion is sus-
pected, the transfusion should be temporarily halted and the 
patient should receive an antihistamine such as diphenhydr-
amine. If the patient only sustained cutaneous manifestations 
and they resolved after treatment, the transfusion may be 
resumed; this is one of the rare adverse events in which con-
tinuation of the transfusion can be considered. However, if 
symptoms persist or worsen, the transfusion should not be 
resumed, and a more serious etiology for the clinical presen-
tation should be considered. Studies have not shown pre-
treatment with antihistamines to be effective in preventing 
allergic transfusion reactions [8], though patients who have 
experienced past allergic transfusion reactions should be 
vigilantly monitored for complications in the setting of 
future transfusions. Retrospective studies have shown 
removal of plasma from red blood cells and platelets via 
washing or concentrating to be effective in decreasing the 
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incidence of allergic transfusion reactions, though it is rec-
ommended these measures only be taken in patients who 
have had severe reactions [11].

 Anaphylactic Transfusion Reactions

At the other, more severe end of the type I hypersensitivity 
reaction spectrum lie anaphylactic transfusion reactions, 
which tend to occur within the first hour of blood product 
administration and are characterized by angioedema and car-
diovascular and respiratory compromise [12]. These life- 
threatening events are rare, on the order of 8 per 100,000 units 
transfused [5]. Patients with suspected anaphylactic transfu-
sion reactions should be immediately treated with epineph-
rine. Additional vasopressor support and the placement of an 
artificial airway may also be necessary. The clinician can 
also consider steroids and antihistamines [5]. IgA deficiency 
has been implicated, but the exact cause in the majority of 
cases remains unknown. Histamine mediated allergic reac-
tions can develop acutely within hours of product adminis-
tration. Patients with a history of an anaphylactic reaction 
should receive washed or concentrated units for subsequent 
transfusions.

 Febrile Transfusion Reactions

Febrile transfusion reactions are one of the most common 
adverse events in the setting of transfusions. These reactions 
most frequently occur in with platelet and packed red blood 
cell administration. A febrile transfusion reaction is charac-
terized by an increase in temperature of 1–2  °C [13]. An 
increase of greater than two degrees should prompt the clini-
cian to consider more serious etiologies, such as hemolytic 
transfusion reaction or sepsis. Associated symptoms vary 
and may include chills, rigors, malaise, and hypotension. 
Donor white blood cells have been implicated in the patho-
genesis of febrile transfusion reactions, either through inter-
action with recipient antibodies or through accumulation of 
pro-inflammatory cytokines during storage and prior to 
administration [14]. If a febrile transfusion reaction is sus-
pected, the transfusion should be stopped, and the patient’s 
hemodynamic and clinical status should be monitored 
closely, to rule out more severe causes of fever. Anti-pyretic 
medication and meperidine may be given if the patient is in 
discomfort or is suffering from rigors. The majority of these 
reactions are self-limiting, and in the absence of persistent, 
marked elevation of temperature or profound comorbid con-
ditions, hospital admission is generally not warranted. A 
2019 meta-analysis did not reveal a statistically significant 
decreased incidence in febrile transfusion reactions with pre-
treatment with acetaminophen and an anti-histamine, though 

only a very small percentage of patients in the studies had a 
previous history of transfusion reaction, and the benefit of 
pretreatment in such patients remains controversial [15]. 
Universal leukocyte reduction has been shown in retrospec-
tive studies to reduce the incidence of. febrile transfusion 
reactions in patients receiving red blood cell and platelet 
transfusions [16].

 Cardiac and Pulmonary Complications

 Transfusion Associated Circulatory Overload

Transfusion Associated Circulatory Overload (TACO) refers 
to an acute, life-threatening, commonly difficult to diagnose 
clinical scenario, often in the setting of rapid administration 
of multiple units of blood products. Initially, the reaction can 
be mischaracterized as transfusion related acute lung injury 
(TRALI), described below, since both frequently present 
with respiratory distress. Several clinical definitions have 
emerged since 2000, with the 2016 National Healthcare 
Safety Network (NHSN) among the most recent [17]. 
According to this classification, the patient must exhibit 
three or more of the following within 6 hours of blood prod-
uct administration: respiratory distress, positive fluid bal-
ance, elevated brain natriuretic peptide (BNP), radiographic 
evidence of pulmonary edema, evidence of left heart failure, 
and evidence of elevated central venous pressure [17]. The 
pathophysiology has not been completely elucidated. A two- 
hit hypothesis has been proposed in which the first hit is a 
patient-specific comorbid condition, such as congestive heart 
failure or renal dysfunction, and the second hit occurs with 
transfusions that are excessive or too rapid for the patient’s 
cardiovascular system to process, or a patient reaction to a 
blood product component [18]. These combine to cause the 
signs and symptoms listed above. Despite extensive research 
investigating multiple possible pathways that mediate TACO, 
supportive care remains the only available therapy.

 Transfusion Associated Acute Lung Injury

Transfusion related acute lung injury is a potentially fatal 
pulmonary complication associated with blood product 
transfusions and it is a leading cause of transfusion associ-
ated mortality. Patient-related risk factors include severe 
liver disease, shock states, hypervolemia, chronic alcohol 
abuse, and elevated interleukin-8 levels [19]. A clinical diag-
nosis, the clinician must consider TRALI if a patient devel-
ops respiratory distress shortly after the initiation of a 
transfusion. Since 2004, criteria from the National Heart, 
Lung, and Blood Institute have been used to make the diag-
nosis of TRALI [20]. However, due to advances in knowl-
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edge about the pathophysiology of TRALI and because its 
signs and symptoms frequently mimic those of other condi-
tions, an updated scheme was proposed in 2019 by leading 
TRALI experts. The modification divides the condition into 
two types. Type I TRALI criteria are the following: acute 
hypoxemia with radiographically evident pulmonary edema 
and without signs of left atrial hypertension, onset of symp-
toms within 6 hours of transfusion, and the absence of risk 
factors for acute respiratory distress syndrome (ARDS) [21]. 
Type II TRALI refers to a scenario in which a patient who 
does possess a risk factor for ARDS develops worsening pul-
monary status worsens in the setting of a transfusion [21]. As 
in the case in TACO, a two-hit phenomenon has been hypoth-
esized to occur in the majority of cases of TRALI. The first 
hit is a priming event, in which endothelial activation causes 
increased neutrophil migration to the alveoli [22]. The incit-
ing event is not always entirely clear, but examples include 
trauma, sepsis, surgery, and critical illness [23]. The second 
hit occurs with the transfusion. Antibodies and other media-
tors that have accumulated in stored products activate these 
neutrophils, triggering a proinflammatory cascade that ulti-
mately results in pulmonary injury and edema [22]. 
Transfusion-related risk factors include administration of 
plasma and volumes of human leukocyte antigen class II 
antibody and anti-human neutrophil antigen [19]. Over the 
past two decades, screening for these antibodies as well as 
administration of male-predominant plasma has lowered the 
incidence of TRALI significantly, though it still remains the 
most common cause of transfusion-related deaths in the 
United States [23]. When TRALI is suspected, the clinician 
should pay particular attention to the patient’s pulmonary 
status and be ready to support it. Supplemental oxygen or 
non-invasive support may be sufficient, but many patients 
will require endotracheal intubation. Clinicians should 
employ lung-protective strategies for intubated patients, as 
they would for patients with acute respiratory distress syn-
drome [24]. If TRALI is suspected, the transfusion service 
should be contacted without delay, in order to ensure that no 
subsequent units from the donor are transfused to other 
patients.

 Conclusion

Advances in donor screening and transfusion protocols in 
recent decades have helped reduce the incidence of some but 
not all transfusion-related complications. Though many of 
the adverse events are relatively benign and do not harbor 
significant morbidity, they can result in patient anxiety and 
dissatisfaction, increased resource utilization, and even 
avoidance of transfusion. Accordingly, clinicians must exer-
cise vigilance when electing to administer blood products to 
patients, be aware of the signs and symptoms of complica-

tions, and know how to treat them. Maintaining an open line 
of communication with blood bank personnel can aid clini-
cians in taking steps to minimize adverse events and in deal-
ing with complications when they arise.

Key Points
• Transmission of hepatitis and HIV in the setting of blood 

product transfusions has decreased to near zero
• Signs and symptoms of various types of transfusion reac-

tions can be similar and difficult to distinguish. The spec-
trum of severity ranges from asymptomatic to fatal

• Generally, immediate cessation of the transfusion, com-
munication with blood bank personnel, and supportive 
care are the mainstays of initial management of suspected 
transfusion reaction. Further laboratory analysis can help 
narrow the diagnosis

• TRALI and TACO are both associated with high morbid-
ity and mortality, particularly in patients with pre-existing 
co-morbidities who receive multiple units of blood prod-
ucts. Vigilance and stewardship are essential in the man-
agement of these patients
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The Effects of Hemoglobin-Based 
Oxygen Carriers (HBOC) 
on the Microcirculation

Anthony T. W. Cheung and Peter C. Y. Chen

 Background

Hemorrhagic shock (caused by a severe loss in blood vol-
ume) can lead to irreversible organ damage or death in 
human patients if not appropriately managed and treated 
within a short (≤1 hour) time-frame. For severe blood loss, 
transfusion with allogeneic blood is a standard in-hospital 
management protocol and is considered the “gold standard” 
for treatment [1, 2]. However, when allogeneic blood is not 
available in out-of-hospital settings (as in rural or battlefield 
injuries), plasma expanders (including crystalloid and col-
loid solutions) are commonly used as an alternative [2–4]. 
Crystalloid solution includes saline and Ringer’s solution 
while colloid solution includes hetastarch (Hespan®), bovine 
serum albumin (BSA) and artificial blood substitutes (e.g., 
hemoglobin-based oxygen carriers (HBOC)), in which the 
hemoglobin component acts as a colloid. Hemoglobin con-
sists of four linked globulin chains and is the protein mole-
cule in the red blood cells (RBC) which is responsible for 
transporting oxygen and carbon dioxide for gaseous 
exchange in the microcirculation of the tissues and organs. 
As a treatment for severe blood loss, hemoglobin cannot be 
transfused directly into the systemic blood circulation, as it 
will cleave into dimers and monomers, which are toxic to the 
kidney and will lead to irreversible damage. If one wants to 
study the effects of hemoglobin on hemorrhagic shock treat-
ment, HBOC have to be used. HBOC represent a group of 
oxygen carrying hemoglobin molecules which are polymer-
ized as tetramers and have no toxic effect on the transfusion 
recipients. A few generations of HBOC have been devel-

oped; although they were all hemoglobin-based, each one 
was designed and manufactured differently and might pos-
sess different adverse side-effect profiles. When one wants to 
study the effects of HBOC on the microcirculation, several 
HBOC from different generations should be investigated in 
order to generate a more extensive profile of results. In this 
chapter, we focused on the effects of four early generations 
of HBOC (Oxyglobin®, Hemoglobin Glutamer-200 
(bovine)®, Biopure®, and Hemolink™) and a recent gener-
ation of non-hemoglobin based oxygen carrying artificial 
blood substitute (PEGylated RBC) on the microcirculation.

Hemorrhagic shock and transfusion treatment both can 
affect the overall functional profile of the cardiovascular sys-
tem in general and the systemic circulation in particular. The 
effects on the systemic circulation can be divided into two 
categories; the macrocirculation and the microcirculation. 
As one can imagine, both circulations have different func-
tional roles but work together seamlessly to maintain homeo-
stasis of the body, and one circulation is just as important as 
the other. It is through the macrocirculation that oxygen sup-
ply and nutrients are transported to the tissues and organs, 
but it is important to realize that the oxygen and carbon diox-
ide gaseous exchange (in the lungs as well as in other tissues 
and organs) and all cellular functions actually take place at 
the microcirculation level, the raison d’etre of the circulation 
system (as appropriately described by Professor Marcos 
Intaglietta in his acceptance lecture for the Eugene Landis 
Award in the 1999 Annual Meeting of the Microcirculatory 
Society) [1]. The subject material in this chapter deals with 
the microcirculation in general, but with emphasis on the 
identification of landmark vasculopathy features which can 
serve as unique bio-markers to reflect the hematopathology 
and responses arising as the effects of hemorrhagic shock 
and HBOC transfusion as a treatment modality.

When we study the microcirculation per se, we will be 
dealing with an organized network of arterioles, venules and 
capillaries. A search in the literature revealed that one nor-
mally could not adequately study the blood flow characteris-
tics and vasculopathy of all three types of micro-vessels in 
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the same microcirculation. Some microvascular beds might 
have a very high distribution of capillaries but with very few 
arterioles and venules (e.g., human nailfold, hamster skin-
fold), while other microvascular networks may be ideal loca-
tions to study arterioles and venules but not necessarily 
capillaries (e.g., human and canine bulbar conjunctiva). In 
addition, it is worthwhile to realize that the word “capillary” 
was used quite loosely referring to all micro-vessels in the 
literature and not just capillary alone. For example, the title 
of the seminal publication by Davis and Landau (Clinical 
Capillary Microscopy) consisted of still pictures showing 
vasculopathy features not necessarily in capillaries, but 
mostly in arterioles and venules [5]. In our laboratories at the 
University of California, Davis (UCD) and University of 
California, San Diego (UCSD), we have developed two dif-
ferent animal models for hemorrhagic shock and HBOC 
transfusion investigations; a hamster dorsal skinfold window 
chamber “exclusively” for capillary studies and a modified 
Wiggers hemorrhagic shock canine model “mostly” for arte-
rioles and venules studies, but at times included capillaries to 
illustrate the entire vasculopathy picture.

The conjunctival microvasculature has often been selected 
as an easily-accessible location for microcirculation research. 
It is a well-organized microvascular bed with an orderly dis-
tributed network of arterioles, venules and capillaries. The 
interest in using the conjunctival microvasculature as a loca-
tion to investigate disease severity and its correlation with 
vasculopathy was popularized in 1966, when Davis and 
Landau co-authored a seminal monograph, entitled “Clinical 
Capillary Microscopy”, which featured a broad collection of 
289 still pictures of the bulbar conjunctival, finger nailfold 
and sublingual microcirculations in human patients inflicted 
by various diseases; in reality showing a plethora of patho-
logical features (vasculopathy) in the arterioles, venules and 
capillaries of patients for the first time in medical literature 
[5]. All the pictures possessed outstanding photographic 
quality; with good resolution in image display and well- 
defined landmark (unique) vasculopathy features for disease 
correlation. The only limitation in these pictures lay in the 
fact that they were one time still pictures and, as such, could 
not show any longitudinal and time-dependent changes in 
vessel morphometry, dynamics and disease progression. In 
other words, the still pictures were frozen in one specific 
moment in time and were inadequate for longitudinal (time- 
dependent follow-up) and real-time (on-screen changes dur-
ing intervention treatment or disease progression) 
interpretations. The presence of unique landmark features in 
the vasculopathy caused by different diseases and their pro-
gressive development inspired us to design a video approach 
to record real-time events in the conjunctival microcircula-
tion for subsequent longitudinal analysis. In order to elimi-
nate the still picture limitations, we have designed and 
fabricated one small animal (rodent/hamster) skinfold- 

dedicated and two large-animal (human and dog) bulbar 
conjunctiva-dedicated computer-assisted intravital micro-
scopes (CAIM) to observe and continuously record dynamic 
and morphometric events and longitudinal (time-dependent) 
activities in the microcirculation. Other than being selected 
solely as an easily-accessible real-time study location (one 
of only three available in human studies), the conjunctival 
microvasculature was actually chosen for relevant anatomi-
cal and physiological reasons. The bulbar conjunctiva has 
always been recognized as an integral component of the ocu-
lar surface of the eye, and the bulbar conjunctival microcir-
culation arises directly from the carotid artery -- in fact it is 
often viewed as a terminal microvascular bed of the intracra-
nial carotid artery [6, 7]. This anatomical link suggests 
strongly that a correlation exists between the conjunctival 
and intracranial vasculopathy. This link is viewed as a path (a 
“worm hole” so as to speak), which can lead directly to an 
understanding of activities in the brain itself as well as the 
intracranial arteries in particular; literally using the eye as an 
outside window to look inside the cranium. This relationship 
and the importance of the conjunctival microcirculation have 
been independently confirmed by an unrelated study at the 
UCD Medical Center and Oakland Children’s Hospital as 
part of the 1998 Cooperative Study of Sickle Cell Disease 
(CSSCD) -- a double-blinded multiple-center study for 
stroke vulnerability and prediction in the US, as described in 
a related published report; “Correlation of intracranial ves-
sel velocity (measured by transcranial Doppler ultrasonog-
raphy) with abnormal conjunctival vessel velocity (measured 
by computer-assisted intravital microscopy) in sickle cell 
disease” [8]. This National Institutes of Health (NIH) funded 
CSSCD study established the physiological relevance and 
importance of the “extracranial” conjunctival microcircula-
tion in vasculopathy studies to predict “intracranial” strokes 
in juvenile patients, and validated the abnormal blood flow 
velocity in the conjunctival microcirculation as an indepen-
dent bio-marker to predict vulnerability of juveniles with 
sickle cell disease to obstructive strokes in the intracranial 
arteries located at the Circle of Willis [8]. The fact that the 
recently-developed CAIM technology successfully corre-
lated with the well-established and clinically-accepted 
Doppler ultrasonography technology further validated the 
clinical acceptance of this novel technology and significantly 
enhanced the reliability and creditability of this real-time 
study on the microcirculation.

In addition, most conjunctival arterioles and venules have 
different key landmark features and contours (e.g., vessel 
shape like tortuosity, unique capillary or arteriolar blood- 
flow pattern like box-car trickled flow, sludging and bulk 
flow, damaged vessel, wide vessel diameter, branching, ves-
sel distribution, hemosiderin deposits, etc.) which can be 
identified and relocated for follow-up studies (see some of 
the unique features in Fig. 8.1c, d). In other words, one can 
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investigate changes in most micro-vessels in the conjunctival 
microvasculature in disease/vasculopathy studies longitudi-
nally, using each vessel as its own baseline reference (see 
Fig. 8.3c, d). Meaningful correlations have also been estab-
lished between the unique vasculopathies with disease sever-
ity and clinical sequelae of the patients in a multiple-disease 
IRB-approved study in UCD Medical Center on diabetic 

(type-1 and type-2), hypertensive, sickle cell and Alzheimer’s 
disease patients, simultaneous pancreas-kidney transplanted 
diabetic patients, and myopic contact-lens users [8–19]. 
Despite our capability and success in using CAIM to study 
the conjunctival microvasculature in patients, it is not ethical 
or legally-permitted for any scientist or clinician to conduct 
experimental or invasive studies (e.g., intentional induction 

a b

c d

Fig. 8.1 (a) A slit-lamp based CAIM system which was fabricated and 
adapted for use at UCD Medical Center and Oakland Children’s 
Hospital for the NIH-CSSCD multiple-center clinical trial and UCD 
multiple-disease study. (b) A typical (text-book) frame-captured image 
of the conjunctival microcirculation in a healthy adult volunteer with no 
history of vascular disease. Note the even and orderly distribution of 
normal-sized arterioles, venules and capillaries in a well-organized net-
work. (c) A view of the conjunctival microcirculation from a patient 
exhibiting severe vasculopathy. Note the chaotic organization of arteri-
oles and venules, the uneven presence of capillaries, and the abnormal 
but unique shape and size of many vessels. The unique shape of any 
vessel could be used as key reference to identify and relocate the same 
vessel for follow-up studies – using each vessel as its own reference 

control. Note also the unique tortuosity of a large vessel located in the 
middle of the field. This abnormal sinusoidal configuration was indica-
tive of and diagnostic for hypertension in the patient. The pressure 
build-up in this hypertensive vessel was very high and caused a recent 
damage at its far end on the left side of the field, with blood leaking out 
from the damaged area. (d) A view of the conjunctival microcirculation 
from another patient. All vessels (venules) exhibited abnormally wide 
diameters. In addition, one could see the recovered end of a damaged 
vessel in the middle of the field. The distribution of capillaries was very 
uneven and a significant absence of capillaries occurred at the upper 
right corner of the figure. (For Fig. 8.1b–d, the optical magnification 
was 4.5×)
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of severe blood loss and experimental transfusion) in human 
volunteers solely for the purpose of collecting experimental 
data. In view of these concerns, intervention studies designed 
to investigate the real-time effects of HBOC on the microcir-
culation can best be performed in a hamster dorsal skinfold 
window chamber and canine hemorrhagic shock model in 
conjunction with the microscopic and video capability of 
CAIM.

 Effects on the Microcirculation: A Hamster 
Skinfold Study

The hamster dorsal skinfold window chamber has been 
developed and utilized successfully in UCSD by Intaglietta, 
Tsai, Chen, Cheung, Winslow et  al., (USA) and Messmer 
et  al., (FRG) to study hemorrhagic shock, hemodilution, 
plasma expansion, capillary perfusion, capillary flow impair-
ment, oxygenation, functional capillary density (FCD), 
HBOC design, and effectiveness of HBOC as oxygen carry-
ing plasma expanders [1, 4, 20–30].

A modified version of the dorsal window chamber was 
implanted in a Syrian golden hamster under anesthesia 
(sodium pentobarbital/Nembutal) as described in a previous 
report [4]. Catheters were inserted into the carotid artery and 
jugular vein for transfusion and blood withdrawal for blood 
chemistry measurements. All hamsters were allowed to 
recover for 48  hours before use. During experimentation, 
each fully recovered and awake hamster was placed in a cus-
tomized Plexiglas holder with the window positioned directly 
under the nose-piece of the CAIM system for observation 
and video-recording with a COHU CCD video camera as 
shown in Fig. 8.2a–d and described previously [4].

In this capillary oriented transfusion study, we utilized the 
latest generation of oxygen-carrying artificial blood substi-
tute, PEGylated RBC, which was significantly different from 
the earlier generations of HBOC. Twenty-five hamsters were 
transfused with various concentrations of PEGylated RBC 
(Cerus Corporation, Concord, CA, USA), and four hamsters 
were transfused with allogeneic (donor) blood (i.e., hamster 
RBC without PEGylation) as control. Prior to the top- loading 
transfusion of PEGylated RBC, the blood hematocrit, total 

a b

c d

Fig. 8.2 (a) A hamster with the dorsal skinfold window chamber 
installed and resting in a custom Plexiglass holder. (b) Holder with 
hamster mounted onto the Leitz intravital microscope specimen stage. 
(c) Observation of the window chamber under the microscope nose- 

piece. (d) Representative view of the hamster skinfold microcirculation 
as seen through the window. Note that a large majority of the vessels 
were capillaries. There was only one venule in view (the central vessel 
with a wide diameter) with a pairing arteriole by its side
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blood hemoglobin and oxygenation (pO2) were measured as 
baseline reference. After the vital signs and measurements 
had stabilized, a solution (equal to 10% of the calculated 
total blood volume of the recipient hamster) of PEGylated 
RBC in concentrations of 0.05  mM-22-mM with a 5  kDa 
conjugate and concentrations of 0.05–5 mM with a 20 kDa 
conjugate was transfused via the carotid artery catheter into 
the hamster. The response of the microcirculation to the top- 
loading transfusion was viewed through the window and 
recorded for up to an hour. The blood hematocrit and total 
hemoglobin were measured again (using withdrawn venous 
blood samples) at the end of the video-recording while pO2 
was monitored continuously. Selected video sequences were 
measured for vessel diameter and blood flow velocity to 
compare with pre-transfusion baseline values so as to deter-
mine the effects of PEGylated RBC on the microcirculation. 
The results showed a minor non-significant increase in the 
total blood volume and hematocrit and no noticeable change 
in total blood hemoglobin after the transfusion. The pO2 
remained essentially unchanged throughout the study. The 
result was surprising since PEGylated RBC was constructed 
as an oxygen carrier. This observation led to the suspicion 
that the oxygenation measurements did not adequately reflect 
the tissue pO2 level in a short time-frame when oxygen 
unloading was involved with an artificial blood substitute on 
the tissue level [2, 3]. As for the real-time effects on the 
microcirculation, noticeable but non-significant changes in 
the diameter of the capillaries and blood flow velocity 
occurred. In conclusion, a 10% top-loading transfusion 
resulted in only marginal non-significant effects on the skin-
fold microcirculation and blood chemistry. If a volume-to- 
volume transfusion was performed, hemorrhagic shock 
would have been established and the transfusion results 
might be different. It was interesting to note that this top- 
loading transfusion study did confirm that PEGylated RBC 
were non-toxic when used in a transfusion, which was well- 
tolerated by the hamsters. In view of the results, a volume-to- 
volume exchange transfusion (large blood volume withdrawal 
to establish hemorrhagic shock and equal volume transfu-
sion as treatment) on a large animal, using the canine hemor-
rhagic shock model, would be conducted as a follow-up 
study to further understand the transfusion effects on the 
microcirculation.

Intaglietta, Tsai, Winslow, Messmer, et  al., have exten-
sively utilized the hamster dorsal skinfold window chamber 
to study top-loading and exchange HBOC transfusions and 
have contributed immensely to our knowledge and under-
standing on the effects of HBOC on capillary function [24–
28, 31, 32]. The results on their top-loading transfusion 
studies were akin to the results in our hamster investigation. 
However, their greatest contributions lay in their long-term 
collaborative studies on the post-transfusion microcircula-
tion, which led to an in-depth understanding of hemodilution, 

plasma expansion, tissue oxygenation, and the realization on 
how the physical properties of blood, plasma expanders as 
well as HBOC could affect microvascular function and capil-
lary integrity [1, 20–30, 33]. When considered globally, their 
collective contribution was instrumental in identifying the 
basic flaw in the design of the earlier generations of HBOC in 
that their effects on the microcirculation have not been antici-
pated nor appreciated, and that these earlier HBOC have not 
been “engineered” so that their physical properties would be 
congruent with those of the microcirculation [1, 25, 28]. In 
addition, it has been shown that the presence of these HBOC 
in the plasma spaces resulted in the paradoxical effect of pro-
ducing vasoconstriction and reducing tissue oxygenation, an 
outcome opposite to what was needed for a patient in hemor-
rhagic shock [25, 29, 30]. The design flaws they identified 
and the results from their hemodilution, plasma expansion 
and oxygenation studies could now provide a valuable knowl-
edge vault, consisting of an in-depth understanding on what 
to avoid and how to “engineer” a new generation of func-
tional HBOC which will not inadvertently lead to paradoxical 
responses or fatal outcome [24, 25, 28].

 Effects on the Microcirculation: A Canine 
Bulbar Conjunctiva Study

In most teaching curriculum on physiology for first year 
medical students, a core of interrelated lectures and canine- 
based laboratory sessions are dedicated to allow medical stu-
dents to have hands-on experience in working with OR 
monitoring instrumentation and life-support devices, and to 
generate an in-depth understanding of and appreciation for 
physiological concepts, as well as to interpret canine organ 
functions, cardiovascular-pulmonary activities and vital 
measurements for human extrapolation and interpretation. In 
UCD School of Medicine, we have extended our curriculum 
to include a special hemorrhagic shock session, which is 
based on the adaptation of the modified Wiggers canine 
model in a fully-equipped OR setting [2, 3, 34]. 
Cardiovascular, pulmonary, oxygenation and blood chemis-
try changes during hemorrhagic shock and shed blood trans-
fusion as a treatment modality are the main themes of this 
session. Microcirculation studies are not included as a part of 
this hemorrhagic shock session.

However, for research purposes and not for teaching, our 
laboratories have further extended this curriculum concept 
and adapted the modified Wiggers canine model in conjunc-
tion with the CAIM technology in an in-hospital OR setting 
to study hemorrhagic shock (induced by ≥50% blood loss) 
and the real-time effects of HBOC transfusion-treatment on 
the microcirculation [2, 3].

A total of 10 dogs were used in this real-time OR-based 
microcirculation study; six for Oxyglobin® transfusion and 
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four for shed blood (autologous) transfusion as control. 
Anesthesia was induced with IV propofol (2–4 mg/kg) and 
diazepam (0.5 mg/kg) followed by orotracheal intubation. 
A stable anesthetic plane was maintained using isoflurane 
and fentanyl to minimize confounding hemodynamic 
effects. Each anesthetized dog was splenectomized and 
allowed to stabilize for an hour. The amount of sequested 
blood in the spleen was collected, measured and included 
in the calculation of total blood volume. At the end of an 
one-hour stabilization period, pre-hemorrhagic (baseline) 
measurements on systemic-bodily functions, oxygenation 
and other vital activities were made (pre-hemorrhagic 
phase). In addition, video- recordings were made on the 
conjunctival microcirculation via CAIM simultaneously to 
serve as a baseline for later analysis, comparison, and cor-
relation. Pre-hemorrhagic baseline systemic-bodily func-
tions, oxygenation, blood hematocrit, total and blood 
hemoglobin, and microcirculation measurements (vessel 
diameter, vessel distribution, and blood flow velocity) were 
comparable in all 10 dogs. The diameter of all vessels aver-
aged from all 10 dogs (arterioles 27  ±  9  μm; venules 
43 ± 12 μm; capillaries ≤10 μm; n = 10 from each dog and 
then averaged between 10 dogs) were quantified by image 
analysis. Immediately after the baseline measurements and 
video-recordings were made, a large amount of the calcu-
lated total blood volume (based on body weight and includ-
ing the amount of sequested blood in the spleen) was 
withdrawn from the lateral saphenous and femoral veins at 
a rate of 32–36  mL/kg/hr. until a targeted mean arterial 
pressure (MAP) of 45–50 mm Hg was achieved with the 
volume of withdrawn blood amounting to ~50% of the total 
blood volume (a clinical criterion targeted to establish 
acute but non-fatal hemorrhagic shock). This induced blood 
loss would take about 45  minutes to reach the targeted 
MAP. The shed blood of the four dogs was collected to be 
used in autologous transfusion as control. Within a one-
hour acclimatization period (post-hemorrhagic phase) from 
the end of blood withdrawal, similar measurements and 
video- recording akin to the pre-hemorrhagic phase were 
made (post-hemorrhagic measurements). Special care was 
taken to assure the identification of the same vessels 
recorded in the pre-hemorrhagic phase for post-hemor-
rhagic video- recording. At the end of the post-hemorrhagic 
phase, IV transfusion using Oxyglobin® (at a rate of 
10 mL/kg/hr. for 1 hour) for the six experimental dogs and 
shed blood (at a rate of 30 mL/kg/hr for 1 hour) for the four 
control dogs were made. Post-transfusion measurements 
and video-recordings were carried out at the end of the one-
hour transfusion process (post-transfusion phase). The 
effects of hemorrhagic shock and subsequent transfusions 
(shed blood transfusion as control and Oxyglobin® trans-
fusion as a treatment modality) on the microcirculation are 
summarized as follows.

 1. Immediately after completion of ~50% hemorrhaging 
(blood withdrawal), all 10 dogs remained stable under 
anesthesia with no significant changes in body tempera-
ture, heart rhythm, respiratory rate, cardiopulmonary 
characteristics, and ventilatory parameters. MAP was sig-
nificantly reduced to 45–50 mm Hg as targeted. In addi-
tion, all 10 dogs showed similar significant (P ≤  0.01) 
changes in systemic functions and oxygenation charac-
teristics, including decreases in blood hematocrit, plasma 
and total hemoglobin, SpO2 and increases in heart rate, 
respiratory rate and lactic acidosis. Heart rate and respira-
tory rate started to increase at the beginning of the hemor-
rhaging and substantially increased during the one-hour 
acclimatization process, resulting in a significant 
(P ≤  0.01) increase of ~20–25% at the end of 1  hour. 
Cardiac rhythm (ECG) remained normal except for 
noticeable tachycardia. Significant (P  ≤  0.01) post- 
hemorrhagic changes also occurred simultaneously in the 
microcirculation of all dogs, including a ~20% decrease 
in venular diameter but with no significant change in arte-
riolar diameter. The presence of capillaries diminished 
noticeably during the entire process of blood withdrawal. 
In addition, a significant (P ≤  0.01) ~30% increase in 
blood flow velocity occurred. These significant changes 
(P ≤  0.01) in the microcirculation were compensatory 
changes which were indicative of sympathetic effects 
arising from severe blood loss.

 2. Following shed blood transfusion, which was initiated 
1 hour after the completion of severe (~50%) blood loss 
to ensure the establishment of hemorrhagic shock, all 
four control dogs restored systemic functions and oxy-
genation to pre-hemorrhagic (baseline) values – the sig-
nificant decreases in blood hematocrit, total and plasma 
hemoglobin and SpO2 values reversed to normalcy. The 
post-hemorrhagic increase in heart rate, respiratory rate 
and lactic acidosis also returned to baseline values. In 
addition, the significant post-hemorrhagic ~20% decrease 
in venular diameter and ~30% increase in blood flow 
velocity also reversed to baseline values. The capillaries, 
which had disappeared after severe blood loss, started to 
reappear in the beginning of the transfusion and reached 
≥90% normalcy at the end of the transfusion. The results 
further confirm the understanding that allogeneic (autolo-
gous if available) blood transfusion is recognized as the 
“gold standard” for a successful hemorrhagic shock 
treatment.

 3. Oxyglobin® transfusion induced no apparent change in 
the blood hematocrit but caused a noticeable but non- 
significant increase in the blood plasma and total hemo-
globin values. Heart rate, respiratory rate and lactic 
acidosis reversed to 85–90% of pre-hemorrhagic baseline 
values. Surprisingly, SpO2 level did not change signifi-
cantly and remained low although Oxyglobin® was an 
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oxygen carrier by design. As for the post-transfusion 
effects on the microcirculation itself, the changes in post- 
hemorrhagic venular diameter and blood flow velocity 
significantly (P ≤ 0.01) reversed to near-baseline values. 
The capillaries which had disappeared after severe blood 
loss reappeared as in shed blood transfusion. The effects 
on the microcirculation did not appear to be caused by 
any specific chemical benefit provided by the artificial 
blood substitute, but rather occurring as a result of the 
infusion of a plasma expander (i.e., significant increase in 
viscosity and fluid volume) into the systemic circulation 
in the transfusion process. When the Oxyglobin® trans-
fusion was conducted by the end of the one-hour post- 
hemorrhagic acclimatization period (the golden hour), 
the reversal of vessel diameter and blood flow velocity 
persisted after a follow-up observation period of at least 
2 hours.

 4. If the usually successful shed (autologous) blood transfu-
sion was delayed and conducted beyond the one-hour time-
frame after the establishment of hemorrhagic shock (e.g., 
similar to hours of delay in ambulance transport or battle-
field injury), marginal reversal of changes on heart rate, 
respiratory rate, oxygenation, acidosis, MAP, and micro-
circulation would take place for a short period of time. 
However, the reversal changes leveled off in ~20–25 min-
utes and all adverse effects arising from hemorrhagic shock 
progressively reappeared and persisted -- eventually lead-
ing to the ultimate demise of the dog from microcirculation 
failure and hemorrhagic shock complications. Apparently, 
this one-hour time-frame was an important determinant for 
a successful or non-successful transfusion outcome. The 
importance and significance of this “golden hour” could 
not be overlooked. In addition, the real-time changes in the 
microcirculation during hemorrhagic shock and the post-
transfusion reversals could serve as independent on-the-
spot bio-markers to predict or confirm a successful or 
non-successful transfusion outcome.

 5. Additional HBOC transfusion studies using Hemoglobin 
Glutamer-200 (bovine)®, Biopure® and Hemolink™ 
were conducted in like manner to show the real-time 
effects of three additional HBOC.  Comparable results 
akin to the effects generated by Oxyglobulin® were 
achieved, illustrating clearly that all four HBOC have 
identical effects on the microcirculation, as well as the 
consistency in our experimental results and reliability of 
our protocol using CAIM.

 Discussion

During hemorrhagic shock, blood flow and intraluminal 
blood pressure in the microcirculation of tissues and organs 
are drastically reduced, creating a progressive oxygen-debt 

that will eventually become irreversible [1, 35]. Maintaining 
the integrity and preservation of the microcirculation in tis-
sues and organs is of utmost importance to provide a shock 
patient a chance to survive. During hemorrhagic shock aris-
ing from a severe blood loss, the patient will progressively 
become very hypoxic. In the absence of adequate oxygen 
and carbon dioxide gaseous exchange at the microcirculation 
level where all cellular functions and activities take place at 
the same time, local respiration and metabolism will become 
anaerobic, and the microcirculation will start to lose its 
integrity and begins to fail [35]. If no appropriate treatment 
(allogeneic blood or plasma expander transfusion) is given 
immediately or soon (within ~one-hour time-frame), the 
microcirculation will fail completely and irreversibly, lead-
ing to the demise of the shock patient [35]. This pathologic 
course-of-event serves to explain the “golden hour” criterion 
for a successful survival outcome.

The basic principle and understanding of this “golden 
hour” to ensure a successful transfusion and ultimate sur-
vival in the canine model have been extrapolated to human 
interpretation successfully. However, misuse of this “golden 
hour” criterion did contribute to a few unfortunate and para-
doxical episodes with unexpected results. During the long 
trips to the hospital from far-away rural areas, vasopressin 
(aka arginine vasopressin, a potent vasoconstriction agent) 
has often been administered as a pre-hospital (en route) treat-
ment medication to re-distribute blood flow, prevent tissue 
hypoxia and improve cardiac output in hemorrhagic shock 
patients; with the expectation to prevent complications aris-
ing from the loss of microvascular integrity and ultimate fail-
ure of the microcirculation beyond the “golden hour” 
time-frame. However, it has been reported that, in some 
cases, vasopressin treatment might have led to unexpected 
adverse effects as evidenced by occasional post-vasopressin 
necrotic skin lesions and gastrointestinal ulcerations [36, 
37]. Using the canine hemorrhagic shock model, CAIM has 
revealed that this type of ischemic lesions resulted from a 
severe reduction of blood flow arising from random but 
extensive post-vasopressin vasoconstriction and a significant 
loss of capillary function in the microcirculation [31]. Post- 
vasopressin video sequences focused on the same pre- 
vasopressin micro-vessels in the same locations (see 
Fig.  8.3c, d) revealed clearly that instead of redistributing 
blood flow to improve tissue oxygenation and avoid tissue 
hypoxia, vasopressin treatment has paradoxically caused 
extensive multi-focal vasoconstrictions in the microcircula-
tion, resulting in a drastic cessation of blood flow and lead-
ing to severe tissue ischemia and pathogenesis [31]. In this 
study, the significantly reduced blood flow in the arterioles, 
venules and capillaries in the conjunctival microcirculation, 
which displayed a consistent vessel distribution and blood 
flow pattern before the vasopressin treatment as illustrated in 
Fig. 8.3c, constricted severely and some vessels even disap-
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peared from view because of the absence of blood flow -- 
creating a “blanched” anemic appearance on the surface of 
the bulbar conjunctiva as illustrated in Fig. 8.3d and described 
in a previous report [31]. In most cases, the exact real-time 
focal lesions (i.e., point of constriction, shrinkage of vessel 
diameter, capillary disappearance, etc.) could be pin-pointed 
in the video sequences and frame-captured pictures as shown 
in Fig. 8.3d. This vasopressin study was actually a direct rep-
lica of our study on the real-time effects of HBOC on the 
microcirculation. The only difference was instead of using 

HBOC, we used this established CAIM technology transla-
tionally to study a pre-hospital (en route) medication to dem-
onstrate its inadvertent effects. Again, it is easy to realize that 
this type of longitudinal studies could not be conducted with-
out the unique landmark features of the arterioles, venules 
and capillaries (for same location identification and reloca-
tion) and the CAIM technology.

With the availability of the conjunctival microvasculature 
as a research platform and the incorporation of the CAIM 
technology as illustrated above, our laboratories have in real-

a

c d

b

Fig. 8.3 (a) A section of the fully equipped OR-based bio-station. The 
COHU CCD video camera was positioned near the bulbar conjunctiva 
of the eye and aligned with the conjunctival microcirculation for precise 
focusing. (b) A close-up view of the video camera focusing on the bul-
bar conjunctiva with an image of the conjunctival vessels being dis-
played on the monitor screen. (c) A view of the normal conjunctival 
microcirculation of the dog before vasopressin treatment. A well- 
organized network of arterioles, venules and capillaries could be seen in 
sharp focus. (d) A view of the same conjunctival vessels in Fig. 8.3c 

after the vasopressin treatment. Extensive constrictions in most of the 
vessels have taken place, with many small branches of the arterioles and 
venules disappearing from view because of the cessation of blood flow. 
In addition, basically all the capillaries have disappeared because of the 
absence of active blood flow. The usefulness of identifying and relocat-
ing the pre-vasopressin (baseline) vessels for post-vasopressin follow-
 up comparison (literally using the vessel itself as its own reference 
control) significantly enhanced the accuracy and reliability of data 
acquisition. (For Fig. 8.3c, d, the optical magnification was 4.5×)
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ity developed a fully OR instrumentation-based objective 
bio-station (see Fig. 8.3a, b) to study future artificial blood 
substitutes and to test the efficacy of medications and effec-
tiveness of treatment protocols in a real-time setting, as in 
Flocor® (human study) and vasopressin (canine study) treat-
ment [18, 31]. In fact, encouraged by the successful outcome 
in the study on the real-time effects of Oxyglobin®, our 
laboratories have extended further studies to include three 
additional HBOC (Hemoglobin Glutamer-200 (bovine)®, 
Biopure® and Hemolink™) in like manner. It was interest-
ing to confirm that all three additional HBOC generated 
comparable effects on the microcirculation akin to the same 
outcome as Oxyglobin®, thus confirming the reliability of 
our CAIM studies. We have also made good use of the canine 
hemorrhagic shock model to evaluate the effects of contami-
nants (e.g., lead, lactate) on the functionality of HBOC [32, 
38–40] and medication efficacy in microcirculation-involved 
applications [18, 31, 41].

The successful establishment and utilization of the canine 
model led to the design of other animal models for hemor-
rhagic shock and microcirculation studies. Recently, our 
laboratories have successfully established a rabbit hemor-
rhagic shock model to further study the effects of the most 
recent generation of PEGylated plasma expander (EAF- 
Hexa- PEG albumin (EAF-PEGylated BSA)) on the micro-
circulation, and to compare its effectiveness with PEGylated 
RBC, and crystalloid and colloid solutions in transfusion 
treatment [42].

Historically, the development of artificial blood substi-
tutes could be traced back to the use of bovine serum albu-
min as a non-oxygen carrying plasma expander to treat 
severe blood loss in the battlefield in WWII. The necessity to 
develop a better plasma expander for rural injury and battle-
field use, and hopefully also incorporating favorable oxygen- 
carrying and unloading characteristics in its development, 
was deeply ingrained in the mind of all on-the-field medical 
personnel and emergency room clinicians. This necessity 
and subsequent goals led to the design and manufacture of 
the first few generations of HBOC.  These products were 
designed to serve as non-toxic bovine hemoglobin-based 
oxygen carriers, as in Oxyglobin®, Hemoglobin 
Glutamer-200 (bovine)®, Biopure®, and Hemolink™, to be 
used in emergency transfusion as a possible treatment modal-
ity for hemorrhagic shock in the 1970s through 1990s. 
Hemoglobin (bovine) was used as the backbone of these 
early blood substitutes because of their oxygen-carrying 
property, immunological profile and availability. In addition 
to research focusing on toxicity, additional emphasis was 
placed mostly on their chemistry, biochemistry and oxygen-
ation characteristics; but the real-time effects of HBOC on 
the recipients’ microvasculature and the resulting microvas-
cular changes or possible failure have been ignored or rarely 
investigated. The outcome from using these blood substitutes 

in transfusion treatment has been disappointing. In fact, 
HBOC were proven to be detrimental at times and had inad-
vertently led to some fatalities when used in emergencies to 
manage severe blood loss [1]. The dismal outcomes resulted 
from a flaw in their design in not appreciating the importance 
of the microcirculation, which was the crucial site where cel-
lular functions and activities would take place, and was also 
the site where hypoxia, anaerobic respiration and metabo-
lism, and the ultimate failure of the tissues and organs would 
occur. In the past two decades, a more advanced and better- 
designed generation of artificial blood substitute was pro-
duced using a new conjugation technology. Instead of using 
the polymerization process to construct HBOC which were 
basically polymerized hemoglobin tetramers, the latest gen-
eration of blood substitute (PEGylated RBC and PEGylated 
BSA) was manufactured by conjugating polyethylene glycol 
(PEG) with red blood cells (RBC) or bovine serum albumin 
(BSA), resulting in new products which possessed good 
plasma expansion characteristics (including a high viscos-
ity), fluid and pressure retention properties and a complete 
elimination of immunological complications irrespective of 
the difference in blood types in human RBC. Basically, most 
if not all PEGylated RBC employed human RBC as a build-
ing block because of their unmatched availability when 
blood bank-stored RBC supplies approached the end of their 
legally-permitted shelf-life. Again, the lack of an in-depth 
understanding on the effects of the PEGylated products on 
the microcirculation of the transfusion recipients still per-
sisted. With our experience in utilizing the modified Wiggers 
canine hemorrhagic shock model and the incorporation of 
CAIM, real-time effects of the latest generation of PEGylated 
RBC and PEGylated BSA on the microcirculation can easily 
be investigated in our laboratories. In addition, the founda-
tion to study PEGylated RBC and PEGylated BSA has been 
laid down already in previous studies in our laboratories 
(4,42). In these studies, the identification of unique on-the- 
spot bio-markers in the microcirculation, which reflected the 
results and effectiveness of HBOC and PEGylated product 
transfusions, has been established to serve as key landmark 
references for future PEGylated product efficacy evaluation 
and effective outcome determination [2–4, 32, 41, 42].

For any translational research-oriented scientist and clini-
cian, to be able to effectively utilize results and technologies 
arising from animal research for human extrapolation and, 
better still, to serve as a stepping stone for direct human 
application, represents a highly targeted goal for their 
research endeavors -- as their search for the “holy grail” so as 
to speak. In addition to focusing solely on animal studies, 
our laboratories have enhanced and translationally adapted 
CAIM to be used non-invasively in a UCD IRB-approved 
multiple-disease clinical study on the conjunctival microcir-
culation in patients -- to identify relevant disease-related 
landmark vasculopathy features to supplement and correlate 
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with clinical evaluation, prediction, diagnosis and prognosis 
[7–18]. This multiple-disease IRB-approved clinical study 
was initiated in UCD Medical Center after the proven suc-
cess in utilizing CAIM to record (videotape) conjunctival 
activities and vasculopathy for hemorrhagic shock correla-
tion in the canine studies [2, 3]. These multiple-disease clini-
cal studies have ultimately established various landmark 
criteria to serve as bio-markers for disease prediction and 
early diagnosis [8–18]. In a study on hypertension, the 
appearance of a unique vasculopathy feature -- vessel tortu-
osity -- has been accepted as a unique (landmark) bio-marker 
to diagnose hypertension in a patient (see Fig. 8.1c, d). In 
fact, the late Professor Benjamin Zweifach at UCSD identi-
fied this unique tortuosity feature to be the result of a sus-
tained tissue remodeling process arising from a prolonged 
insult by high intraluminal blood pressure on the endothelial 
wall of the vessels, and appropriately named these “tortu-
ous” vessels as “hypertensive” vessels. In addition, we have 
successfully studied the conjunctival vasculopathies in 
patients suffering from various diseases (type-1 diabetes, 
type-2 diabetes, hypertension, sickle cell and Alzheimer’s 
disease, and ocular complications in contact lens users, just 
to name a few) [8–17]. As a case in point as described earlier, 
CAIM has been successfully utilized in the prediction of an 
intracranial stroke to occur in juvenile sickle cell disease 
patients, using the significant change in blood flow velocity 
in the extracranial conjunctival vessels as a bio-marker to 
predict a pending stroke in the intracranial vessels at the 
Circle of Willis (a clinically-accepted diagnostic interpreta-
tion by radiologists) in the CSSCD multiple-center stroke 
prediction study [8]. CAIM has also been utilized in a suc-
cessful double-blinded clinical trial to confirm the efficacy of 
Poloxamer 188 (Flocor®) as a medication to treat vaso- 
occlusion during a sickle cell disease painful crisis [18]. 
Recently, we have used CAIM to confirm the association of 
plasma homocysteine level with vasculopathy in the con-
junctival vessels of juvenile and adult sickle cell disease 
patients [19].

In conclusion, the incorporation of CAIM as an objective 
and quantitative tool in a clinical facility establishes the 
availability of a robust objective device in microcirculation 
research for clinical studies in patients. The identification of 
independent unique landmark bio-markers from CAIM- 
based conjunctival microcirculation studies can contribute 
significantly to a quick patient triage, disease prediction, 
early detection, diagnosis, severity determination, and a reli-
able outcome prognosis. Image how a quick triage assign-
ment relying on a conjunctival bio-marker based diagnosis 
of a pending intracranial stroke, can lead to an immediate 
referral of a 6-years old sickle cell disease patient to life- 
saving emergency surgery, stem-cell transplant or gene 
therapy; events which will provide the most rewarding, sat-
isfying and heart-warming feeling and a sense of achieve-

ment for any research scientist -- a life saved and a job well 
done. One can expect the same success and impact of future 
CAIM-based microcirculation studies on hemorrhagic 
shock, medication efficacy studies and new generations of 
artificial blood substitute effectiveness evaluations.

Key Points
• The bulbar conjunctival microvasculature is a direct con-

tinuation of the intracranial carotid artery.
• Conjunctival arterioles and venules have unique shapes 

and forms (e.g., tortuosity, branching); enabling them to 
be relocated for longitudinal studies  – each vessel can 
serve as its own reference control.

• Disease severity and progression can be correlated with 
conjunctival vasculopathy for prognosis and timely 
triage.

• The most effective treatment modality for hemorrhagic 
shock is allogeneic blood transfusion.

• After a severe blood loss (40–50%), allogeneic blood 
transfusion needs to be conducted within an hour from the 
time of establishment of hemorrhagic shock to be effec-
tive (the golden hour).
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Nitric Oxide and Hemoglobin: 
Physiological Implications

Xinggui Shen, Alan D. Kaye, Elyse M. Cornett, 
and Christopher G. Kevil

 Introduction

The physiological importance of NO was recognized in 1998 
by the Noble Prize in Physiology or Medicine to Drs. Robert 
Furchgott, Louis Ignarro, and Ferid Murad for their discov-
eries regarding NO as a signaling molecule in the cardiovas-
cular system. It is now well established and clear that NO 
bioavailability serves a central role in maintaining not only 
cardiovascular health but also immunity, hemostasis, cell 
growth, and survival, among other functions. As such, main-
taining sufficient and adequate amounts of bioavailable NO 
is key for tissue homeostasis and overall health. Importantly, 
NO reacts with heme-containing proteins, including hemo-
globin, to form different species, including nitrosyl hemo-
globin or S-nitrosohemoglobin, which can be modulated by 
O2 partial pressure. The reaction of NO/nitrosonium anion 
and protein thiols can also lead to nitroso thiol formation, 
which decomposes to generate NO.  Additionally, NO can 
also generate reactive nitrogen species (RNS) through a 

diffusion- limited reaction with reactive oxygen species 
(ROS) such as superoxide to form peroxynitrite (ONOO−).

NO is a colorless gaseous free radical with an unpaired 
electron making it highly reactive. NO can readily react with 
oxygen and water to be converted into nitrogen dioxide and 
nitrous acid (HNO2), respectively. HNO2 is a weak and 
monobasic acid with a pKa of 3.39. NO can be generated 
through enzymatic or non-enzymatic pathways. Under certain 
pathophysiological conditions, non-enzymatic generation of 
NO occurs through nitrite/nitrate reduction mechanisms [1]. 
The predominant mechanism of NO production is through the 
enzyme family of nitric oxide synthases (NOS), including 
neuronal NOS (NOS 1), inducible NOS (NOS 2), and endo-
thelial NOS (NOS 3) [2]. The NOS enzyme is a homodimer 
that has N-terminal oxygenase and C-terminal reductase 
domains, with calmodulin (CaM) acting as the interdomain 
linker. Generation of NO through NOS requires several fac-
tors, including the substrate arginine, co-substrates molecular 
oxygen and reduced nicotinamide adenine dinucleotide phos-
phate (NADPH), and cofactors, including flavin adenine dinu-
cleotide (FAD), flavin mononucleotide (FMN), and 
tetrahydrobiopterin (BH4). The process of NO production via 
NOS oxidation-reduction reaction of L-arginine involves a 
series of steps, including transfer of electrons from NADPH at 
the reductase domain to the heme in the oxygenase domain, 
through FAD and FMN. The CaM domain is involved in facil-
itating the flow of electrons, which is enhanced by intracellu-
lar calcium (Ca+2). At the oxygenase domain, electrons oxidize 
L-arginine to L-citrulline, and NO is produced [3]. BH4 is 
important to stabilize the active NOS dimer and direct the 
catalytic electron flow to L-arginine [4]. Separately, non-enzy-
matic NO generation has been shown to involve nitrate reduc-
tion to nitrite by host commensal bacteria, subsequently 
followed by one-electron Nitric oxide (NO): reduction of 
nitrite back to NO under permissive tissue conditions or via 
protein biochemistry (e.g., deoxyhemoglobin and xanthine 
oxidoreductase) [5].

Nitric oxide (NO) is also known as an endothelium- 
derived relaxing factor. It acts as a vasodilator, regulating 
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vascular tone, blood pressure, and hemodynamics, a role that 
nitrate donor therapy exploits in the treatment of angina, 
heart failure, pulmonary hypertension, and erectile dysfunc-
tion. Additionally, related to its potent antioxidant, anti- 
inflammatory, and antithrombotic properties, it is 
antiatherogenic and antiatherothrombotic. NO signaling 
regulates the contractility and metabolism of skeletal muscle 
and myocardium and is tightly coupled to insulin signaling. 
The coordination of skeletal muscle and myocardial energy 
demand and supply by vascular and muscle NO signaling is 
critical for carbohydrate and fatty acid homeostasis in the 
total body. NO signaling in the mitochondria is responsible 
for a large portion of NO’s metabolic effect, which at low 
physiologic levels connects cellular energy demand and 
mitochondrial energy supply while also affecting mitochon-
drial oxidative stress and calcium handling. Mitochondria 
are also the site of potentially fatal adverse effects associated 
with excessive NO levels caused by inflammation. 
Senescence, oxidative stress, inflammation, endothelial dys-
function, vascular disease, insulin resistance, and type 2 dia-
betes mellitus are all characteristics of NO-deficient states. 
NO-enrichment therapy should be beneficial not only hemo-
dynamically but also metabolically. In contrast, strategies for 
reducing excessive NO in states such as septic shock are 
required [6].

 Nitric Oxide Cardiovascular Effects

Nitric oxide (NO) plays a role in contractility, and heart rate 
regulation restricts cardiac remodeling after infarction, and 
leads to the protective effect of ischemic pre- and postcondi-
tioning. NO at low concentrations inhibits phosphodiesterase 
III, stopping cAMP from being hydrolyzed. Following acti-
vation of protein kinase A, sarcolemmal voltage-operated 
and sarcoplasmic ryanodin receptor Ca(2+) channels are 
opened, increasing myocardial contractility. Increased NO 
levels result in increased cGMP output, which causes car-
diodepression in response to protein kinase G (PKG) activa-
tion and blockade of sarcolemmal Ca(2+) channels. 
Additionally, NO plays a role in the decreased contractile 
response to adrenergic stimulus in heart failure. Inhibiting 
NO synthase (NOS) is clearly associated with a decrease in 
heart rate. Notably, if baroreceptors are activated by changes 
in blood pressure, the immediate influence of NOS inhibition 
may be changed. Finally, NO can exert a protective effect 
against the detrimental effects of cardiac remodeling follow-
ing myocardial infarction through the cGMP pathway. NO 
exerts its defensive effect primarily via the guanylyl cyclase- 
cGMP pathway, which results in activation of PKG, which 
opens mitochondrial ATP-sensitive potassium channels and 
inhibits mitochondrial permeability transfer pores. NO 
formed by vascular and endocardial endothelial NOS, and 
neuronal and inducible synthases, acts on the muscle. 
Although endothelial synthase plays a significant role in the 

basal regulation of contractility, the inducible isoform is pri-
marily responsible for the cardiodepression seen in septic 
shock [7].

 Nitric Oxide Vascular Effects

Endothelial cells produce vascular NO, which causes vasodi-
lation. NO is the most powerful endogenous vasodilator, 
affecting primarily conduit vessels rather than microvascula-
ture. NO/cGMP/cGK signaling causes vasodilation by auto-
crine increasing NO and BH4 levels within the endothelium 
and paracrinely relaxing adjacent vascular smooth muscle 
cells (VSMCs) by (1) decreasing cytoplasmic Ca2+ concen-
trations and (2) decreasing myofibrillar Ca2+ sensitivity [8]. 
NO is involved in flow-mediated vasodilation and acts as an 
antagonist to vasoconstrictor effects. It works by reducing 
vascular stiffness and blood pressure. NO plays a critical role 
in blood flow regulation, vascular tone, and blood pressure 
regulation [9].

The endothelium is constantly damaged mechanically, 
chemically, and ischemically. Endothelial stem and progeni-
tor cells (EPCs) derived from bone marrow participate in 
repair processes at the site of injury, normalizing endothelial 
function. NO protects EPCs’ functional capacity for vascular 
repair and angiogenesis. Finally, NO inhibits platelet activa-
tion, aggregation, and adhesion to the endothelium in both 
cGMP-dependent and -independent ways [8].

 Nitric Oxide and Hemodynamic Regulations

Nitric oxide (NO) produced by endothelial NO synthase 
(eNOS) is critical for coronary blood flow regulation via 
vasodilation and decreased vascular resistance, and platelet 
aggregation and adhesion inhibition, thereby preventing 
coronary circulatory failure, thrombosis, and atherosclero-
sis. When coronary perfusion is compromised, NO reduces 
myocardial oxygen consumption. Pathogenic factors such 
as smoking, excessive salt intake, obesity, aging, hypercho-
lesterolemia, hyperglycemia, and hypertension impair 
endothelial function. Reduced NOS expression and activ-
ity, decreased NO bioavailability, and increased production 
of oxygen radicals and endogenous NOS inhibitors all con-
tribute to endothelial dysfunction. Increased superoxide 
generation is mediated by NADPH oxidase, xanthine oxi-
dase, and NOS uncoupling. Plasma levels of asymmetric 
dimethylarginine, an endogenous NOS inhibitor, are 
increased due to an inability of dimethylarginine dimethyl-
aminohydrolase and alanine-glyoxylate aminotransferase 2 
to catalyze their degradation. Reduced coronary blood flow 
is caused by impaired coronary arteriolar dilation induced 
by perivascular nitrergic nerve activation. NO derived from 
nNOS, either alone or in combination with eNOS, protects 
the myocardium from serious ischemic insults. Increased 
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iNOS expression caused by ischemia contributes to myo-
cardial contractile dysfunction. Preventive and therapeutic 
measures, such as lifestyle  modification and treatment with 
therapeutic agents that aim to eliminate pathogenic factors 
for endothelial dysfunction or nNOS-derived NO depriva-
tion are critical for the prophylaxis and prevention of coro-
nary artery disease [10].

 Hemoglobin (Hb)

Hemoglobin is synthesized in the proerythrocyte of the bone 
marrow and in reticulocytes during cellular differentiation in 
the bone marrow. Residual hemoglobin formation can also 
occur in reticulocytes after denucleation due to the presence 
of residual RNA before entering the vasculature. First, the 
heme molecule is synthesized as the combination of proto-
porphyrin IX and iron (Fe+2), which consists of four pyrrole 
molecules cyclically linked together with the iron ion bound 
in the center. Each heme molecule then combines with a long 
polypeptide chain called a globin, producing a hemoglobin 
chain. Four hemoglobin chains bind loosely together to form 
the whole hemoglobin molecule. There are slight differences 
among globin chains (such as alpha, beta, gamma) based on 
the amino acid sequence. In an adult human, the most com-
mon hemoglobin type is a tetramer, consisting of two α (141 
amino acid residues) and two β subunits (146 amino acid 
residues) with a molecular weight of 64 kDa [11].

Hemoglobin can bind loosely and reversibly with oxygen. 
The iron ion is the site of oxygen binding, and each heme can 
bind one oxygen molecule. The iron ion can exist in two 
chemical states, including ferrous (Fe+2) and ferric (Fe+3). 
Importantly, hemoglobin binds oxygen when iron is in the 
ferrous state. When heme iron is oxidized to ferric, oxygen- 
binding cannot occur. The ferric form of hemoglobin is 
called methemoglobin (metHb), and metHb can be eventu-
ally reactivated to bind oxygen by reducing the iron center 
by methemoglobin reductase [12].

Once oxygen binds to a heme group, electrostatic forces 
between the individual chains relax, resulting in exposure to 
other oxygen-binding sites and increased affinity for oxygen. 
Thus, hemoglobin predominantly binds oxygen in the lungs 
with high-O2 pressure and subsequently releases oxygen in 
the peripheral tissue that contains low-O2 pressure. The affin-
ity of hemoglobin to oxygen is affected by several factors 
that are discussed elsewhere. However, hydrogen and carbon 
dioxide decrease the affinity of hemoglobin to oxygen, and 
2,3-diphosphoglycerate stabilizes the deoxyhemoglobin 
configuration, also decreasing the affinity of hemoglobin to 
oxygen. Due to the various reactive chemistries and since 
hemoglobin concentration is high in red cells, it is important 
that it be effectively compartmentalized by the red cell lipid 
bilayer membrane. This membrane protects the hemoglobin 
tetramers from dissociation, resulting in the formation of 
dimers, and monomers would ultimately be cleared by the 

kidney, often contributing to nephrotoxicity [13]. Moreover, 
an inability to compartmentalize hemoglobin decreases oxy-
gen binding and exchange efficiencies while also allowing 
secondary oxidation-reduction reactions to occur that could 
damage cells and tissues.

 Interactions Between NO and Hemoglobin

The rate at which hemoglobin reacts with nitric oxide (NO) 
is limited by the speed of the diffusion of NO into the heme 
pocket. The reaction results in the formation of nitrate when 
hemoglobin is oxygenated. This is referred to as the dioxy-
genation reaction. Because nitrate is biologically inert at the 
concentrations reached during the dioxygenation reaction, 
the only role hemoglobin was once thought to play in NO 
signaling was to inhibit it. However, several mechanisms by 
which hemoglobin can preserve, control, and even generate 
NO activity have been discovered. These mechanisms entail 
the compartmentalization of reacting species and the conver-
sion of NO from or into other NO-transporting species such 
as nitrosothiols or nitrite. Despite many research studies in 
this area, fundamental questions remain regarding the pre-
cise mechanisms of NO activity preservation, and whether 
and how Hb generates NO activity.

 Nitrosyl Hemoglobin
Hemoglobin only binds oxygen when the iron heme is fer-
rous, forming oxyhemoglobin. NO can also bind to the fer-
rous heme, forming iron nitrosyl hemoglobin, including 
alpha-nitrosyl and beta-nitrosyl hemoglobin. Electron para-
magnetic resonance (EPR) is typically used to distinguish 
these two species. For alpha-nitrosyl heme, the bond between 
the histidine and iron breaks, so the heme is pentacoordinate 
(one bound to the NO and four to the heme porphyrin ring). 
The affinity of NO for ferrous heme is very significant with 
a dissociation constant (Kd) of 10−10~10−11 M [14]., meaning 
that hemoglobin likely serves as a biochemical ‘sink’ for NO 
in the blood, especially given the concentration of hemoglo-
bin in erythrocytes. Nitric oxide can also bind to the ferric 
hem, but at a much lower affinity (Kd = 2.5 × 10−4 M). Lastly, 
NO-mediated nitroso thiol formation occurs at cysteine resi-
dues (cys93) of the β subunit resulting in the formation of 
S-nitroshemoglobin (SNO-Hb).

 NO Bioactivity and Hemoglobin
NO can react with oxyhemoglobin (oxyHb) to form methe-
moglobin and nitrate, and it occurs at a reaction rate of 
6–8 × 10−7 M−1 S−1 [15–17]. Importantly, this reaction is rate 
limited primarily by diffusion of NO to the heme pocket [18, 
19]. With 10  mM Heme in the blood, the half-life of NO 
under oxygenated conditions would be predicted to be ~1 μs. 
During this time, NO could diffuse about 0.1 μm (assuming 
a diffusion constant of 3000 μm2  s−1) so that any NO that 
 diffuses into the blood and encounters oxyHb would be rap-
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idly converted to nitrate [20]. The amount of nitrate in plasma 
is typically tens of micromolar [21], while NO is present in 
the nanomolar range or less [22]. Thus, conversion of NO to 
nitrate does not significantly increase the concentration of 
plasma nitrate.

NO can also bind to deoxygenated ferrous hemoglobin. In 
principle, NO can dissociate from the heme. The dissociation 
rate constant of NO from heme are 1 × 10−3 s−1 for T-state 
beta hemes, 4  ×  10−4  s−1 for T-state alpha hemes, and 
1 × 10−5 s−1 for R-state, respectively [23–25]. Hence, heme 
nitrosylation does not permanently remove NO from biologi-
cal NO signaling pools.

S-nitrosothiols are potentially an effective transporter of 
NO bioactivity through the ultimate release of bound NO or 
mimic NO [26, 27]. Although this reaction is much slower 
than that of NO and oxygenated or deoxygenated Hb [28], 
the NO+ moiety can be transferred among thiol groups, 
resulting in the formation of SNO-Hb. It is a very effective 
way of transducing NO bioactivity [29]. Stamler and his col-
leagues have shown this intriguing mechanism [30–32]. The 
central component of this mechanism is that iron nitrosyl Hb 
is formed in the tissues, and NO is transferred to β93 cysteine 
residue to generate SNO-Hb during T to R transition [31].

 NO, Red Cell Biology and Blood Substitutes
As discussed above, NO is important for both tissue function 
and health while also highly chemically reactive with heme- 
containing proteins such as hemoglobin. Thus, it is now clear 
that blood substitute approaches may mediate pathological 
side effects through decreasing NO levels and or functions 
[33]. Cell-free, cross-linked hemoglobin agents have notori-
ously depleted NO leading to cardiovascular complications. 
LEH substitutes have shown some promise in attenuating 
this problem due to hemoglobin containment within a lipid 
bilayer. Although this approach has shown some promise, 
the ability to recapitulate the spectrum of NO-Hb biochemi-
cal interactions that could enhance tissue oxygenation have 
yet to be realized.

 NO Scavenging

Numerous discoveries have been made through in vitro stud-
ies of aged, diseased RBCs and naturally occurring mutant 
Hbs, and through animal and human studies. As a result, 
alternative direct intervention strategies for preventing heme-
mediated Hb oxidative toxicity have evolved to the point 
where it is feasible to include antioxidant scavenging pro-
teins and iron-reducing reagents in HBOCs to retard 
Hb-damaging prooxidant reactions and preserve Hb func-
tion. For instance, glutathione (GSH), a critical scavenger of 
free radicals and a potent endogenous antioxidant that aids in 
the protection of RBCs against oxidative injury, has been 

crosslinked to Hb. Hemopexin (HPX) is an acute-phase 
plasma protein found in concentrations ranging from 8 to 
21 mM in circulation. By transporting plasma heme to the 
liver, HPX acts as a specific scavenger of plasma heme and 
clearance, and, like Hp, HPX acts as a critical plasma protec-
tor against Hb oxidation by-products. HPX has the tightest 
binding kinetics when compared to other plasma heme scav-
engers (such as albumin, high- and low-density lipoproteins, 
and a1-microglobulin) [34].

 Conclusion

In summary, NO and hemoglobin engage in important bio-
chemical functions necessary for oxygen delivery and car-
bon dioxide removal to match local metabolic demand within 
tissues and organs. However, many questions remain sur-
rounding the precise mechanisms of NO chemical biology in 
red blood cells and for their preservation, and how hemoglo-
bin alters NO functions in acute and chronic trauma or dis-
ease settings making Hb-NO research an important and 
exciting area for further research. In this regard, NO will 
continue to be a major factor in the success of Hb carrying 
products in the future.

Key Points
• The rate of hemoglobin reactivity with nitric oxide (NO) 

is constrained by the rate of NO diffusion into the heme 
pocket.

• When hemoglobin is oxygenated, a chemical reaction 
occurs that produces nitrate.

• Since nitrate is biologically inert at the amounts achieved 
during the dioxygenation reaction, hemoglobin was pre-
viously believed to have just an inhibitory function in NO 
signaling.

• Several pathways, however, have been discovered by 
which hemoglobin can maintain, regulate, and even pro-
duce NO action.

• These pathways include the compartmentalization of 
reacting species and the transfer of NO to or from other 
NO-transporting species such as nitrosothiols or nitrite.

• Despite numerous research studies, basic concerns about 
the exact processes of NO activity protection, and when 
and how Hb produces NO activity, exist.
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A Brief History of the Development of 
Nanobiotechnology-Based Blood 
Substitutes

Thomas Ming Swi Chang

 Introduction

Extensive research was carried out around the world on dif-
ferent types of nanobiotechnology based blood substitutes 
over the last 60 years [1–31, 33–38, 40–49, 51–62, 64–75, 
77–100, 102–125]. Numerous groups have contributed 
extensively and importantly to this area. This is such a large 
area that it is only possible for this chapter to cover a few of 
the highlights. Many chapters in this book contain much 
more complete details.

 Hemolysate and Stroma Free Hemoglobin

As early as 1937 Amberson [7] attempted to use hemolysate, 
the hemolyzed content of red blood cells (RBC) including 
the RBC membrane stroma (Fig. 10.1). In 1967 Rabiner [85] 
removed the membrane stroma from hemolysate to form 
stroma-free hemoglobin (SFHb) to prevent renal toxicity 
(Fig. 10.1). Despite the terminology, stroma-free hemoglo-
bin contained variable amounts of active RBC enzymes.

In 1978, Savitsky [93] carried out preliminary clinical 
trial in patients and showed that SFHb still caused nephro-
toxicity and cardiovascular adverse effects. The tetrameric 
hemoglobin molecules caused much of the problem and was 
made worse since once infused the tetramer broke down into 
even more toxic dimers. We now also know that free hemo-
globin would have other problems.

 Early Basic Research on Nanobiotechnology 
Based RBC Substitute

In 1957 Chang [18] prepared the first artificial red blood 
cells that contain hemoglobin and red blood cell enzymes 
(Fig. 10.2). This had oxygen dissociation curve like that of 
RBC [18] Hemoglobin stayed inside as tetramers and red 
blood cell enzymes like carbonic anhydrase and catalase 
retained their activities [19, 30]. These artificial red blood 
cells did not have blood group antigens on the membrane and 
therefore do no aggregation in the presence of blood group 
antibodies [22]. However, the single major problem was the 
rapid removal of these micro-dimension artificial cells of 
even down to 1 micron dimension (1000 nm) from the circu-
lation [22]. He therefore investigated nanobiotechnology 
based complex in the form of polyhemoglobin and conju-
gated hemoglobin [19–21] (Fig. 10.2).

 Polyhemoglobin Based on Nanobiotechnology

In 1964 Chang [19] first use bifunctional agents to cross-link 
the reactive amino groups of Hb to assemble Hb molecules 
together into PolyHb (Fig. 10.2). The first bifunctional agent 
used was sebacyl chloride [19].

10
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Fig. 10.1 Left: Hemolysate. Right: Stroma-free hemoglobin that con-
tains hemoglobin and variable amounts of RBC enzymes
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2. Nanobiotechnology (Chang 1964 Science)

Polyhemoglobin

From Chang 1965

From Chang 1965

1964 Chang (diacid)
1971 Chang (glutaraldehyde)

1964 Chang (polyamide)
1968 Wong (dextran)
1970 Abuchowski & Davis (PEGylation)

Conjugated Hb
Hb

Hb

Hb

1. Emulsion method (Chang 1957, 1964 Science)

(First reported methods)

saline

Artificial rbc

Hypertonic

Hypotonic

HEMOGLOBIN BASED RED BLOOD CELL SUBSTITUTES)

Fig. 10.2 Upper Left Preparation of Artificial red blood cells by 
emulsion. Lower Left: Artificial red blood cells of micro dimensions 
that can reversibly “crenate” in hypertonic/hypotonic solutions. Upper 

Right: Polyhemoglobin. Lower right: Conjugated hemoglobin. 
(Updated from Chang [20, 26] with copyright permission)

 

Cl CO CH CO Cl HB NH HB NH CO CH CO NH HB

 

- - - - - - - - - - -2 8 2 2 8
( ) + = ( )

Sebacyl CChloride Hemoglobin Cross linked polyHb Chang-  1964( )

The first use of another bifunctional agent, glutaraldehyde 
by Chang was in 1971 to cross-link hemoglobin(10gm/dl) 

and trace amount of catalase [21]. The reaction was as 
follows:

 

H CO CH CO H HB NH HB NH CO CH CO NH HB- - - - - - - - - - -2 3 2 2 3
( ) + = ( )

Glutaraldehhyde hemoglobin Cross linked PolyHb Chang- ,1971( )

In the 1971 glutaraldehyde procedure, cross-linking could be 
adjusted so that the crosslinked PolyHb could be in a soluble 
state [21]. This resulted in less steric hindrance and greater 
ease of substrate diffusion. This cross-linked hemoglobin 
molecules to one another (intermolecular). It could also 
cross-link the hemoglobin internally (intramolecular). This 
principle was later developed by many groups around the 
world.

 First Generation Hemoglobin Based Oxygen 
Carriers (HBOCs)

 Four General Types of HBOCs

The four types of most studied first-generation hemoglobin- 
based oxygen carriers are shown in Fig.  10.3. These are 
polyhemoglobin, conjugated hemoglobin, intramolecu-
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1964 Chang (diacid)
1971 Chang (glutaraldehyde)

1964 Chang (polyamide)
1968 Wong (dextran)
1970 Abuchowski & Davis (PEGylation)
1980 Iwashita (polyethylene glycol)

PolyHemoglobin (nanobiotechnology based)

Conjugated Hb

1968 Bunn & Jandl
1979 Walder (diaspirin)

Crosslinked tetrameric Hb

1990 Hoffman
Recombinant Human Hb

1st generation modified hemoglobin (1st reports)

Fig. 10.3 The four types of most studied first-generation hemoglobin- 
based oxygen carriers

Table 10.1 H.I.V. contaminated donor blood crisis and active groups

POLYHb, CONJUGATED Hb & XLINKED TETRAMERIC 
Hb
Acharya, Agishi, Alayash, Bakker, Baldwin, Blumenstein, Benesch, 
Biro, Bonhard, Bucci, Burhop, Chang, D’Agnillo, DeAngello, 
DeVenuto, DeWoskin, Estep, Fagrell, Faivre, Feola, Fratantoni, 
Gawryl, Gould, Greenburg, Gulati, Hess, Hori, Hsia, Hughes, 
Intaglietta, Iwashita, Jacobs, Jesch, Keipert, Klugger, Liu, Lowe, 
MacDonald, Magnin, Manning, Meinert, Messmer, McKenzie, 
Moss, Nelson, Nose, Panter, Pearce, Powanda, Privalle, Przybelski, 
Pluira, Rausch, Seetharama, Sehgal, Sekiguchi, Sideman, Shorr, Su, 
Tsai,Valeri, Vandegriff, Winslow, Wong, Yang and many others
Recombinant and transgenic hemoglobin Casparl, Fronticelli, 
Hoffman, Kumar, Lemon, Looker, Olson, Shih, Shoemaker, Stetler 
and many others
Encapsulated Hb (Artificial RBC)
Beissinger, Chang, Djordjevich, Farmer, Feuerstein, Gaber, Goin, 
Horinouchi, Hunt, Ikeda, Kondo, Kobayashi, Lee, Lutz, Miller, 
Nishiya, Ogata, Powanda, Phillips, Rabinovic, Rudolph, Sakai, 
Schmidt, Snohara, Su, Szebeni, Takahasi, Takaori, Takeoka, 
Tsuchida, Usuba, Yu and many others

larly crosslinked tetrameric hemoglobin and recombinant 
hemoglobin

 Development During the HIV Contaminated 
Donor Blood Crisis

As seen from Fig. 10.3, most of the basic principles for mod-
ified Hb were already available by the 1960’s. Unfortunately, 
there was no public demand or interest on these approaches. 
Thus, only a few investigators were doing research on nano-
biotechnological approaches for modified Hb. This effort is 
suddenly intensified at the end of the 1980s, when HIV con-
taminated donor blood became a major public crisis. As a 
result, extensive studies and extensions were belatedly car-
ried out by many groups around the world. (Table 10.1)

Red blood cells have three major functions: (1) transport 
oxygen (2) remove damaging oxygen radicals and (3) trans-
port carbon dioxide CO2. The urgency of H.I.V. in donor 
blood necessitated the development of the simplest system in 
the shortest time in the form of oxygen carriers.

 Intramolecularly Crosslinked Hemoglobin

Initially, the most extensive effort was Baxter’s development 
of intramolecularly crosslinked tetrameric hemoglobin [15, 
16, 84, 105]. Vasoconstriction in clinical trials led to the pro-
posal that the intercellular junctions of the endothelial lining 
of vascular wall allowed tetrameric Hb to enter the intersti-
tial space. There, Hb acted as a sink in binding and removing 

nitric oxide needed for maintaining the normal tone of 
smooth muscles. This resulted in the constriction of blood 
vessels and other smooth muscles especially those of the 
esophagus and the GI tract. However, this could be avoided 
if nitric oxide removal was prevented by a modified form of 
stabilized intramolecularly crosslinked Bovine Hb [116] or 
by the inhalation of nitric oxide [119–121].

 Polyhemoglobin

The 1971 basic principle of glutaraldehyde crosslinked poly-
hemoglobin (PolyHb) [21] was independently developed 
most extensively by centers around the world. Some exam-
ples of the earlier ones included Dudziak & Bonhard [40] 
1980, DeVent & Zegna [37] 1982, Keipert & Chang [57] 
1982, Feola et al. [44] 1983, Moss & Gould’s group [46, 74] 
1988, Biopure group including Wong and Rausch, Greenburg 
and Kim [47] Pearce & Gawryl [80], Jahr et al. [55]. There 
were also the use of other types of crosslinkers like o- raffinose 
by Hsia [52] and Bucci’s OxyVita® Hb [13, 113] The fol-
lowing were two important key examples.

 Glutaraldehyde Crosslinked Human PolyHb
The group led by Moss and Gould started the Northfield 
Laboratory to develop glutaraldehyde crosslinked human 
PolyHb [46, 74]. Their clinical trial on 171 patients shows 
that this product can successfully replace extensive blood 
loss in trauma surgery by maintaining the Hb level at the 
8–10  g/dl needed for safe surgery with no reported side 
effects [74].

In 2009 Moore et al. reported their multicenter random-
ized clinical trial on pre-hospital ambulance patients [73]. 
Since no typing and cross-matching was needed, it could be 
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Table 10.3 Biopure clinical trial

PolyHemoglobin glutamer-250 (bovine)
Phase III clinical trials in 688 elective orthopedic surgery patients.
Randomized 1:1 for either the PolyHb or RBC
96.3% avoided RBC first postoperative day
70.3% avoided RBC to day 7 59.4% avoided RBC all the way
2002 South Africa & Russia approved this to avoid the use of HIV 
contaminated donor blood
Thus, the original aim to avoid the use of HIV donor blood has 
been successfully reached
References:
Pearce & Gawryl, 2006, Jahr et al. 2008, Greenburg et al. 2008, Mer 
et al. 2016

Table 10.2 PolyHeme clinical trial

Human Polymerized Hemoglobin for the Treatment of 
Hemorrhagic Shock when Blood Is Unavailable: The USA 
Multicenter Trial. Moore et al. (2009) J Am Coll Surg. 208: 1–13
Ambulance. Hospital
PolyHeme Group. Do not need 

blood for 
14 hours

Control saline Group: Need blood in 
½ hour

(See text for discussion of risk/benefit)

used right on the spot. Their result in about 700 hemorrhagic 
shock patients showed that PolyHb could maintain the 
patients for 14 hours after reaching the hospital without the 
need for donor blood (Table  10.2). In the saline control 
group, most of the patients needed blood transfusion shortly 
after reaching the hospital.

There was nonfatal myocardial infarction in 3% of the 
PolyHeme group as compared to 0.6% in the control saline 
group. Risk/benefit analysis: As stated in the title, the 
author’s objective was to investigate the use of PolyHeme 
when donor blood was not available. Based on the result of 
their study, if donor blood was not available, many patients 
in the control group would have died. In this situation the 
benefit far outweighed the risk of 3% nonfatal myocardial 
infarction. On the other hand, when donor blood was avail-
able it would be less risky than using PolyHeme, unless there 
were potential problems of H.I.V. or other contamination of 
the donor blood.

 Glutaraldehyde Crosslinked Bovine PolyHb
In 1983, Feola’s group studied the use of bovine Hb, instead 
of outdated human donor blood, to prepare PolyHb [44]. 
Bing Wong and Carl Rausch prepared ultrapure bovine 
hemoglobin for glutaraldehyde crosslinked bovine PolyHb 
and cofounded Biopure. The result of the development and 
clinical trials were published in several papers including 
those by Pearce & Gawryl [80], Greenburg and Kim [47], 
Jahr et al. [54, 55]. Mer et al. [72]. In one study, they carried 
out multicenter, multinational, randomized, single-blind, 
RBC-controlled Phase III clinical trials in patients undergo-
ing elective orthopedic surgery (Table 10.3).

A total of 688 patients were randomized 1:1 to receive 
either the PolyHb or RBC at the time of the first perioperative 
RBC transfusion decision and 59.4% of the patients receiving 
polyHb required no RBC transfusion all the way to follow up 
and 96.3% avoided transfusion with RBC on the first postop-
erative day and up to 70.3% avoided RBC transfusion up to 
day 7 after. South Africa and Russia approved this for routine 
clinical uses in patients. Mer et al. [72] discusses Hemoglobin 
glutamer-250 (bovine) in South Africa consensus usage 
guidelines from clinician experts who have treated patients. 
Jahr gave a recent overall discussion of the area [54].

 Conjugated Hemoglobin

In 1964 Chang showed that in the presence of diamine, seba-
cyl chloride crosslinks hemoglobin with polyamide to form 
conjugated hemoglobin [19, 20] (Fig. 10.2). In 1988 Wong 
crosslinked single hemoglobin molecule to a soluble dextran 
[99, 114]. In 1977, Abuchowski et  al. prepared 
polyethyleneglyco- hemoglobin (PEG-Hb) [2]. This PEG 
approach was followed by others in Japan [53], USA [3, 96, 
112], China [67] and elsewhere. Two key groups included 
Winslow and Keipert’s group of Sangart [112] and Liu’s 
group in China [63, 67]. Other groups who combined this 
with antioxidant function will be discussed in that section.

 Nitric Oxide

Nitric oxide plays an important role in preventing vasocon-
striction. Hemoglobin has high affinity in binding nitric 
oxide and is one of the causes of vasoconstriction.

 Inhalation of Nitric Oxide to Prevent 
Vasoconstriction
Yu and Zapol [119, 120] showed in awake mice that infusion 
of HBOC-201 (Hemopure, OPK Biotech) induced systemic 
hypertension, which can be prevented by breathing NO. In 
awake lambs, pretreatment with inhaled NO prevented sys-
temic and pulmonary hypertension induced by subsequent 
infusion of HBOC-201, Mice with endothelial dysfunction 
but not healthy wild-type mice, experienced vasoconstriction 
during transfusion of PolyHeme. This can be prevented by 
inhaled NO. In awake lambs, infusion of PolyHeme induces 
pulmonary hypertension, that could be prevented by breath-
ing NO before infusion, followed by a low dose of NO dur-
ing transfusion.

 Pyridoxalated Hemoglobin Polyoxyethylene 
as NO Scavenger in Distributive Shock
Apex Bioscience used this in their multicenter, randomized, 
placebo-controlled phase III study in distributive shock 
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[104]. They compared the effectiveness and safety of the 
hemoglobin-based nitric oxide scavenger against placebo. 
Patients were randomized to receive 0.25 mL/kg/hr. pyridox-
alated hemoglobin polyoxyethylene (20 mg Hb/kg/hr) or an 
equal volume of placebo, infused for up to 150  hours, in 
addition to conventional vasopressor therapy. The study was 
stopped after interim analysis.

 Other Sources of Hemoglobin

In addition to hemoglobin from outdated human donor 
blood, Feola showed that bovine Hb could be another source 
[44]. Other sources included, for example, porcine Hb by the 
group of Zhu and Chen [123, 124], Yang’s group started the 
use of Hb from human placental blood [64].

Zal’s group [88, 121] prepared a novel natural oxygen 
carrier extracted from Arenicola Marina that had high oxy-
gen carrying capabilities coupled with unique antioxidant 
properties. Another important source is the use of recombi-
nant method.

 Bioengineering and Recombinant Methods

In 1990, Hoffman et al. [51] first reported the expression of 
fully functional tetrameric human hemoglobin in Escherichia 
coli. This was followed by Looker et al. [69] and Shoemaker 
et  al. [95] In order to prevent the removal of nitric oxide, 
Doherty et  al. [39] used a specially designed recombinant 
Hb.

More recently, Bülow’s group [55] carried out extensive 
research on protein engineering for hemoglobin-based oxy-
gen carriers as an alternative to chemical approaches. They 
used sitedirected mutagenesis and gene fusion to optimize 
the behavior of blood substitutes. They looked at fetal hemo-
globin (HbF) which has several advantages over the adult 
hemoglobin. They used the XTEN technology to modify Hb 
genetically. This XTEN polymer was genetically linked to 
fusion fetal hemoglobin (fHbF), and used as an alternative to 
PEG.  They also investigated a green alternative based on 
plant Hbs. Compared to human Hbs, plant Hbs had high sta-
bility, low autoxidation and low heme-loss. For its produc-
tion, the heterologous expression of plant Hbs in E. coli was 
30–40% higher compared to human Hb.

General Discussions
Those polyhemoglobin or conjugated Hb that contained high 
levels of uncrosslinked population including endothelial dys-
function, oxygen radicals etc. There were great variations in 
the preparation of different types of HBOCs. Thus, one can-
not attempt to combine the clinical trial results of different 

types of hemoglobin-based oxygen carriers and different 
clinical trials into a single meta-analysis [77].

 Nanobiotechnology Based Oxygen Carriers 
with Antioxidant Functions

 Introduction

The H.I.V. contaminated donor blood crisis and the urgency 
for blood substitutes had led to the development of only 
hemoglobin-based oxygen carriers. Some even used only 
ultrapure hemoglobin for this. This was effective for those 
clinical condition that only required oxygen supply, as in 
elective orthopedic surgery. In arterial obstruction resulting 
in stroke and heart attack. Red blood cells, being 7–8 microns 
in diameter, would have difficulty flowing through partially 
obstructed vessels to supply the needed oxygen. HBOC, 
being a solution, could perfuse through to supply the needed 
oxygen. However, in ischemia, reperfusion with an oxygen 
carrier alone could release damaging oxygen radicals result-
ing in ischemia reperfusion injuries [4, 5].

 PolyHb-CAT-SOD

In the early 1990s D’Agnillo and Chang prepared a soluble 
complex of Polyhemoglobin crosslinked to antioxidant 
enzymes, catalase and superoxide dismutase (PolyHb-SOD- 
CAT) [35]. It had the dual function of an oxygen carrier that 
can also remove oxygen radicals (Fig. 10.4). In this form the 
SOD and CAT could be enhanced to be much higher than 
those in red blood cells.

After 90 min of combined hemorrhagic shock and brain 
ischemia in rats, reinfusion of PolyHb-SOD-CAT did not 
cause brain edema (Fig.  10.4) [83]. On the other hand, 
PolyHb or a solution contain free Hb, SOD and CAT caused 
significant increases in brain edema (Fig. 10.4). Reperfusion 
with PolyHb resulted in significant increase in the break-
down of the blood-brain barrier and an increase in brain 
water (brain edema). On the other hand, PolyHb-SOD-CAT 
did not result in these adverse changes (Fig. 10.4).

Ischemia-reperfusion injury in severe sustained hemor-
rhagic shock could result in damage to the intestine with 
leakage of E-coli or endotoxin to the systemic circulation 
resulting in irreversible shock. Thus, we studied the ex vivo 
perfusion of isolated rat small intestine in a model of intesti-
nal ischemia reperfusion [86]. We reported in 1997 that isch-
emic small intestine released damaging oxygen radicals 
when reperfused with PolyHb. However, PolyHb-SOD-CAT 
reperfusion did not increase oxygen radical release. This 
could be important during intestinal surgery or organ storage 
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Examples of other approaches:

Hsia’s group Conjuated hemoglobin with synthetic antioxidant based on the convalently binding of

nitroxides ( Buehler et al 2004, Ma and Hsia, 2013).

Alayash’s group, 2004 a Hb-haptoglobin compelx can also be used to protect against oxidative stress

Yang’s group: The reduction of human cord blood methemoglobin by vitamin C

Simoni’s group (1997) added a solution with antioxidant function to their modified Hb.

Abuchowski’s group (2017) PEGylated bovine hemoglobin with dual carbon monoxide and oxygen

delivery agent with anti-inflammatory and anti-vasoconstrictive properties

Others

Zal’s group Arenicola marina Hb (Rousselot et al 2006) with antioxidant activity.

Fig. 10.4 Upper left: PolyHb-SOD-CAT D’Agnillo & Chang 1998) 
Upper middle: Unlike PolyHb, reinfusion of PolyHb-SOD-CAT did 
not cause brain edema in rat brain ischemia. Upper right: Unlike 
PolyHb, PolyHb-SOD-CAT reperfusion in ischemic small intestine did 

not release damaging oxygen radicals. (From Chang 2007 with copy-
right permission). Lower: Examples of many other approaches based on 
the above principle

for transplantation [86] Others have used this for kidney [32] 
and pancreatic beta cells in rats [76].

 Convalently Binding of Nitroxides to PEG-Hb

Hsia’s group extended the PolyHb-SOD-CAT approach to 
prepare a pegylated hemoglobin with synthetic antioxidant 
based on the convalently binding of nitroxides [14, 70]. 
Polynitrxylation confers superoxide dismutase mimetic 
activity to pegylated hemoglobin. They tested this polyni-
troxylated pegylated hemoglobin (PNPH aka SanFlow) for 
the Treatment of Hemorrhagic shock and Ischemic Stroke In 
a hemorrhagic traumatic brain injury (TBI) model after com-
bined traumatic brain injury and hypotension in mice. They 

also tested this in a stroke model following transient occlu-
sion of the middle cerebral artery. Transfusion of polynitrox-
ylated pegylated hemoglobin could better maintain oxygen 
delivery during ischemia through the collateral circulation 
before reperfusion is established; could provide neuroprotec-
tion after reperfusion. They showed that small volume of 
1/10th of shed blood volume of SanFlow, in conjunction 
with crystalloid, was could restore mean arterial pressure 
(MAP) to a more stable and higher level than fresh whole 
shed blood in a mouse model of traumatic brain injury (TBI) 
with hemorrhagic shock (HS). SanFlow was shown to main-
tain cerebral perfusion pressure (CPP) of brain to provided 
critical oxygen delivery to serve neurological functional 
needs without resulting in increased intracranial pressure 
(ICP) and without cerebral edema of the mouse brain.
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 Dual Carbon Monoxide and Oxygen Delivery 
Agent

Abuchowski’s group [1] reported a dual carbon monoxide 
and oxygen delivery agent with antiinflammatory and anti- 
vasoconstrictive properties from carbon monoxide, improved 
rheology from polyethylene glycol, and oxygen delivery 
specifically to hypoxic tissues from PEGylated bovine hemo-
globin. They carried out preclinical and clinical studies that 
showed safety with evidence of efficacy. Animal models of 
hemorrhagic shock and focal cerebral ischemia displayed the 
ability of SANGUINATE® to down-regulate inflammatory 
markers, deliver oxygen, and improve survival. Early clinical 
trials in patients exposed to either single or multiple doses 
there was no meaningful adverse effects. Signs of efficacy 
include improved neurological status, reduction of 
 inflammatory markers, improved cerebral blood flow, and 
reduction/elimination in vasopressor intervention.

 Vitamin C as Antioxidant

Yang’s group [117] showed that Vitamin C could provide 
antioxidant protection to HBOC derived from human cord 
blood and lowered the MetHb content of HBOC. This led to 
an important strategy to increase the safety and effectiveness 
of HBOC. We have confirmed this [17].

 Other Approaches

Alayash’s group had already reported in detail [5, 56] else-
where that a Haptoglobin complex could also be used to pro-
tect against oxidative stress. Another one is Zal’s Arenicola 
marina Hb [88] with antioxidant activity with more details 
below. Simon added a pharmacological solution with anti-
oxidant function to their modified Hb.

 Preservation for Transplant Organ

A recent promising development included the use HBOCs 
for the preservation of transplant organ. This would be a less 
stringent approach since the HBOCs only need to act ex vivo 
without injection into the body.

 Early Basic Research
In 1997, we studied the ex vivo perfusion of isolated small 
intestine [86] and found that ischemic small intestine released 
damaging oxygen radicals when reperfused with PolyHb 
(Fig. 10.4). However, PolyHb-SOD-CAT reperfusion did not 
increase oxygen radical release. This is important for organ 

storage for transplantation. Other groups supported this find-
ing in the preservation for rat kidney transplantation by 
Chang’s group from Korea [32] and pancreatic beta cells by 
Nadithe and Bae [76].

 Light’s Group
developed a hemoglobin-based oxygen carrier solution 
(VIR-XV1) for liver allograft preservation in combination 
with machine perfusion [103]. In order to avoid the compli-
cated use of RBC with Machine Perfusion (MP). they used a 
bovine-derived glutaraldehyde polymerized hemoglobin- 
based oxygen carrier (BD HBOC) solution as the perfusate 
in a swine model with liver allografts preserved with MP 
(Liver Assist® device) for 12 hours at 21 °C. This success 
led VirTech Bio to design VIR-XV1, a human derived glutar-
aldehyde polymerized with a higher molecular weight (MW 
>500 kD, p50 = 36 mmHg). Histological and EM analysis 
showed sustained integrity of the hepatic tissue for the first 
9 hours. The VIR-XV1 group remained histological and EM 
intact throughout the entire duration of the experiments 
while the original BD HBOC group showed progressive 
endothelial cell damage, early detachment and progressive 
amount of debris accumulation in the sinusoids from 9 to 
12 hours. Both HBOCs provided effective liver oxygenation 
and CO2 removal over the 12-hour period.

 Zal’s Group
prepared a novel natural oxygen carrier with anti-oxidant 
properties from Arenicola Marina [88]. They used this as an 
additive to organ preservation solutions for both cold isch-
emic and reperfusion phases [121]. They reported two stud-
ies in IRI animal models (pigs) for kidney and lung 
transplantation. In kidney transplantation, serum creatinine 
during first 2  weeks post-transplant improved. Long term 
follow-up (3  months) confirmed the trend observed in the 
first 2 weeks. In lung transplantation, 5 hours after there was 
reduction of graft vascular resistance (p < 0.05) and increase 
in graft oxygenation ratio (p  <  0.05). Several ischemia- 
reperfusion related biomarkers showed positive trends in the 
HEMO2life® group. Thus, HEMO2life® is effective in 
dealing with the effects of IRI.  Clinical trials are ongoing 
with promising results so far. Cold storage (CS), using an 
appropriate solution is a standard in liver graft preservation.

However continuous hypothermic machine perfusion 
(CHMP) is more efficient but more complicated and expen-
sive. They evaluated the use of a CS liver graft solution sup-
plemented with (M101®) on orthotopic pig liver 
transplantation (OLT). CS + M101 group decreased reperfu-
sion injury compared to CS group. There was no significant 
difference between CS  +  M101 and CHMP or CHMP + 
M101. There was less inflammatory cells activation in 
CS + M101 group than the CS group.
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 Nanobiotechnology Based Oxygen Carriers 
with Enhancement of All Three RBC 
Functions

 Introduction

Sims et al. [98] and Tronstad et al. [101] used a novel micro-
electrode to measure tissue pCO2 in animal model of severe 
hemorrhagic shock. They found that mortality and myocar-
dial ischemia were related to the elevation of tissue pCO2. 
Carbonic anhydrase (CA) in red blood cell is the major 
means for the transport of tissue CO2 to the lung. The cross-

linking of stroma-free hemoglobin to form PolySFHb would 
contain variable amount of RBC enzyme activity. The 
enzyme activity of the final product would be vary variable 
and below that of the RBC.

 Polyhemoglobin with Enhanced Catalase- 
Superoxide Dismutase-Carbonic Anhydrase

We therefore used our nanobiotechnological method to 
assemble CA with hemoglobin and antioxidant enzymes 
to form PolyHb-SOD-CAT-CA [10] (Fig.  10.5). It not 

Fig. 10.5 Upper left: Polyhemoglobin-catalase-superoxide 
dismutase- carbonic anhydrase can have up to 6 times red blood cell 
enzyme concentration. In a rat hemorrhagic shock model with 2/3 
blood volume loss and 90 min sustained shock the result is as follow: 
Upper right: significant faster lowering of the elevated tissue pCO2 and 

Lower Right: faster recovery of the ischemic heart Middle right: 
intestine having better histological finding. Lower left: Test for ana-
phylactic reaction: no significant increase in tryptase nor histamine. 
Above figures from Chang’s group
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only had all 3 RBC functions, but it could have enhance-
ment of all 3 RBC functions by increasing the concentra-
tions of RBC enzymes in the complex. These RBC 
enzymes could be extracted from bovine RBC inexpen-
sively [49]. Our result in a 90 min hemorrhagic shock ani-
mal model with 2/3 blood volume loss [10] (Fig.  10.5) 
showed that it is superior to whole blood in the lowering 
of elevated intracellular pCO2, recovery of ST elevation, 
troponin levels, lowering of elevated lactate, histology of 
the heart and intestine. It was more efficient than PolyHb 
and PolySFHb in this sustained 90-minute hemorrhagic 
shock rat model [10].

We found that PolyHb-SOD-CAT-CA could be lyophi-
lized. Unlike about 1 day for RBC at room temperature, the 
lyophilized preparation could be stored in room temperature 
for 320 days [11]. and stable for more than 360 days at 4C 
as compared to 40  days for donor blood. The lyophilized 
preparation can be heat pasteurized at 68F for 2 hours. Long 
term safety study consisted of 4 weekly 5% blood volume 
 infusion followed by 30% volume exchange transfusion 
[48]. The result showed safety and lack of immunological 
problems. More details are available in a later chapter on 
this topic.

 Nanodimension Artificial Red Blood Cells

 Early Artificial Red Blood Cells

The first artificial red blood cells prepared by Chang in 
1957–1964 (Fig.  10.2) had all the in  vitro function of red 
blood cells as shown by oxygen dissociation curve [18], car-
bonic anhydrase activity [19] and catalase activities [30]. 
These artificial red blood cells did not have blood group anti-
gens on the membrane and therefore did no aggregation in 
the presence of blood group antibodies [22]. However, the 
single major problem was the rapid removal of these artifi-
cial cells from the circulation. Much of the studies since that 
time were to improve survival in the circulation by decreas-
ing uptake by the reticuloendothelial system. We found that 
removal of sialic acid from biological red blood cells resulted 
in their rapid removal from the circulation [20, 22]. This led 
us to modify the surface properties on artificial red blood 
cells. This included synthetic polymers, negatively charge 
polymers, crosslinked protein, lipid-protein, lipid-polymer, 
addition of surface polysaccharides and others [20, 22].

 Bilayer Lipid Membrane Nano Artificial RBC 
(Fig. 10.6)

In 1965, Bangham [8] reported the preparation of liposomes 
each consisting of microspheres of onion like concentric 

lipid bilayers for basic membrane research. The multi- 
lamellar liposome limited the amount of water-soluble drugs 
including hemoglobin that could be enclosed. Thus, they 
extended Chang’s basic principle of preparing artificial cells 
using ether [18–20] (Fig. 10.2) into what they call an “ether 
evaporation method” to form single bilayer lipid membrane 
liposomes for drug delivery [36].

This was extended by Djordjevich & Miller for the prepa-
ration of submicron lipid membrane artificial RBC [38] 
(Fig. 10.6) followed by others including two major groups of 
Famer, Rudolph et al. in 1988–1994 [43, 89]. Philips et al. in 
1999 [82] showed that the circulation half time could be 
increased to 36 hours in rats by the addition of polyethylene 
glycol to the lipid membrane. Tsuchida’s group [102] started 
this in Japan followed now by Sakai [90–92]. These advances 
made it now possible to scale up for detailed preclinical stud-
ies leading to the beginning of clinical trials in Japan [92]. 
More updates and details are available in a later chapter in 
this book by Sakai.

 Nano-Dimension Biodegradable Polymeric 
Artificial Cells

Using a modification of my 1976 method of micron dimension 
biodegradable polymeric membrane artificial cells [23] we 
prepared nano dimension PLA artificial red blood cells [24, 
26] and PEG-PLA membrane artificial red blood cells [31]. 

Fig. 10.6 Bilayer lipid membrane and PEG-lipid membrane nano arti-
ficial red blood cells

10 A Brief History of the Development of Nanobiotechnology-Based Blood Substitutes



108

Fig. 10.7 Right: E/M photo of nano-dimension PEG/PLA artificial 
RBC. Left: Biodegradable polymeric membrane nano artificial RBC 
contained hemoglobin and all the enzymes of RBC. The membrane 

would not be permeable to larger molecules, but freely permeable to 
glucose and reducing agents from plasma. (With copyright permission 
from Chang 2007)

Unlike lipid membranes it could be permeable to water solu-
ble small and middle range molecules. Polylactide membrane 
in PLA nano RBC is biodegradable into lactic acid and finally 
water and carbon dioxide and thus is not retained in the reticu-
loendothelial system. These nano artificial RBC of 80–150 
nanometers contained all the red blood cell enzymes and can 
convert methemoglobin to hemoglobin [31] (Fig.  10.7). 
Addition of a reducing agent, ascorbic acid, prevented the 
increase of MetHb [31]. Addition of glucose and NADH 
allowed the Embden Meyerhof enzyme system in the nano 
artificial RBC to decrease MetHb further [31] (Fig. 10.7).

Using a PEG-polylactide copolymer membrane we were 
able to increase the circulation time to double that of polyhe-
moglobin [31]. Infusion of 1/3 blood volume into rats did not 
have any adverse effects on the kidney [65] or the liver [66] 
on a long term basis. Our more recent study uses PEG-PLA 
membrane nano artificial cells containing PolyHb-SOD- 
CAT-CA in a hemorrhagic shock rat model with 2/3 of the 
blood removed. After 1  hour of hemorrhagic shock at 
30  mmHg, infusion of this preparation effectively resusci-
tated the animal and lowered the elevated tissue PCO2 [109].

 Variations in the Membrane 
and Configurations of Nano Artificial RBC

PEG-lipid vesicles were more like lipid–polymer membrane 
artificial cells [22] and no longer pure lipid vesicles. Thus, 
polymeric membrane artificial cells have branched off into 
lipid membrane artificial cells, then PEG-lipid membrane 
artificial cells, and different types of polymeric membrane 

artificial cells that are now called by different names includ-
ing polymersomes, nanocapsules, nanoparticles, vesicles 
and others. The following are examples of the many 
possibilities.

Bäumler’s group [9] prepared “Hemoglobin-Based 
Oxygen Carriers HbMP-700” that could deliver more than 
oxygen. They co-precipitated hemoglobin (Hb) with MnCO3 
and immediately followed by the addition of human serum 
albumin (HSA) then cross-linking. Dissolution of the MnCO3 
template resulted in polymerized submicron HbMP-700 with 
an average size of around 710 ± 60 nm. This did not scav-
enge NO. The HbMP-700 could be loaded with hydrophobic 
or hydrophilic nanoparticles (NPs) or with superparamag-
netic NPs (e.g. SPIONs) during the precipitation. HbMP-700 
were not recognized by phagocytizing cells and they could 
deliver oxygen to the tissue with low pO2, could release 
slowly the immobilized NPs or enzymes and could be 
detected by MRI if SPIONs were incorporated. Surface 
modifications with antibodies or peptides would be 
possible.

Huang’s group [107] prepared “Hemosome” by protein−
polymer conjugate assembly as oxygen carrier nanoparticle 
drug delivery system. This was prepared based on the self- 
aggregated property of proteins in the state of isoelectric 
point with mild reaction conditions resulting in simple prep-
aration method and good biocompatibility. In this study, 
albumin and hemoglobin was chosen as model protein for 
the preparation of empty and drug-loaded nanoparticles. 
Hemoglobin did not denature or inactivated during the prep-
aration and hemoglobin maintained its ability to transport 
oxygen.
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Komatsu [62] prepared Hemoglobin-Albumin Cluster 
“HemoAct™” as an Artificial O2-Carrier. They synthesized 
covalent core-shell structured protein cluster comprising of 
Hb in the center and human serum albumins (HSA) at the 
periphery. The covalent linkage was between surface Lys 
amino groups of Hb and Cys-34 residue of HSA using het-
erobifunctional cross-linker, α-succinimidyl-ω-maleimido. 
The HemoAct™ showed higher O2-affinity (P50  =  9  Torr) 
than the native Hb. Intravenous administration into anesthe-
tized rats did not elicit an unfavorable increase in systemic 
blood pressure by vasoconstriction. The half-life of [32] 
I-labeled HemoAct™ in the blood circulation was longer 
than that of HAS.

These are just a few of the examples since there is no limit 
to the possibility for variations in configuration [28]. 
However, as we devise different configurations we should 
also consider the functional properties.

 Nonfunctional or Functional Membrane 
(Fig. 10.8)

For a given volume of a suspension, the smaller the diameter 
of the particles, the larger would be the total surface area. 
Thus, the total surface area of 10 mL nano artificial red blood 
cells of 100–200 nanometer diameters would be about 100 
times that of 10 mL 7 micron (7000 nm) red blood cells. This 
also means that there is much more total membrane material. 
Thus, both PEG-lipid and PEG-polylactide nano red blood 
cells contain substantial amount of nonfunctional lipid or 
polymeric membrane. On the other hand, for soluble nano-
biotherapeutic artificial RBC, PolyHb-SOD-CAT-CA, the 
“membrane” is functional in the form of oxygen carrying 
hemoglobin (Fig. 10.4). On the other hand, the membrane 
enclosed system is more versatile since different materials 
can be enclosed.

 Other Areas

 Nanobiotechnology Based Oxygen Carrier 
with Platelet Function

PolyHb could replace the hemoglobin level in very severe 
hemorrhage, but in very severe blood loss, platelets also 
needed to be replaced to avoid inability to clot. We used nano-
biotechnology to assemble hemoglobin with fibrinogen to 
form PolyHb-fibrinogent [115]. We studied this in a rat model 
and found that replacing more than 80% of the total blood 
volume with PolyHb leads to defects in blood clotting [115]. 
Using this, we can replace up to 98% of the total blood volume 
with PolyHb-fibrinogen without causing clotting problems.

 Nanobiotechnology Based Oxygen Carriers 
with Cancer Suppression Functions

Abnormal microcirculation in tumour leads to decrease in 
perfusion by oxygen carrying red blood cells. Robinson and 
Teicher [87] showed that PolyHb can more easily perfuse the 
abnormal microcirculation of tumours to supply oxygen 
needed for chemotherapy or radiation therapy Shorr et  al. 
[96] used PEG conjugated hemoglobin for chemotherapy 
and radiation therapy. Pearce and Gawry [80] showed that 
PolyHb decreases the growth of tumour and increases the 
lifespan in a rat model of gliosarcoma brain tumour. Han 
et al. [50] used PEG-conjugated hemoglobin with cisplatin 
treatment in a tumor xenograft model, We crosslinked tyrosi-
nase with hemoglobin to form a soluble PolyHb-tyrosinase 
complex [118]. This has the dual function of supplying the 
needed oxygen and at the same time lowering the systemic 
levels of tyrosine needed for the growth of melanoma. 
Intravenous injections delayed the growth of the melanoma 
without causing adverse effects in the treated animals. Our 

Particulate nanoRBC
Non-functional

PEG-PLA or PEG-Lipid membrane

Soluble nanoRBC
Functional

Hemoglobin membrane

CA

Hb

Fig. 10.8 Nonfunctional 
membrane and functional 
membrane
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Fig. 10.9 Middle: Basic idea of artificial cells that led to different 
types of early artificial cells. Present status of artificial cells with unlim-
ited variations in contents, membrane material. Right variations in 

dimension, configurations, and terminologies. Right: Applications. 
(From Chang 2019 with copyright permission)

more recent study included the use of PLA membrane nano 
artificial cells containing polyHb-tyrosinase for intratumour 
injection in rat melanoma [106] The duo function of oxygen 
therapeutic and removal of tyrosinae resulted in the suppres-
sion of growth of the melanoma [106].

 Stem Cells

There is much potential for the use of stem cells for the pro-
duction different types of blood cells [71]. This may be most 
useful for platelets and leucocytes since only small amounts 
are needed. Even then, platelets, unlike nanobiotechnological 
derived ones, must be stored in room temperature and only for 
5 days and have problems related to bacterial contamination. 
In the case of red blood cells, despite much research, it is still 
not possible to scale this up sufficiently for the large volume of 
RBC needed [71] When scale up becomes a reality, this will 
be an important source of RBC for many clinical conditions.

However, for some uses, these RBC will still have many 
of the same problems of RBC.

 Future Development

There are unlimited possibilities in variations for the artifi-
cial cell membranes and contents [28] (Fig. 10.9). Artificial 

cells can now be of macro, micro, nano and molecular 
dimensions. Each of these has unlimited variations in con-
figurations. Each configuration resulted in a new terminol-
ogy that makes the field rather confusing to new comers 
(Fig.  10.9). This has recently been grouped together [28] 
(Fig. 10.9). We have only touched the surface of the enor-
mous potential of the extension, innovations and uses of arti-
ficial cells (Fig. 10.9). More up to date details are available 
elsewhere [28].

 Summary Discussions

 What We Have Learned from Past History

The first nanobiotechnological blood substitutes were reported 
in the 1960s. Most people thought that blood  substitute was a 
simple matter that could be quickly developed when needed. 
Thus, blood substitute research was put aside. When H.I.V. 
came in 1989 there was no blood substitutes, and many 
patients were infected with H.I.V. contaminated donor blood. 
It was only then that intense R&D on blood substitutes was 
belatedly carried out around the world. It was found out too 
late that blood substitute requires the same long-term research 
as for any other medical research like cancer and other dis-
eases. Thus, after more than 20 years, only polyhemoglobin 
was approved for South Africa and Russia.
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 What Needs to Be Done

Much more research and development are still needed. 
International progress up to now shows that it is possible to 
tailor-make blood substitutes ranging from simple to com-
plex. It is urgent to have these ready without again waiting 
until it is too late. We need to analyze the specific indications 
for the different generations of blood substitutes. If a condi-
tion only needs an oxygen carrier, then there is no need to 
use a more complex one. On the other hand, it would be folly 
not to use a more complex one if indicated. We also need to 
intensify research on the many important ongoing research 
around the world. These include developing other novel 
approaches including novel crosslinkers; new sources of 
material from porcine, bovine, human cord RBC, recombi-
nant, Arenicola marina; basic research on nitric oxide, oxida-
tive stress, haptoglobin, rate of oxygen supply; safety and 
efficacy analysis and many other areas.

Enormous amounts of resources have been placed into 
basic research and developments on cancer, rare genetic dis-
eases, molecular biology, and other areas. It is not reasonable 
to expect that for blood substitutes, we should be expected to 
come out with a perfect blood substitute with no substantial 
resources for academic and industrial research and develop-
ment. Let’s not wait for another crisis before we are again 
forced to do catch-up R & D.

Key Points
• International progress up to now shows that it is possible 

to tailor-make blood substitutes ranging from simple oxy-
gen carrier to oxygen carrier with enhancement of both 
antioxidant and carbon dioxide carrier.

• We need to analyze the specific indications for the differ-
ent types of blood substitutes. If a condition only needs an 
oxygen carrier, then there is no need to use a more com-
plex one. On the other hand, it would be folly not to use a 
more complex one if indicated.

• We also need to intensify research on the many important 
ongoing research around the world These include: develop 
other novel approaches including novel crosslinkers; new 
sources of material from porcine, bovine, human cord 
RBC, recombinant, Arenicola marina; basic research on 
nitric oxide, oxidative stress, haptoglobin, rate of oxygen 
supply; safety and efficacy analysis and many other areas.

• Enormous amount of resources has been placed into basic 
research and developments on cancer, rare genetic dis-
eases, molecular biology, organ failure and other areas. It 
is not reasonable to expect that for blood substitutes, we 
should be expected to come out with a perfect blood sub-
stitute with little or no resources for academic and indus-
trial research and development.

• Let’s not wait for another crisis before we are again forced 
to do catch-up R & D.
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 Introduction

Blood is a vital substance for human life. The need for blood 
replacement may be traced as far back as human history. The 
ancient medical practitioners tried numerous substances, such 
as milk, plant resins, beer, sheep blood, urine, as a replace-
ment for human blood [1, 2]. Among many other functions, 
the most important function of blood is to carry oxygen from 
the lungs to all organs and tissues of the body [3, 4]. The 
ancient purpose of blood replacement was not all for its life-
saving oxygen-carrying function, but believed that replace-
ment of a person’s blood might be able to cure some diseases 
or improving a personality [2]. In modern times, there are 
great demands worldwide for allogeneic blood transfusions 
for various life-saving clinical scenarios [4, 5]. However, the 
human blood for transfusion has almost always been in short 
supply [5], therefore, there exists an enormous need for blood 
substitute products. Since the key function of blood is trans-
porting oxygen to the tissues to meet the demand for oxygen 

in metabolic activities, and the most sought-after purpose is 
the oxygen-carrying function of hemoglobin, erythrocyte 
substitute treatment is thus considered as oxygen therapeutics 
[6]. Without any doubt, allogeneic blood shortage is not the 
only driving force for blood substitutes, complications and 
side effects related to allogeneic blood transfusion as well as 
some patients’ refusal to human blood due to religious rea-
sons, are also major forces behind the enthusiastic pursuit of 
alternatives to human blood. Since 1970’s, significant efforts 
have been made to develop blood substitutes for many clini-
cal indications. The potential clinical benefits of blood substi-
tutes include universal compatibility, prolonged shelf-life, 
storage at room temperature, no disease transmissions, no 
antigenic reactions, no immunologic effects, enhanced oxy-
gen delivery, potential abundant supply, and improved rheo-
logic properties. There are numerous products in different 
stages of development worldwide. Some products achieved 
governmental approval for the use in human patients, some 
obtained governmental approval but later being un-shelved 
due to various clinical problems encountered during clinical 
trials or use in human patients, some are undergoing various 
phases of clinical trials, and some are still in laboratory exper-
imental stages. Due to the complexities of the mechanisms 
and ever-increasing applications of technologies for the 
development of blood substitutes-related products, concise 
and practical classifications seem to be imperative for health 
care providers have a better understanding of this venue of 
interventions in patients who are in dread need of improving 
their oxygen transportation and saving their lives or avoiding 
severe side effects of allogeneic blood transfusion [7].

 Blood Composition

Human blood is composed of liquid plasma (about 55%) and 
formed elements (roughly 45%). Plasma appears light- 
yellowish or straw-colored grossly and functions as the liquid 
base for whole blood, and plasma contains various amount of 
water (91%), proteins (7%, albumin, globulin, fibrinogen), 
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and other solutes (nutrients, ions, waste products, gases, regu-
latory substances). Formed elements include red blood cells 
(erythrocyte, RBC), white blood cells (leukocyte, WBC) and 
platelets (thrombocyte) [3, 4], as illustrated in Fig. 11.1. Thus, 
classifications of blood substitutes will include substitutes for 
RBC, WBC, platelet, and plasma. Blood component therapy 
will be discussed in separate chapter in this book.

 Classification of Blood Substitutes

 Classification Based on the Blood Components

 Red Blood Cell Substitutes
RBC substitutes, produced to carry oxygen from the lungs to 
the organs and tissues of the body as alternatives to RBC, 
currently include the following four major categories: 
hemoglobin- based oxygen carriers (HBOCs, also inter-
changeably termed “Modified hemoglobin solutions” in 
some literature), perfluorocarbon-based oxygen carriers 
(PFBOCs), genetically engineered recombinant hemoglobin, 
artificial and cultured erythrocytes. RBC substitutes are basi-
cally prepared for the replacement of erythrocyte’s oxygen- 
carrying function [6, 7]. This group can be further classified 
as described later in this chapter.

 White Blood Cell (Leukocyte) Substitutes
White blood cells (WBC, leukocyte) are the basic component 
of the human immune system involved in protecting our body 
against foreign invaders and infectious pathogens. All WBCs 
are produced from hematopoietic stem cells in the bone mar-
row. WBCs are present throughout the whole human body. In 
patients with severe leukocytopenia, granulocyte transfusions 
have been proved to be an effective therapeutic intervention for 
progressive infections. However, granulocyte transfusion has 
not been widely accepted because it has been extremely diffi-
cult to transfuse adequate quantity of compatible granulocytes. 
As recombinant granulocyte colony-stimulating factor is 
increasingly available and used, it is probable to produce large 
number of granulocytes by stimulating normal donors [8].

 Platelet Substitutes
Platelets are one of the cellular components in the blood. 
Platelets facilitates hemostasis by a cascade of reactions as 
platelet adhesion, activation and aggregation. Fibrinogen is 
an essential protein in thrombus formation and platelet 
aggregation. So many so-called platelet substitutes contain 
fibrinogen molecules as well. Platelet substitutes can be cel-
lular as thromboerythrocytes, or non-cellular as liposomal 
derivatives or fibrinogen-coated albumin particles [9]. 
Platelet substitutes can be classified as following:

 (a) Cellular:
 1. Modified Erythrocytes or Thromboerythrocytes by 

binding peptides containing the RGD (Arg-Gly-Asp) 
sequence to erythrocytes. These erythrocytes will selec-
tively bind to activated platelets. The erythrocytes have 
no significant change in their rheological properties [9].

 2. Modified Erythrocytes or Thromboerythrocytes by 
adding peptides with the H12, the fibrinogen γ-chain 
dodecapeptide.

 3. Plateletsomes: liposomes containing various amount 
of platelet membrane proteins as GPIIb-3, GPIb, and 
GPVI/III [10]

 (b) Acellular hemostatic agents
 1. Fibrinogen-coated albumin particles: 

Thrombospheres, Synthocytes
 2. Agents to improve platelet function: antifibrinolytic 

agents, recombinant activated Factor VII
 3. Thrombopoietic agents: Interleukin 11 (IL-11)

 Plasma Substitutes
Administration of various blood plasma substitutes is prob-
ably one of the most common medical interventions in clini-
cal practice. Plasma replacement is also considered a blood 
volume replacement. Though no ideal plasma substitute 
exists, many commercially available plasma substitute prod-
ucts are being used on daily basis in medical facilities world-
wide [11, 12]. These products can be classified as crystalloid 
solutions, natural colloid solution and synthetic colloid 
products.

 (a) Crystalloid solution
 1. Normal saline: Normal saline contains sodium 

154  mmol/L and Chloride 154  mmol/L with 278 
mOsmol/L and a pH of 5.5. Normal saline does not 
have potassium, so it is good for patients with hyper-
kalemia such as renal patients.

 2. Lactated Ringer’s solution: Lactated Ringers contain 
Sodium 130  mmol/L, Chloride 109  mmol/L, 
Potassium 4 mmol/L, and Lactate 28 mmol/L. Lactated 
Ringer’s solution is hypotonic with 276 mOsm/L and 
a pH of 6.5.

 3. Plasmalyte A and congeners: Plasmalyte A contains 
Sodium 140 mmol/L, Chloride 98 mmol/L, Potassium 
5 mmol/L, Magnesium 3 mmol/L, Acetate 27 mmol/L 
and Gluconate 23 mmol/L with 294 mOsm/L and a 
pH of 7.4.

 (b) Natural colloid: Albumin is a naturally existing protein 
in human plasma.

 (c) Synthetic colloid
 1. Hydroxyethyl Starches: Hydrolyzed derivatives of 

amylopectin from cornstarch.
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 2. Dextrans: A complex branched polymerized polysac-
charides derived from the condensation of glucose.

 3. Gelatins: A group of products formed from collagen 
hydrolysis.

 Classification of Erythrocyte Substitutes

 Hemoglobin-Based Oxygen Carriers
HBOC was first attempted in 1933 by Dr. Amberson who 
showed that bovine hemolysates could transport oxygen in 
mammals [13]. Then in 1943, Dr. Amberson again pioneered 
in experimenting acellular hemoglobin solution as an alter-
native to human blood [14]. These initially studied cell-free 
hemoglobin solutions were not a viable replacement of allo-
geneic human blood because they caused many side effects, 
often times fatal [15]. The most common side effects were 
hypertension, acute renal failure and cardiac toxicities [1, 
14]. The first study on microencapsulated hemoglobin was 
reported in 1957 [16]. After over two decades of dormant 
period, the search for blood substitutes was re-ignited by the 
discovery of HIV and boosted by the blood transfusion- 
related disease transmissions (AIDS, hepatitis) in the 1980s. 
Stable, safe, and most importantly affordable alternative 
products to human blood will lead to higher availability of 
oxygen-carrying products to the world population, and hence 
reduce global inequality of blood product supply, which has 
been a focus point of the World Health Organization (WHO) 
for the millennium. WHO believes synthetic biology and 
metabolic engineering technology developments have cre-
ated a unique opportunity to construct promising candidates 
for hemoglobin production [17–19]. The diverse and com-
plex challenges are no longer insurmountable with the recent 
development in powerful technologies provided by synthetic 
biomedical and genetic engineering technologies. HBOCs 
now become the most common category of alternatives to 
allogeneic human blood. It is also the most investigated and 
has the most prototypes or developed products [6].

Based on the mechanisms of hemoglobin molecules being 
biochemically modified, protectively packaged or produced, 
HBOCs can be categorized as following (Table  11.1), 
(Fig. 11.2):

 (a) Cross-linked hemoglobin tetramer: The cross-linked 
tetramer stabilizes the molecule and can prevent renal 
filtration [6, 18]. The intermolecular cross-linking 
between the two α- and the two β- subunits using a site- 
specific crosslinker, as HemAssist (diaspirin cross- 
linked hemoglobin, Baxter, failed Phase III clinical 
trial).

 (b) Polymerized hemoglobin tetramers: the surface amino 
acid groups are linked by reagents like glutaraldehyde or 
O-raffinose. Polymerization of hemoglobin molecules 

can attenuate some intrinsic problems with tetrameric 
hemoglobin infusion: short intravascular retention, 
reduced colloid osmotic activity, and vasoconstriction. 
Hemoglobin tetramer with MW 65kD or less can pene-
trate through the vascular endothelial layer to bind and 
exhaust abluminal nitric oxide (NO), leading to severe 
vasoconstriction, while polymerized hemoglobin with 
more than 130KD stays intravascularly [20], only bind-
ing luminal NO.  Some minor side effects have been 
reported with this compound. These polymerized hemo-
globin molecules are produced with one of the following 
linkers:
• Glutaraldehyde: HemoPure (from bovine Hb) and 

PolyHeme (from human Hb)
• O-Raffinose: OxyVita (a bovine polyhemoglobins) 

can be stored at room temperature for more than 
1  year. Hemolink is also cross-linked with 
O-Raffinose.

 (c) Conjugated tetramers: By attaching large molecules to 
the surface groups of hemoglobin, the hemoglobin mol-
ecules can be “enlarged”, thus significantly decreased 
their extravasation and have significantly longer half-life 
in the blood circulation [6]. Yet these hemoglobin mole-
cules are still much smaller than RBCs and can be more 
accessible to much smaller capillary networks. 
Therefore, they are very favorable for stroke patients, 
and can be also used to increase tumor sensitivity to che-
motherapy. Three large molecules have been used for 
this hemoglobin-conjugation to create larger hemoglo-
bin molecules:
• Maleimide-PEGylated human hemoglobin: 

Hemospan by Sangart, Inc.
• PEGylated bovine carboxy- hemoglobin: Sanguinate 

by Prolong Pharmaceuticals
• Pyridoxalated Hemoglobin polyoxyethylene (PHP) 

conjugate: Hemoximer by Apex Bioscience (Phase 
III terminated in 2011 in Europe)

 (d) Cross-linked and polymerized: PolyHeme/SFH-P, 
cross-linking stroma-free human hemoglobin, polymer-
ized with glutaraldehyde, by Northfield inc [21]

 (e) Cross-linked and conjugated: PHP (Hemoximer) by 
Apex Bioscience can also be categorized to this 
category.

 (f) Natural acellular hemoglobin: A natural extracellular 
hemoglobin isolated from the polychaete Arenicola 
marina (Hemarina, by Hemarina SA, France) is hopeful 
for future clinical applications [22]. Another natural 
hemoglobin molecule of the common earthworm, 
Lumbricus terrestris, is a polymer with a molecular 
weight of 400 KD that can carry oxygen and circulate 
intravascularly [23].

 (g) Liposome-encapsulated hemoglobin: the hemoglobin 
molecules are basically encapsulated in a stable 
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Table 11.1 Classification of erythrocyte substitutes [6]

Classification
Modifications in 
preparations Product (Company)

Prominent side effects in animal &/or 
human trials Current status

Hemoglobin- 
based oxygen 
carriers (HBOCs)

Cross-link α-α cross-linked
(Fumarate) (human 
Hb)

HemAssist (Baxter, 
IL)

HTN, MI, CVA, higher mortality Phase III halted in 
1999

Cross-linked & 
conjugated

Cross-linked & 
conjugated
(human Hb)

PHP/Hemoximer
(Apex bioscience)

HTN, ARF, death CVA, MI, PHP: Phase II 
completed
Abandoned in 
2011

Cross-linked & 
polymerized

Cross-linked & 
polymerized
(human Hb)

Hemolink 
(o-raffinose)
(Hemosol, Toronto, 
Canada)

HTN, severe cardiotoxicity, MI, CVA, 
TIA, high mortality

Phase III 
completed. 
Abandoned

PolyHeme
(Northfield Labs, 
Evanston, IL)

HTN, MI, CVA, TIA, ARF, higher 
mortality

Phase III 
completed in 
USA, but no FDA 
approval. 
Abandoned in 
2009

Polymerization Glutaraldehyde 
polymerization 
(bovine Hb)

Hemopure (Biopure) HTN, elevated liver enzyme, 
methemoglobinemia,oliguria

Phase III 
completed in 
trauma & cardiac 
surgery. Approved 
for human use in 
South Africa & 
Russia

Oxyglobin
(Biopure)

Designed & 
approved for 
canine use in US 
and EU

Polymerized
(zero-linked)
(bovine Hb)

OxyVita
(OXYVITA Inc. 
Windsor, NY)

Animal study ongoing Preclinical trial 
ongoing
Research ongoing

HBOC
Conjugated

Maleimide- 
PEGylated human 
Hb(oxy)

Hemospan (MP40x)
(Sangart, San Diego, 
CA)

HTN, MI, CVA, TIA, ARF, high 
mortality

Phase II & III 
completed.
Development 
shelved in 2015.

PEGylated 
carboxy-Hb
(bovine Hb)

Sanguinate
(Prolong, South 
Plainfield, NJ)

Dizziness, lethargy, musculoskeletal 
adverse events

Phase II complete, 
phase III will not 
complete. 
Terminated.
Research ongoing

Pyridoxalated Hb 
polyoxyethylene 
conjugate (PHP)

Hemoximer
(Apex inc.)

High mortality Phase III 
terminated 2011 
due to futility. 
Abandoned

Encapsulation LEAcHb Dr. Chang in McGill Research ongoing
Natural Hb Erythrocruorin From earthworm 

Lumbricus terrestris
Research ongoing

Polychaete Arenicola 
marina

HemO2Life by 
Hemarina, Brittany, 
France

Phase I ongoing
Research ongoing

(continued)
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Table 11.1 (continued)

Classification
Modifications in 
preparations Product (Company)

Prominent side effects in animal &/or 
human trials Current status

Perflurocarbon hemoglobin Flusol-DA-20
(Green Cross,Japan)

Disapproved by 
side effects in 
USA

Oxygent
(Alliance, San 
Diego, CA)

Increased CVA Discontinued in 
2001 due partially 
to high cost

Oxycyte
(Tenax therapeutics)

Increase ICH & effects on immune 
system

Phase IIb done. 
Discontinued.

PHER-O2
(Sanguine Corp)

As blood substitute Research ongoing

NVX-108
(NuvOx Pharma)

As radiation sensitizer, not blood 
substitute

Research ongoing

Perftoran
(Russian academy) 
as Vidaphor 
(FluorO2 
Therapeutics)

Dizziness, kidney pain, hypotension, 
hyperemia, lung symptoms, ↑HR, 
↓BP, ↑temperature, headache

Yes, in Russia & 
Mexico. Awaiting 
clinical trials in 
USA

Genetic engineering Recombinant Optro
(Somatogen & Eli 
Lilly)

HTN, high mortality rate Phase II 
completed.
Development 
halted.

Cultured or artificial RBC Artificial RBC Biomimetic or 
nanotechnology 
rebuilding RBC

Research ongoing

Cultured RBC From stem cells Research ongoing

HTN hypertension, MI myocardial infarction, CVA cerebrovascular accident (stroke), TIA transient ischemic attack, ARF acute renal failure, RBC 
red blood cell, ICH intracerebral hemorrhage, HR heart rate, BP blood pressure

Recombinant Hb

Hemoglobin Modifications

Encapsulation

a a

b b
Cross-linked & polymerized

C
ross-linked

conjugated

Cross-linking

Polym
eriz

atio
n

Conjugatio
n

Fig. 11.2 Hemoglobin modification mechanisms
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 phospholipid bilayer capsule. In 1957, Chang et al. con-
ducted the first experiment by microencapsulating 
hemoglobin molecules [24]. The phospholipid bilayer 
with cholesterol molecules functions as the RBC mem-
brane, which provides increased rigidity and mechanic 
stability for liposome-encapsulated actin-hemoglobin 
(LEAcHb) [24].

 Perfluorocarbon-Based Oxygen Carriers (PFBOC)
A biocompatible, non-blood, purely synthetic oxygen carriers 
has been a dream for numerous biomedical scientists in the 
last 80 years. Perfluorocarbons are chemically inert molecules 
similar to hydrocarbon structurally but the hydrogen groups 
are substituted with fluorine. Perfluorocarbon is 100 times 
smaller than erythrocyte. Perfluorocarbon molecules are 
emulsified in lipid solution due to its water insolubility [25]. 
The decades-long pursuit seemed to have shed some lights of 
hope at the end of the tunnel. However, it has proved to be an 
extremely daunting task to bring perfluorocarbon to the bed-
side for clinical patients. Without any doubt, perfluorocarbon 
is a fascinating molecule, it is the most hopeful chemical agent 
with great capacity to transport respiratory gases (oxygen and 
carbon dioxide). Researchers have made numerous modifica-
tions to the perfluorocarbon molecules to have formulated 
today’s PFBOCs, which are very close to be used clinically in 
human patients. Perfluorocarbon molecules can carry oxygen 
and carbon dioxide without binding to these molecules [18], 
instead the oxygen molecules dissolve into molecular cavities 
within liquid droplets. The level of oxygenation in emulsified 
PFBOC is proportionately related to the partial pressure of 
oxygen in contact with perfluorocarbon molecules. The 
PFBOC infused into human circulatory system is removed by 
reticuloendothelial system and exhaled via the respiratory sys-
tem [25]. PFBOC products today showed its potential applica-
bility for many clinical indications [26–28]. There are several 
products belong to this category (Table 11.1). The four types 
of perfluorocarbons are as following:

• Perfluorodecalin: a decalin derivative with all of its hydro-
gen atoms are replaced by fluorine atoms. PHER-O2 
belongs to this category.

• Perfluorotrypropylamine (PFTBA): an organofluorine 
compound from tributylamine with all the hydrogens 
being replaced by fluorine atoms, sometimes referred as 
FC43. Fluosol-DA is an example of PFTBA.

• Perfluorooctyl bromide: Perflubron is a synthetic radi-
opaque liquid form of perfluorooctyl bromide.

• Perflurorobutyl ethylene (PFBE): it does not have safety 
concerns documented in Europe.

• Perfluoro tert-butylcyclohexane: Oxycyte is in this 
category.

Oxygent, NVX-108, and Oxycyte also belong to this group. 
So far FDA only approved Fluosol DA-20.

 Genetic Engineered Recombinant Hemoglobin
Genetic engineered hemoglobin by using recombinant DNA 
technologies to produce modified hemoglobin molecules in 
non-human organisms, such as E. coli and yeast [29]. When 
using these techniques, some amino acid sequences of natu-
ral human hemoglobin will be replaced to prevent disasso-
ciation into dimers and maintain oxygen affinity. Via a 
plasmid vector, the hemoglobin gene is transferred into E. 
coli cells, the gene expression of these transferred hemoglo-
bin genes will induce the production of hemoglobin proteins 
in the E. coli. This technique does not have concerns related 
to spreading disease due to blood transfusion [30]. This tech-
nique however is not inexpensive, its high costs are major 
huddles for massive production. Optro is the first product in 
this category. Optro by Somatogen, Inc. and Eli Lilly is a 
genetically engineered variant of human hemoglobin, 
Hemoglobin Presbyterian.

 Artificial and Cultured Red Blood Cells
Though for an artificial RBC to be almost the same as real 
human RBC is still a dream, recent developments in nano-
technology and other innovations have made this dream 
steps closer to the reality. Newer generations of artificial 
RBCs are all shining lights of hope to a complete erythrocyte 
substitute [31].

 (a) Biomimetic Rebuilding of Multifunctional Red Blood 
Cells: Guo et  al. reported a bioreplication approach 
based on a silica cell. They designed and constructed 
synthetically rebuilt RRBCs, which mimic the natural 
RBC properties in terms of size, deformability, bicon-
cave shape, oxygen-carrying capacity, and even long cir-
culation time. This process involves four steps: RBC 
bioreplication, layer-by-layer polymer deposition, preci-
sion silica etching, and RBC ghost membrane vesicle 
fusion [32].

 (b) Artificial RBCs using nanobiotechnology
Some clinical conditions only require increased oxygen 
carrying to the tissues from the lungs. However, there 
are conditions that will require more than oxygen carry-
ing. Thus, newer polyhemoglobins containing antioxi-
dant enzymes are being developed. Innovations in lipid 
membrane artificial red blood cells and biodegradable 
polymeric nano- artificial red blood cells bring the dream 
and hope to our medical community and physiology 
again. Artificial RBCs using nanobiotechnology will 
likely function as oxygen carriers, oxygen carriers with 
antioxidant activity, and close to complete red blood cell 
substitutes [31, 33].
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Of note, some literatures also termed encapsulated 
hemoglobin as artificial RBC, because the liposomal 
bilayer serves as the cell membrane wrapping around 
hemoglobin molecules.

 (c) Cultured RBC
Stem cells have been successfully used in vitro to pro-
duce RBCs and researchers are currently challenged 
with developing larger-scale culture methods to meet the 
requirements for clinically relevant cell numbers. 
Recently, peripheral blood mononuclear cells were also 
successfully used for in  vitro cultured RBCs. 
Additionally, these cultured RBCS can be customizable. 
Large- scale, cost-effective production depends on opti-
mization of culture conditions [34].

 Erythrocyte Substitutes Classification Based 
on Hemoglobin Sources

 1. Human hemoglobin: basically, from those outdated stored 
human blood units

 2. Bovine hemoglobin: from bovine blood, this can be mas-
sively produced.

 3. Invertebrate natural hemoglobin
 (a) The Arenicola marina: HemO2Life is being devel-

oped by Hemarina in France.
 (b) The common earthworm Lumbricus terrestris: 

Erythrocuorin
 4. Genetically engineered recombinant hemoglobin from 

E. Coli or yeast, this category also has the potential for 
mass production.

 Erythrocyte Substitutes: Classification Based 
on RBC Membrane

 1. Acellular hemoglobin molecules
 (a) Natural acellular hemoglobin: This category cur-

rently includes two sources of natural acellular 
hemoglobin: the Arenicola marina (HemO2Life is 
being developed by Hemarina, Brittany, France) and 
the common earthworm Lumbricus terrestris: 
Erythrocuorin molecules can carry oxygen 
molecules.

 (b) Natural human or bovine hemoglobin: The natural 
human hemoglobin is from the outdated human 
blood and bovine hemoglobin is from bovine blood 
products.
• Polymerized Hb: Normal hemoglobin molecule is 

a tetramer of two α- chains and two β- chains. 
Polymerization of hemoglobin molecules can sig-
nificantly increase the size acellular hemoglobin 

product, thus minimize the extravasation and pro-
long half-life in circulation. Polymerization 
mainly achieved with glutaraldehyde.

• Cross-linked hemoglobin
Cross-linking of hemoglobin monomer chains can 
prolong their half-life in the blood. These cross- 
linking can be between two α- chains or two β- 
chains. The linkers can be diaspirin or raffinose. It 
is believed that α-α chains cross-linking can pre-
vent dissociation of oxyhemoglobin into αβ 
dimers which are readily excreted by the kidneys.

• Conjugated hemoglobin
Hemoglobin conjugation with the antioxidant 
enzymes can potentially protect hemoglobin mol-
ecules against free radicals.

• Cross-linked and polymerized Hb
Hemoglobin molecules can also be cross-linked 
and polymerized to further increase its half-life 
and/or minimize extravasations.

• Encapsulated natural hemoglobin
Hemoglobin molecules are wrapped with lipid 
layer(s) to provide protection against oxidative 
stress and prolong half-life.

 2. The hemoglobin molecules can be encapsulated by lipo-
somal lipid layers to extend their circulation half-life, 
improve their biodistribution and alleviate the commonly- 
encountered free-hemoglobin-induced toxicities. Cellular 
with artificial membrane

 (a) Biomimetic Rebuilding of erythrocytes
With current biomimetic technology, it is possible to 
construct and synthetically rebuild RBCs that mimic 
almost the whole features of native RBCs in size, 
deformability, biconcave shape, oxygen- carrying 
capacity, and circulation time [32].

 (b) Artificial erythrocytes with nanotechnology
 3. Cultured Erythrocytes

Stem cells can be cultured to produce RBCs and periph-
eral blood mononuclear cells can successfully be cultured 
to reproduce RBCs as described previously.

 Erythrocyte Substitutes: Classification Based 
on Organic Molecule

 1. Organic: all hemoglobin-based oxygen carriers
The oxygen-carrying molecules are biological molecules 
such as hemoglobin molecules, either natural or 
synthetic.

 2. Inorganic: Perfluorocarbon-based oxygen carriers
The oxygen-carrying molecules are not biological but 
inorganic chemical molecules, such perfluorocarbon- 
containing molecules.
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 Erythrocyte Substitutes: Classification Based 
on Synthetic or Natural Molecule

 1. Natural molecule oxygen carriers
This includes modified natural human or animal HBOCs, 
liposomal encapsulate Hb, Recombinant/transgenic Hbs, 
Natural acellular Hb from Lumbricus terrestris or 
Polychaete Arenicola marina, cultured erythrocyte, and 
albumin-heme hybrids.

 2. Synthetic oxygen carriers
This category includes PFBOCs, artificial erythrocyte, 
synthetic metal chelates, lipid-heme vesicles, and Hb 
aquasomes.

 Ideal Erythrocyte Substitutes

An ideal red blood cell substitute should possess the follow-
ing features [25]. However, none of the currently available 
products meets these criteria.

 1. Great O2-carrying capacity: ≥ biological blood
 2. Universal compatibility (no need crossmatch)
 3. Pathogen-free (no blood-borne infection)
 4. Long shelf-life, Survival of wide range storage 

conditions
 5. Adequate supply, immediately/easily available
 6. Minimal side effects, no/minimal toxicity

 7. Volume expander
 8. Reasonable half-life in circulation (Fig. 11.3)

 Potential Indications for Blood Substitutes

The potential clinical indications of administration of blood 
substitutes include:

 1. Trauma patients for volume replacement and stabiliza-
tion [25].

 2. Acute normovolemic hemodilution and perioperative 
volume replacement in major surgical procedures with 
potential massive blood loss.

 3. Cardiovascular Surgery for pump priming, deep hypo-
thermia and intraoperative blood replacement, or as 
cardioplegia.

 4. Blood disorder management [35]
 5. Oxygenation of solid tumors to increase its susceptibil-

ity to radiotherapy and chemotherapy
 6. Ischemic tissues perfusion in patients with sickle cell 

disease, strokes, and peripheral vascular diseases
 7. Organ preservation: During transport of organs for 

transplantation
 8. Drug Carrier: the conjugated hemoglobin and perfluoro-

carbons can be used as drug carrier
 9. Contrast Agent: Perfluorooctyl bromide can potentially 

be used as a contrast agent with oxygen carrying capac-

Blood

Plasma

Crystalloid
Albumin
Hetastarches

Formed
elements

WBC

RBC

Platelet

Cellular
Acellular

PFBOC

Recombinant
hemoglobin

Cultured or
Artificial RBC

Cross-linked Hb
Polymerized Hb  
Conjugated/PYGylated Hb
Cross-linked & polymerized Hb
Cross-linked & conjugated Hb
Natural acellular Hb
Encapsulated Hb

1st generation: Flusol-DA20, Perftoran
2nd generation: Oxygent
3rd generation: Oxycyte

HBOC

Fig. 11.3 Classification of the blood substitutes
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ity in ultrasound, CT scan, MRI, angiography, liver, 
spleen and tumor imaging.

 10. Miscellaneous: Anaerobic infections, gas embolism, CO 
poisoning.

 Summary

The search for alternatives for allogeneic human blood has 
been ongoing for 80 years. There are numerous products at 
various stages. This is chapter described the different classi-
fications of blood substitutes. Blood substitutes can be clas-
sified based on blood component into erythrocyte, leukocyte, 
thrombocyte, and plasma substitutes. Erythrocyte substitutes 
can be further classified as hemoglobin-based oxygen carri-
ers, perfluorocarbon-based oxygen carriers, genetically engi-
neered recombinant hemoglobin oxygen carriers, and 
cultured or artificial erythrocytes. Erythrocyte substitutes 
can also be classified based the source of hemoglobin, exis-
tence of cell membrane, organic or inorganic oxygen carri-
ers, and synthetic or natural molecules.

Key Points
• Global shortage of allogeneic human blood supply will 

continue and likely worsen in the future.
• Only few products approved to be used clinically in lim-

ited regions (Hemopure, Perftoran) after 80  years, the 
accumulation of these efforts will usher in a breakthrough 
with bright future

• Blood substitutes can be classified based on blood com-
ponents as erythrocyte, leukocyte, platelet and plasma 
substitutes.

• Erythrocyte substitutes can be classified as HBOCs, 
PCBOCs, Genetically-engineered recombinant Hb, and 
cultured or artificial erythrocytes.

• Erythrocyte substitutes can also be further classified 
based the source of hemoglobin, either organic or inor-
ganic molecules, either natural or synthetic molecules,
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cEPI collagen and epinephrine, a reagent for PFA-

100 measurement of platelet adhesion
CO carbon monoxide

Cu copper
DBBF bis(dibromosalicyl) fumarate
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FDA United States Food and Drug Administration
g gram
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Hb4 Four strands of hemoglobin to form tetramer
HBOC Hemoglobin-based oxygen carrier
HIV Human immunodeficiency virus
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MAL-PEG maleimido polyethylene glycol
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NO nitric oxide
O2 oxygen
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r recombinant
RBC red blood cell
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 Introduction

Transfusion of erythrocytes (RBC) to treat acute or chronic 
anemia has significant drawbacks, given the risks of transfu-
sion, volunteer donor requirements, limited supply with 
increasing demand, especially during a pandemic such as 
COVID-19, and erythrocytes are often unavailable in emer-
gency situations or where blood is not an option. Significant 
work has been done for almost 100 years to attempt to repli-
cate the functions of RBCs with oxygen carriers/oxygen 
therapeutics based on hemoglobin (Hemoglobin-based 
Oxygen Carriers, HBOC). This chapter will outline the back-
ground of HBOCs, discuss how HBOCs can be designed and 
how developed HBOCs are different from each other based 
on the changed pharmacology and physiology, highlight all 
major products to undergo human trials including one exten-
sively studied product approved for human use in two coun-
tries (Hemopure), introduce newer products still under 
preclinical development, and finally present translational and 
clinical trials studying whether or not certain HBOCs may 
cause coagulation issues.

HBOCs have been extensively studied since 1934, when 
Amberson first used bovine hemoglobin and administered in 
canines, then in 1949 [1], he purified human hemoglobin and 
infused it into anemic patients. The U.S. Army developed a 
tetrameric cross-linked Hb that then was produced as the 
Baxter Corporation product, diaspirin cross-linked, although 
this product failed clinical trials because of increased mor-
bidity and mortality [2], in the mid-1980s, a number of com-
panies developed second generation HBOCs, including 
Biopure Corporation (Cambridge, MA) with Oxyglobin and 
Hemopure. Hemopure was approved by the Medicines 
Control Council in South Africa for treatment of anemia in 
2001 and later in Russia and other countries, and Oxyglobin, 
FDA and EU approved for canine anemia in 1997, and 1998 
respectively. To date, there have been a large number of stud-
ies evaluating these products in animal models 3–5 and clini-
cal trials documenting success in phase I and II trials [3–6]. 
Hemopure was athe first to complete a Phase 3 trial (the 
other being PolyHeme,discussed below), while other prod-
ucts have undergone Phase 3 trials, but due to adverse events, 
were either terminated prematurely or suspended by regula-
tory agencies due to safety concerns.

 Transfusion Medicine

Dating from 1795, blood transfusions rank with the most fre-
quently utilized hospital procedures. In spite of the frequency 
of use, significant risk is linked: iron overload and Transfusion 
Related Acute Lung Injury (TRALI) [7]. Risk reduction 
related to improved blood banking techniques have mitigated 

infectious etiologies such as Chagas disease, HIV, Hepatitis 
C, malaria, etc., issue with compatibility, and Transfusion 
Associated Circulatory Overload (TACO) [8].

Orthopedic surgical procedures, such as total joint arthro-
plasty and spinal instrumentation, have high perioperative 
transfusion rates [9], for the elderly, the perioperative blood 
loss and reduced tolerance for anemia increase the transfu-
sion probability [10]. Blood use for patients older than 65 
accounts for greater than 50% of perioperative erythrocyte 
transfusions and is predicted to double over the next 30 years 
[11]. Based on older data, a predicted shortfall of 
4,000,000 units of blood in the US, more surgical procedures 
in an aging population, increasing blood use, and decreased 
donor blood collection will impact erythrocyte use across the 
country and the world [12].

Despite implementation strategies to conserve red cell use 
and the increasing safety of blood, the supplies of erythro-
cytes and components are unable to keep pace with the 
increasing demand [13].

Blood transfusion risks in addition to the diminishing 
supply of donated erythrocytes and blood products have 
mandated the requirement to develop artificial oxygen carri-
ers (AOCs) and other substitutes for blood, including coagu-
lation factors and platelets. If artificial oxygen carriers were 
able to be produced efficiently, and cost effectively, and be 
proven safe and efficacious, with long shelf life and stability, 
then these products would revolutionize medical care, both 
in the pre-hospital setting and beyond.

 History of Hemoglobin-Based Oxygen 
Carriers

Amberson, in the 1930’s was the first to document creation 
of HBOCs, and he tested his bovine hemoglobin in canine 
models and then human hemoglobin in parturients who had 
suffered hemorrhage and were unable to be transfused with 
erythrocytes [1]. Unfortunately, while all animals and 
humans improved transiently with the hemoglobin infusion, 
all died related to complications of renal failure due to block-
age of renal tubules with dimers of hemoglobin, as is seen 
with all forms of hemolysis.

Early work involved lysing the red blood cell (RBC) coat 
to produce hemoglobin free of RBC membrane and struc-
tural stroma (SFH). These infusions of SFH led to jaundice, 
chemical pancreatitis and esophagitis, and ultimately renal 
failure. Toxicities of early generation HBOCs include renal 
failure, nitric oxide (NO) scavenging with resultant vasocon-
striction, and hyper-oxidation engendering methemoglobin-
emia, while newer generation HBOCs aim to ameliorate 
these symptoms [14]. These toxicities appear due to the dis-
sociation of the Hb tetramer into dimers, although changes in 
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Table 12.1 Synopsis of artificial oxygen carriers that have been tested in clinical investigations

Product Company Source Modification State of development
PEG-Hb Enzon, Piscataway, NJ Bovine Polyethylene glycol- 

conjugated (PEGylated)
Phase lb, tumor radiosensitization, discontinued in 
1996

HemAssist 
(DCLHb, 
diaspirin- 
crosslinked Hb)

Baxter, Deerfield, IL Human Intramolecular diaspirin 
α-α cross-linked tetramer

Phase III cardiac surgery, acute normovolemic 
hemodilution, trauma/stroke discontinued in 1999

Optro Somatogen, Boulder, 
CO

Recombinant Intramolecular cross- 
linked β-chain mutation 
(108 Lys)

Phase II discontinued in 1999

PHP/Hemoximer Curacyte/Apex 
Bioscience, Triangle 
Park, NC

Human Surface-modified 
polyoxyethylene- 
pyroxilated polymer

Phase III, distributed shock, discontinued in 2011

Oxygent Alliance Pharmaceutical 
Corp, San Diego, CA

Chemical Perfluorochemical 
emulsion

Phase III, discontinued in 2001

HemoLink 
(hemoglobin 
raffimer)

Hemosol, Toronto, 
Canada

Human Intra- and intermolecular 
cross-linking with 
O-raffinose

Phase II/III, surgery, acute normovolemic 
hemodilution/cardiac surgery discontinued in 2004

PolyHeme 
(polymerized 
human Hb)

Northfield, Evanston, IL Human Glutaraldehyde 
polymerization

Phase III, trauma, surgery, discontinued in 2009

Hemospan (MP4) Sangart Inc, San Diego, 
CA

Human Maleimide-polyethylene 
glycol-modified Hb

Phase II published, phase III completed, discontinued 
in 2015

Hemopure 
(hemoglobin 
glutamer-250 
[bovine])

Acquired by 
Hemoglobin Oxygen 
Therapeutics in 2014, 
Souderton, PA

Bovine Glutaraldehyde 
polymerization

Phase III, perioperative transfusion, acute 
normovolemic hemodilution cardiac surgery. Hb 
glutamer-250 (bovine) approved for perioperative 
treatment of anemia in adult elective surgical patients 
in South Africa and Russia. Available for expanded 
access in the United States

Sanguinate Prolong 
Pharmaceuticals, South 
Plainfleld, NJ

Bovine Polyethylene glycol- 
conjugated (PEGylated) 
carboxyhemoglobin

Phase II trials complete
Phase III trial not complete

HemO2Life Hemarina, Morlaix, 
Brittany, France

Marine 
Invertebrate

Hexagonal-bilayer-linked 
globin molecules

Phase I in progress

OxyVita Hb OXYVITA Inc, 
Windsor, NY

Bovine Hb stabilized with 
sebacoyl diaspirin

Preclinical trials in progress

Adapted and modified from Jahr et al. [14]

the chemical molecular configuration of Hb, and issues with 
the microcirculation have also been suspect. Modifications 
such as cross-linkage, polymerization, and polyethylene gly-
col (PEGylation) conjugation, are all techniques that have 
been utilized in an attempt to diminish these toxicities and 
are reviewed in the section on “How HBOCs Are Made” 
[14]. See Table  12.1: Synopsis of HBOCs that have been 
Tested in Clinical Investigations [14].

 How HBOCs Are Made

 Stroma Free Hemoglobin

One of the early methods of isolating hemoglobin involves 
the creation of stroma-free hemoglobin (SFH). This is essen-
tially purified hemoglobin isolated from human red blood 
cells (RBCs) free of the erythrocyte membrane and structural 

fragments (stroma). There are multiple ways to achieve this, 
one of which involves crystallization of hemoglobin. With 
crystallization, RBCs are lysed with water and toluene, cen-
trifuged, and washed with a phosphate buffer. Hemoglobin 
crystals are then formed without the red cell membrane [15]. 
SFH can also be isolated with a commercially available 
blood cell separator. Using this motor-operated separator, 
donor blood is centrifuged to separate the plasma and isolate 
just the RBCs. The RBCs are then lysed by hypotonic shock 
and the stroma is separated, leaving just the Hb lysate [16]. 
Lastly, selective DEAE-cellulose absorption can be used to 
create SFH. Outdated RBCs are washed with saline, centri-
fuged at 5000 rpm at 4 °C, hemolyzed with distilled water 
for 30  minutes, then centrifuged at 5000  rpm at 4  °C for 
30 minutes again. The lysate mixture is mixed with DEAE- 
52, then separated by vacuum filtration and dialyzed with a 
standard kidney dialysis buffer. The SFH is then isolated by 
pressure filtration [17].
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 α-α Cross Linked Hb

Normal hemoglobin in animals and humans is a tetramer, 
Hb4, comprised of two identical α chains and two identical β 
chains which are non-covalently bonded. It is possible to 
cross link the two individual alpha units of Hb in order to 
prolong its half-life in the body. The advantage of cross- 
linking the two alpha chains is because this alpha-alpha 
cross-link prevents dissociation of oxyhemoglobin into αβ 
dimers which are readily excreted by the kidneys [18]. 
Snyder et al. found that the half-life of HbXL99 (α-α cross-
linked Hb) in rats was increased to 3.3 hours compared to 
90  minutes for α Hb alone. In order to cross link the two 
alpha chains, a commonly used cross-linking agent is bis 
(dibromosalicyl) fumarate (DBBF). To start, stroma-free 
hemoglobin is used and must initially be deoxygenated. 
Deoxygenation is achieved by reacting the Hb with a reduc-
ing agent such as sodium dithionite or ferrous citrate for 
1–3 hours in room temperature. A cross linking agent, pref-
erably DBBF is then added. DBBF has a high specificity for 
the Lys 99 residues on each of the Hb α chains. The newly 
α-α cross linked Hb can be separated from any unreacted Hb 
using chromatography. This α-α cross linked Hb is now 
resistant to alpha-beta dimerization and renal elimination 
[19].

 Glutaraldehyde Polymerized Hbs

Hemoglobin can be polymerized with glutaraldehyde to cre-
ate a large HBOC with less risk of extravasation and subse-
quent nitric oxide scavenging. Two notable HBOCs that are 
created using this method are Hemopure (HBOC-201), and 
Polyheme. Hemopure is a purified bovine Hb polymerized 
with glutaraldehyde for stability and formulated in a lactated 
Ringer’s solution. PolyHeme is synthesized utilizing out-
dated human erythrocytes, modified with pyridoxal-5′-
phosphate (PLP), and is then polymerized with glutaraldehyde 
[14]. As a whole, glutaraldehyde solutions are made up of 
polymers that react with hemoglobin at multiple cross- 
linking sites and create a heterogenous mixture of Hb. The 
process of glutaraldehyde polymerization involves a redox 
potential decrease, and an iron autoxidation rate increase 
[20]. To create soluble polymers, a solution of 0.05 M phos-
phate buffer (pH 6.8) is prepared along with 100 mg/mL of 
human oxyhemoglobin and 3.3 mg/mL of glutaraldehyde at 
20 °C. After 20 minutes, glycine is added, and the solution is 
dialyzed with a phosphate buffer. The process by which 
insoluble polymers are created is as follows: a 0.05 M phos-
phate buffer (pH 6.8) is combined with 100 mg/mL of Hb 
and 3.3 mg/mL of glutaraldehyde. The solution is then fro-
zen at – 30 °C for 2 hours and warmed slowly at 4 °C. The 

insoluble foam is then rinsed with a glycine solution and 
phosphate buffer.

 Recombinant HBOC

Acellular recombinant hemoglobin can be used an oxygen 
carrier. Similar to HBOCs constructed from human or ani-
mal Hb, recombinant HBOCs (rHBOCs) potentially can be 
infused in place of erythrocytes. Recombinant Hb has the 
advantage that it can be mass produced utilizing molecular 
biology in unlimited amounts and does not require human 
Hb. Recombinant Hb can be produced in E. Coli by fusing 
alpha or beta globin cDNAs to the coding region of a bacte-
riophage. The fusion protein can then be recovered and re- 
folded to produce tetrameric Hb [21]. A similar, newer, 
system involves incorporating the alpha or beta globin genes 
as a transcript in the tac promoter. Then, functional Hb tetra-
mers are produced after exogenous heme is incorporated into 
the E. Coli cytoplasm [22].

 Zero-Linked HBOCs

Another type of polymerized hemoglobin is zero-linked Hb. 
This is created by a procedure where hemoglobin’s surface is 
activated with carbodiimide at the carboxyl groups. This 
causes the carboxyl groups to create covalent bonds to amino 
groups of an adjacent hemoglobin molecules. The name 
zero-link is derived from the fact that no chemicals are left 
behind in the linked polymers, unlike with glutaraldehyde or 
other polymerization techniques [23].

 Pegylated HBOCs

PEGylated hemoglobin refers to the addition of polyethylene 
glycol to hemoglobin. Two important products that use 
pegylated Hb are PHP (Hemoximer), Hemospan and 
Sanguinate. The overall procedure involves deriving hemo-
globin from bovine or outdated human sources and 
PEGylating it. Then, either maleimide is added to produce 
the Hemospan (MP4) product, or the Hb is PEGylated and 
carbon-monoxide hybridized to create Sanguinate [7]. 
Hemoglobin can be pegylated in two ways: or under anaero-
bic conditions to produce PEG-Hb(deoxy), or under aerobic 
conditions to produce PEG-Hb(oxy). To produce PEG-Hb 
(deoxy), a buffered solution of 50 mM sodium phosphate, 
and 100 mM KCl, 0.5 mM EDTA is placed in a 1 L bottle of 
pH  7.0 at 20  °C.  Inositol hexaphosphate is added, Hb is 
reacted with iminothiolane, and then maleimido- polyethylene 
glycol (MAL-PEG) is added to the mixture. The solution is 
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dialyzed with a phosphate buffer saline to eliminate any 
unreacted MAL-PEG and passed through a filter to remove 
endotoxins. To produce PEG-Hb (oxy), PEG conjugation is 
done aerobically in a 1 L bottle at 5 °C. 3 mM Hb is treated 
with IMT in a phosphate buffer saline at pH of 7.4 for 
4 hours, and then MALPEG is added. After an incubation 
period of 2 hours, a cysteine solution is added to terminate 
the reaction. The sample is passed through a syringe filter to 
remove endotoxins [24].

 Invertebrate Hb

Hemarina’s multiple products, including HEMO2-life, is 
derived from a large extracellular hemoglobin molecule that 
is naturally found in the invertebrate Arenicola marina, com-
monly known as the lugworm. Each Hb molecule from this 
species can transport 156 oxygen molecules, compared to 
just 4 oxygen molecules carried by human Hb [25]. In addi-
tion, HEMO2-life can function in the temperature range of 
4–37 °C, and its size is 250 times smaller than a human RBC 
[26]. These properties give HEMO2-life remarkable utility 
for oxygen delivery in humans. A team of researchers led by 
Lupon et al., in France investigated optimal ways of packag-
ing and delivering HEMO2-life. Using their technique, it is 
packaged in a 20 mL solution containing 1 g of active extra-
cellular HEMO2-life, 203.3  mg of Magnesium chloride, 
105.2 mg of sodium chloride, 100.3 mg of sodium gluconate, 
73.5 mg of sodium acetate, 7.5 mg of potassium chloride, 
7.3 mg of calcium chloride, 35.2 mg of ascorbic acid, and 
20  mg of water for injection. The investigators found the 
half-life to be 48–72 hours and that the washout period maxi-
mum is 4 days. The team led by Alix et al., studied the addi-
tion of HEMO2-life (M101) to preserve liver grafts. The 
investigators discovered that when added to a cold storage 
solution liver graft, M101 effectively oxygenates the grafts 
during preservation, preventing post-transplant injury. The 
team also reported that M101 has intrinsic Cu/Zn superoxide 
dismutase (SOD) activity, likely contributing to its utility for 
preventing post-transplant injury.

 Pharmacology and Physiology of HBOCs

Table 12.2 shows the pharmacology and physiology of 
HBOCs.

 Development of HBOCs

As mentioned previously, the first generation of blood substi-
tutes were the SFH products. SFHs were manufactured uti-
lizing ultrafiltration or crystallization. The SFH prepared by 

ultrafiltration method was reported to lack the vasoconstric-
tion and ex vivo perfused myocardial depressant factors [7]. 
However, SFH was later found to elicit many adverse effects 
to progress forward, but the untoward outcomes were valu-
able in determining the cause of the adverse effects.

Using the feedback from the SFH experiments, it was 
hypothesized that crosslinking may help reduce the adverse 
effects seen in SFH. Researchers had been working towards 
crosslinking hemoglobin since the mid-1960s and that effort 
was accelerated during the 1980s. At that time, the HIV epi-
demic was beginning, and the military was concerned the 
epidemic would deplete the blood supply for transfusions. 
Blood availability for transfusions were essential to treating 
wounded soldiers, and so a viable blood substitute became 
an urgent unmet need.

 Development of αα-Hb and HemAssist

The group of scientists from the Army Institute of Research 
at Letterman (LAIR) were successful in creating a cross-
linked Hb that could reduce the renal toxicity issues seen in 
SFH [28]. To be able to mass produce, LAIR contracted out 
to Baxter Healthcare. Together, they successfully crosslinked 
the α chains of hemoglobin utilizing bis(dibromosalicyl) 
fumarate (DBBF) [28]. The army called the product 
DBBF-Hb and ultimately αα-Hb, while Baxter (Deerfield, 
IL) referred to the product as diaspirin-crosslinked Hb 
(DCLHb), with the trade name of HemAssist. The relation-
ship between LAIR and Baxter however was not collabora-
tive as Baxter’s focus was on increasing production while 
LAIR was focused on resolving vasoconstriction effects and 
other biological problems. Following a study on a pig model 
simulating a battlefield injury, LAIR stopped attempting to 
produce a blood substitute. LAIR declared that based on the 
pig model, αα-Hb was extremely vasoactive and therefore 
too toxic to be considered as a blood substitute option [28].

This decision was validated again by further studies 
showing systemic and pulmonary hypertension as well as 
doubling of the vascular resistance which was equivalent to 
that seen with inhibition of nitric oxide synthesis [29]. Baxter 
however continued with production of HemAssist and went 
on to be tested in human clinical trials because in their appli-
cation to the Food and Drug Administration (FDA), Baxter 
explicitly stated that their product, HemAssist, was critically 
different from DBBF-Hb by LAIR [28]. Ultimately, 
HemAssist failed as well for being too vasoactive, just like 
DBBF-Hb.

In the critical study of HemAssist published by Saxena 
et al., two major adverse events were identified. One patient 
experienced transient renal and pancreatic insufficiency 
while the other suffered from both a fatal brain edema as 
well as a pulmonary edema [30]. Similar results were seen in 
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the study conducted by Sloan et  al. in which 46% of the 
patients given HemAssist died 28 days after administration 
compared to the 17% who received only saline [31]. This 
failure by Baxter placed further emphasis on preclinical test-
ing prior to administration to human subjects.

 Development of Hemolink

Prior to the cessation of investigations of HemAssist, a sec-
ond generation of HBOCs were developed, the earliest being 
Hemolink, made by Hemosol Inc. (Mississauga, ON, CA). 
Hemolink, from outdated human blood hemoglobin, is a raf-
finose crosslinked HBOC [27]. An indicated use was for car-
diac surgery and achieved human clinical trial status. In a 
phase II clinical trial using the intraoperative autologous 
donation (IAD) concept during cardiac surgery, patients 
given Hemolink required less allogeneic erythrocytes, even 
past the operative period [32]. In another phase II dose esca-
lation trial conducted by Hill et al., Hemolink was successful 
at reducing allogenic red cell transfusion for subjects having 
coronary artery bypass graft (CABG) surgery [33].

Hemolink clinical trials were stopped voluntarily during a 
Phase IIb trial due to concern over increased morbidity and 
mortality [27, 34]. There was a disproportional incidence of 
adverse cardiac events in the group administered Hemolink, 
although the higher occurrence of adverse events may have 
been due to the increased number of diabetics within the 
Hemolink treated group [34]. Hemolink was created with the 
rational that HBOC s would restore the oxygen carrying 
capacity of the blood lost and ultimately facilitate an increase 
in blood pressure [35]. However, although vasoconstriction 
does increase central blood pressure, it may, by the same 
pathway, decrease downstream capillary pressure, and might 
be responsible for causing myocardial ischemia.

 Development of Polyheme

A reoccurring issue with HBOCs was the vasoconstrictive 
properties they exhibited due to the vasoactive tetramers. 
Researchers hypothesized the vasoactive tetramer properties 
were due to trans-endothelial extravasation of the small 
molecular weight tetramer, which lead to abluminal binding 
of nitric oxide (NO) and induced unrestricted vasoconstric-
tion [36].

To alleviate extravasation, Northfield Laboratories pro-
duced a nearly tetramer-free and considerably larger HBOC 
from glutaraldehyde polymerized human Hb. PolyHeme’s 
polymerization technique improves intravascular persistence 
and is then purified until nearly all unpolymerized tetramers 

are removed. This reduces interactions with nitric oxide and 
therefore potentially reducing vasoconstriction [36].

PolyHeme was hypothesized to have indications as a 
resuscitation fluid, especially helpful in avoiding the onset of 
anemia and delaying the inevitable mortality until surgical 
intervention and red cell transfusion would be available [27]. 
PolyHeme was designed as an asset for shock and organ 
ischemia, especially in emergencies.

Early clinical trials suggested PolyHeme was successful 
in providing oxygen-carrying capacity at life-threatening Hb 
levels and maintaining oxygen transport during intense blood 
loss. With these results, the FDA approved a Phase III clini-
cal trial. This pivotal multicenter trial published by Moore 
et al. was significant due to its clinical results but also for the 
ethical issues that arose. The protocol was centered on two 
hypotheses regarding survival benefits: early replacement of 
oxygen-carrying capacity in a setting in which blood is not 
available, and PolyHeme administration in place of blood 
transfusion during the first 12 hours after injury to decrease 
the immunoinflammatory response and ensuing organ dys-
function [36].

The study enrolled over 700 patients and was divided into 
two phases, the “pre-hospital” and “in-hospital”. During the 
pre-hospital phase, incapacitated trauma patients were either 
given the standard of care (saline) or given PolyHeme. In the 
in-hospital phase, the subjects administered saline in the pre- 
hospital phase then were administered erythrocytes (alloge-
neic), whereas subjects who were given PolyHeme in the 
pre-hospital phase continued with PolyHeme administration, 
instead of the standard of care administration of allogeneic 
blood. While the patients given PolyHeme required and were 
administered fewer units of erythrocytes, more PolyHeme 
cohort subjects were also designated as having “probable 
myocardial infarction” [36].

The study was discontinued in Phase III following nega-
tive results [27]. The ethical issues stemmed from the portion 
of the trial occurring post hospital admission. Since 1996, 
the FDA had published regulations that waive the require-
ments for informed consent in specific emergency research 
protocols. Researchers in this clinical trial did not therefore 
need to obtain personal consent once the subjects arrived at 
the hospital prior to administration of PolyHeme. Once at the 
hospital, blood transfusion is the standard of care for trauma 
patients; however, these subjects were not able to consent to 
waive the erythrocytes (standard of care) and instead admin-
istered an experimental protocol.

 Development of Hemoximer

See Table 12.3 for development of Hemoximer (PHP).
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Table 12.3 Development of Hemoximer (PHP)

Compelling evidence suggests that NO is the causative agent 
responsible for vasodilation and hypotension in distributive shock. In 
the successfully conducted Phase II clinical development program 
PHP has previously been demonstrated to reverse vasodilation and 
resolve hypotension associated with this type of shock
The PHOENIX trial was a European, placebo-controlled, Phase III 
study treating patients in catecholamine-resistant, distributive shock 
with the Nitric Oxide (NO) scavenger PHP/Hemoximer.
This phase III, multi-center, randomized, placebo-controlled study 
compares the effectiveness of continuous infusion of PHP/
Hemoximer plus conventional vasopressor therapy against placebo 
(normal saline) plus conventional vasopressor therapy in patients 
with catecholamine-resistant distributive shock. In addition, the 
safety and tolerability of this new treatment modality will be 
evaluated.
For inclusion into the trial the patients had to be adequately 
resuscitated with fluids and must require a norepinephrine dose of 
≥0.3 mcg/kg/min to maintain a mean arterial blood pressure of 
≥65 mmHg. Furthermore, patients had to fulfill at least two criteria 
indicative of a systemic inflammatory response (“SIRS” criteria). 
PHP/Hemoximer as active compound or placebo was administered 
by continuous intravenous infusion at 0.25 mL/kg/hr. for a maximum 
of 150 hours.
Efficacy was to be demonstrated by PHP significantly reducing 
28-day all-cause mortality. Secondary endpoints include: Survival 
time, survivor days in the intensive care unit (“ICU”) and time on 
mechanical ventilation and on vasopressors.
The study was launched by Curacyte AG in Austria, Belgium, 
Germany, Spain, The Netherlands and in the United Kingdom in 
2009. The outcome of the third interim analysis on safety and 
mortality data of 300 patients, or 66% of the study population in the 
trial is reported. Statistical results were reviewed in an unblinded 
fashion by an independent Data Monitoring Board (DMB). The 
DMB, consisting of intensive care physicians, one bioethical expert 
and one statistician from the US and Europe came to the unanimous 
conclusion, that the study should be terminated.
The trial was designed to statistically prove survival benefit of 
patients treated with PHP after 28 days compared to placebo (+ 
standard care), and at day 60 and day 90 as secondary endpoints. 
After treatment of two thirds of the patient population the numerical 
number of deaths in the PHP/Hemoximer cohort exceeded that of the 
placebo group. Given the current status of the study there is no more 
chance that the study could demonstrate a statistically significant 
efficacy on 28-day all-cause mortality in favor of PHP/Hemoximer. 
Therefore, the continuation of the PHOENIX study with enrolment 
of new patients under the premise to detect an unlikely difference 
would be unethical. Based on the DMB’s recommendation Curacyte 
AG suspended the PHOENIX trial.

Reprinted from: vm- lifescience.com/curacyte- phase- iii- distributive- 
shock- trial- phoenix- trial- terminated- for- futility/ Accessed 2.16.2021

 Development of Hemopure and Summary/
Discussion of Pivotal HEM-0115 Trial

The final second generation HBOC product to be discussed 
is Biopure’s Hemopure (HBOC-201), one of the most exten-
sively studied HBOCs (now produced by Hemoglobin 
Oxygen Therapeutics, Souderton, PA, USA). Hemopure’s 
hemoglobin is extracted from bovine RBC, purified and then 

polymerized with glutaraldehyde, after extensive cleaning 
processes, validated by the US FDA to ensure removal of 
bacteria, fungi, parasites, viruses and prions. Hemopure 
draws its benefit from maintenance of oxygen delivery with 
anemia or low blood flow situations to ischemic tissues. 
Unlike its other fellow second generation HBOCs, Hemopure 
has gained regulatory indication for human use in South 
Africa (2001), and in Russia (2006) to treat acute surgical 
anemia.

Hemopure is a glutaraldehyde cross-linked, polymer-
ized bovine hemoglobin that is cell free and purified posi-
tioned in a changed lactated Ringer’s solution with 13.6 g/
dL Hb (30–35 g Hb/250 mL unit), a pH of 7.6–7.9, and a 
P50 of 40 mmHg. Hemopure may be kept at 20 degrees 
centigrade for up to 3 years, is not in need of cross-match-
ing, has an oxygen release that is independent of 
2,3- diphosphoglycerate, and has a half-life of 19 hours in 
the circulation [37].

Drawing from four different studies in which RBC trans-
fusion was used as the control, Hemopure administration led 
to lower allogeneic RBC units transfused [27]. In a random-
ized and double-blind trial conducted by Levy et al., HBOC- 
201 was evaluated for its treatment of moderate anemia 
following cardiac surgery due to blood and hemodilution. In 
the study, 98 patients scheduled to cardiac surgery were ran-
domly divided into the control group, set to receive RBC 
transfusion, and the other to receive HBOC-201, and then 
monitored during the course up to their third postoperative 
transfusion. Of the 50 patients given Hemopure, 17 of them 
did not require any RBC transfusion following the operation 
[5]. An important point is that although this study concluded 
that Hemopure administration decreased the requirement for 
transfusion of erythrocytes postoperatively in one third of its 
participants, the study was not designed to compare the mor-
tality and morbidity and so no conclusions were able to be 
reached with regard to its efficacy relative to blood.

A more detailed description of the HEM-0115 study fol-
lows [37].

The research study evaluated Hemopure as an alterna-
tive blood transfusion and its safety and efficacy in a Phase 
III, single blind, multicenter trial in elective orthopedic 
surgery. The whole trial study population included male 
and female (nonpregnant/lactating women) subjects, 
18 years or older. The investigators randomized six hun-
dred eighty-eight patients to treatment with Hemopure or 
erythrocytes. Paired/matched group analysis was per-
formed comparing groups directly, determined by a prede-
termined prospective dichotomy (success of treatment 
compared to failure in the Hemopure arm and similarly 
predetermined dichotomy in the erythrocyte arm, deter-
mined by the requirement for additional oxygen carrying 
capacity [moderate compared to high]). The hypothesis 
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was to prove the ability of Hemopure to safely reduce or 
eliminate perioperative transfusion.

In the majority of subjects, Hemopure administration 
demonstrated the eliminate of need for erythrocytes. 
Comparing the Hemopure and erythrocyte arm in a safety 
analysis demonstrated disequilibrium and was linked to sub-
ject’s age, volume overload, and under treatment, and 
occurred in those subjects in whom Hemopure alone was 
insufficient. The investigators concluded that in subjects 
under 80  years of age with a clinical requirement deemed 
moderate, may be infused with up to 10 units of Hemopure 
to avoid erythrocytes safely.

This landmark, pivotal study aimed to demonstrate effi-
cacy, safety and adverse event profile of HBOC-201 use. 
Treatment with Hemopure exceeded the pre-determined pri-
mary endpoint of 35% avoidance of transfusion with an 
overall 59% avoidance observed at the 6-week follow-up 
assessment.

One of the most interesting evaluations for the man-
agement of low hematocrits is whether the transfusion cri-
teria is relevant to current transfusion practice. The study 
demonstrates that this clinical decision must be tempered 
by the patient’s clinical status with respect to cardiac dis-
ease, pharmacologic agents, and a host of other factors 
[38, 39].

The concept of a universal transfusion trigger has fallen 
out of favor with the recognition that the decision to trans-
fuse is actually quite complex, based upon individual patient 
factors beyond total Hb concentrations as reflected in the 
most current United Kingdom (2007) and United States 
(2006) guidelines [40, 41]. The term transfusion “threshold” 
is now preferred.

The results of matching group and root cause analyses 
suggest that the future use of Hemopure in patients over age 
80 and/or when the need for additional oxygen carrying 
capacity exceeds what can be met with Hemopure alone 
should be limited to when blood is not available. Vigilance to 
patient vascular volume status is required when infusing 
Hemopure; avoidance of fluid overload and, if present, 
aggressive management is required. Patients with preexist-
ing cardiac disease are less tolerant of lower total Hb concen-
trations and may be at greater risk of morbid events and 
increased mortality.

The most robust observations have come from large retro-
spective studies which suggest that for older patients and 
patients with cardiac disease relatively small deviations from 
normal Hb and Hct levels may be associated with an 
increased risk of morbidity and mortality [42, 43].

In the Hemopure arm, more than 59% of subjects did not 
require erythrocytes. Consequences deemed adverse and 
those deemed serious (serious adverse events [SAEs]) per 
subject were greater in the Hemopure versus erythrocyte 

groups. Volume overload and undertreatment may explain 
this difference.

Transfusion was eliminated in the Hemopure arm in most 
subjects. The safety analysis of the two different study 
groups (H vs. R) did not reach favorable status probably due 
to subject’s age, hydration status and possible volume over-
load, and potential under administration of Hemopure, and 
was isolated to subjects who were unable to be cared for only 
with Hemopure. Nonetheless, octogenarians with modest 
acute anemia safely may avoid transfusions when managed 
with up to 10 units of Hemopure.

 Adverse Events of Particular Interest

The vasoactivity of HBOCs as a drug class has been of great 
general interest, with some HBOCs showing greater vasoac-
tivity than others [44]. Blood pressure elevations were tran-
sient with mean SBP [Systolic blood pressure] 10–15 mm 
Hg above that observed with PRBCs.

No significant changes were noted in the cardiac bio-
marker CK-MB between treatment arms, differences in tro-
ponin elevations were observed; with 5 of the 18 HBOC-201 
patients with elevations of troponin showed serial 
elevations.

The analyses described in the ‘Study Limitations and 
Critique’ section suggest that when the Schedules for 
Maximum Surgical Blood Orders predicts a “need” of three 
units of erythrocytes or less, in the patients under 80 years 
old who are undergoing elective orthopedic surgical proce-
dures, safe, and effective avoidance of red cell transfusion is 
possible with the use of up to 10  units of Hemopure. 
Whenever erythrocytes are not an option, treatment with 
Hemopure may be appropriate and might be optimal.

In conclusion, the HEM-0115 Phase III study demon-
strated Hemopure’s reduction or elimination of erythrocyte 
requirements in patients undergoing orthopedic surgery. 
Six hundred, eighty-eight subjects were randomized to be 
administered Hemopure or erythrocytes. For up to 6 days, 
Hemopure subjects were infused with a maximum of 
325  g/2500  mL of Hemopure. Erythrocytes were then 
transfused as needed. Hemopure’s reduction of the require-
ment for more erythrocytes occurred in more than 59% of 
the subjects. The Hemopure cohort reported an increased 
rate of adverse effects that consider was significantly 
greater [45].

 Recent Clinical Trials on Hemopure

In a study examining the preoperative therapeutic effects of 
Hemopure, LaMuraglia et  al. concluded preoperative 
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Hemopure administration to anemic patients undergoing 
aortic surgery decreased the need for erythrocytes in almost 
one third of the patients [46]. Based on the two studies, 
Hemopure administration before or after helped alleviate the 
need for RBC transfusion. The FDA has yet to approve a trial 
testing Hemopure’s efficacy on trauma patients due to appre-
hensions regarding trial design and study justification [45]. 
As discussed earlier, there were significant ethical concerns 
raised over the trial design of Polyheme’s use in trauma set-
tings and further trauma trials will need thoroughly designed 
protocols to receive approval.

However, recently, the US Department of Defense 
approved and funded a trauma trial to be conducted in South 
Africa (https://www.dvidshub.net/news/printable/311421 
accessed 1/31/2021) with Hemopure. See Table 12.4 describ-
ing the plans for the study.

 Development of Third Generation HBOCs

After the setbacks experienced by the researchers of earlier 
generation HBOCs, manufacturers set out to develop prod-
ucts that would eliminate the toxicities, biophysical and 
chemical adverse events caused by the crosslinked/polymer-
ized HBOCs. In lieu of creating products to replace donor 
blood for transfusions, researchers shifted focus to develop-
ment of artificial oxygen carriers designed to be adminis-
tered when erythrocytes are unavailable or in cases where a 
blood transfusion is impossible because of health or religious 
reasons (e.g., Jehovah’s Witness). Researchers concluded 
that a blood substitute as an artificial oxygen carrier may be 
designed to prevent or treat ischemia-related morbidity and 
consequently decrease the mortality from anemia, hypoper-
fusion, or ischemia [7].

A product focused on alleviating ischemia related mor-
bidities would establish enough effectiveness to gain regula-
tory approval, rather than a product designed to replace 
donor blood. Hemospan (MP4) was produced by Sangart in 
San Diego, CA, Hemospan was manufactured from outdated 
human blood and modified with maleimide-polyethylene 
glycol. Related to proposed non-hypertensive action, 
Hemospan was regarded as a plasma expander, in sharp dis-
tinction from previous vasoconstrictive HBOCs. MP4 ini-
tially had favorable results in its Phase I study, where healthy 
subjects did not become hypertension or experience gastro-
intestinal adverse effects [47].

While the MP4 itself was showing promise, further stud-
ies on it within the United States were halted. In 2008, 
Natanson et al. published a meta-analysis concerning the risk 
of myocardial infarction (MI) and death in patients partici-
pating in HBOC trials [48]. The meta-analysis itself was 
inconclusive and exhibited major statistical analysis incon-
gruencies. Despite the study’s methodological inconsisten-
cies, the FDA implemented an immediate halt to all HBOC 
studies [49]. Fortunately, the regulatory agencies in the 
European Union and many other countries allowed HBOC 
clinical trials to continue once they had completed their own 
safety review.

Following trials testing Hemospan in trauma settings 
across various countries worldwide, the FDA requested more 
information to approve a Phase 2c. Although the FDA even-
tually allowed the trial, Sangart could not obtain enough 
funding to continue with the trial [49].

Another HBOC product focused on alleviating hypoxia 
and relieving ischemic tissue is Sanguinate, produced by 
Prolong Pharmaceuticals. Sanguinate is PEGylated bovine 
carboxyhemoglobin, which releases carbon monoxide (CO) 
and transfers O2. However, this cannot be done simultane-

Table 12.4 Plans for the Hemopure Trauma Trial in South Africa

Experts from the US Army Institute of Surgical Research and 
Emergency Medicine and South Africa’s Stellenbosch University 
(SU) have embarked on a large, multi-institutional clinical trial to 
evaluate the use of synthetic blood-products for the resuscitation of 
trauma victims before they arrive at a hospital.
The Institute of Surgical Research is coordinating through the US 
Africa Command Science department and under an agreement 
implemented by the US Embassy Pretoria, Office of Defense 
Coordination on Research, Development, Testing and Evaluation 
(RDT&E) in 2016.
The San Antonio based center, which focuses on combat casualty 
care, will be partner with Stellenbosch University’s division of 
emergency medicine Faculty of Medicine and Health Sciences.
Other universities involved in the clinical trial include the University 
of Cape Town, KwaZulu-Natal, Witwatersrand and Pretoria. These 
entities collectively represent the body of academic emergency 
medicine in South Africa.
All parties met in Cape Town for the first major planning session 
27–30 November at Stellenbosch University’s Tygerburg multi- 
center, prospective, randomized clinical study of bioplasma freeze 
dried plasma and Hemopure for use in treatment of trauma patients 
with significant Haemorrhage.
The study will evaluate the use of the hemoglobin-based oxygen 
carrier Hemopure (HbO2 therapeutics LLC) together with bioplasma 
FDP (National Biologics Institute), freeze-dried plasma, to 
resuscitate trauma victims prior to arrival at a hospital emergency 
room.
Trauma is the leading cause of death and disability among young 
adults, which is often due to severe blood loss. Bleeding following 
trauma causes 1.5 million deaths a year worldwide.
South Africa has a high burden of trauma, especially amongst young 
adults.
Improvements in survival and better clinical outcomes from trauma 
result from early diagnosis, rapid bleeding control, and the early 
deployment of ambulances to rapidly transport patients to advanced 
medical care.

Reprinted from https://www.dvidshub.net/news/printable/311421 
accessed 1/31/2021
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ously as they both bind the same binding site. It is suspected 
that they initially make carbonmonoxy-Sanguinate, and once 
infused, it is purported to release CO during circulation and 
subsequently it oxygenated (oxy- Sangunate) in the lung and 
delivers oxygen to the tissues. But the manufacturer never 
explicitly demonstrated data that explained how Sanguinate 
actually works.

This dual action was hypothesized to help inhibit vaso-
constriction, diminish extravasation, decrease free oxygen 
radial formation, enhance blood rheology, and oxygenate tis-
sues; however, these claims were not independently vali-
dated [50]. The dual action component, the purported safety 
profile and mechanism of action, sets it apart from other 
HBOCs, yet the manufacturer also attempted to develop and 
test CO-MP4.

Misra et al. led a Phase I clinical study, a single-center, 
single-blind, placebo-controlled, single dose study of the 
safety of Sanguinate in a group of healthy patients. The study 
indicated a good safety profile when administered at 80, 120, 
or 160 mg/kg.

Once its safety was established in healthy patients, 
Sanguinate was administered under an expanded access 
emergency Investigational New Drug (IND). The patient had 
sickle trait as well as beta thalassemia trait, and due to being 
a Jehovah’s Witness, refused blood transfusions. The patient 
had a brain oximetry reading between the 40 and 50 mmHg 
range and was no longer responsive. Following administra-
tion to the patient brain oximetry values rose to normal 
range, patient regained mental status, and became respon-
sive. The patient’s improvement indicated Sanguinate had 
transported oxygen to the ischemic cerebral tissue [50].

In a randomized, open label, Phase Ib open label safety 
study of Sanguinate in sickle cell subjects, researchers found 
Sanguinate to be safe, with no serious treatment-related 
adverse events [51]. This study supports the concept that 
Sanguinate may be beneficial for the management of comor-
bidities associated with sickle cell anemia.

Another area in which Sanguinate might be beneficial is 
in the treatment of subarachnoid hemorrhage (SAH). Dhar 
et  al. conducted a study evaluating administration of 
Sanguinate to patients with SAH at risk for delayed cerebral 
ischemia (DCI). The study was small, with only 12 patients. 
However, Sanguinate administration improved cerebral 
blood flow (CBF) and flow metabolism balance in the weak 
brain regions [52].

A newer HBOC product, Oxyvita is showing promise by 
eliminating the issues presented by earlier HBOC genera-
tions, however has not yet been tested clinically. Oxyvita is a 
zero-linked hemoglobin polymer, created by using cross- 
linked bovine tetramers instead of any exogenous binding 
agents previously designed in the manufacture of HBOCs, 
such as raffinose or glutaraldehyde. Without those exoge-
nous binding agents remaining in the product and the supra-

high molecular weight (20–30 million Dalton), Oxyvita has 
a much lower tendency to extravasate into the subendothelial 
space where NO scavenging may readily occur. Therefore, 
Oxyvita is purported to avoid NO scavenging, which was a 
common problem in previous HBOCs. Oxyvita can be stored 
safely at room temperature or stored in lyophilized form for 
up to 5 years. In its liquid form, it can be stored for 12 months 
at room temperature [27]. Its storing capabilities are a major 
advantage. In studies, Oxyvita has eliminated extravasation 
associated with HBOCs and shown to deliver oxygen to isch-
emic tissues more effectively than red blood cells [53]. 
Future studies are needed but so far, the product appears 
promising.

OxyVita is an HBOC that is developed to be different 
from others in that it ostensibly avoids vasoconstriction, 
hypothesized to be related to nitric oxide induction locally 
due to HBOC extravasating from the circulatory system 
(including lymph). OxyVita was not found in lymphatic fluid 
after an infusion in a feline model, nor did it demonstrate any 
vasoconstriction. Possibly, decreased extravasation thereby 
minimized the effects of nitric oxide being scavenged, there-
fore not causing the expected vasocontrictive issues.

The final HBOC product to be discussed is HemO2Life. 
HemO2Life is derived from extracellular hemoglobin 
(M101) from Arenicola marina, an invertebrate marine 
worm that experiences periods of hypoxia and hypothermia 
during high tide [14]. The heavy (3600  kDa) biopolymer 
exhibits a large O2 binding capacity and releases O2 without 
the assistance of allosteric effectors, via a simple gradient 
[54]. It has been marketed as an organ preservative to be 
added to solutions used for donated organs during transport.

It is being studied for organ preservation. A common 
complication in organ transplantation is the high chance of 
ischemia-reperfusion injuries [55]. There are procedures 
aimed at reducing enzymatic activity, and thus reducing the 
risk of ischemia, but the need for an efficient oxygen delivery 
system remains. Researchers wanted to examine the benefi-
cial effects of HemO2Life for kidney preservation prior to 
transplantation. Bovine kidneys were subjected to 60- minutes 
warm ischemia prior to preservation to increase post- 
transplant complications, in order to mimic kidney condi-
tions witnessed in extended donor and deceased after 
circulatory death kidneys. The addition of HemO2Life to the 
preservation solution decreased short-term function loss and 
preserved tissue integrity, overall improving organ preserva-
tion [55]. Following the success in bovine studies, HemO2Life 
was tested for the first time in humans.

A multicenter safety study was conducted to study the 
addition of HemO2Life to the preservative process of 60 kid-
neys harvested from deceased donors. The study conducted 
by Le Meur et al. indicated the transplanted kidneys from the 
HemO2Life added solution presented less delayed graft func-
tion than the contralateral group of kidneys which were kept 
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in the preservation solution not containing HemO2Life, in 
addition to presenting better renal function as measured by 
creatinine levels [56]. Preliminary data from completed trials 
looks favorable, with no adverse events, graft loss related to 
product, no deaths, and no allergic or immunological effects 
from HemO2Life.

 Coagulation and HBOCs

 Introduction

Coagulation is a complex process that works by creating a 
chemical reaction, eliminating negative charges that cause 
particles to repel each other. The action of these bubbles 
forces clots or flocs of particles to the water surface where 
they can be skimmed off. Understanding the importance of 
coagulation, different scientists have developed different 
methods and coagulants in order to have the right procoagu-
lants for the necessary indication [57]. However, whenever 
biologic therapeutics, such as HBOCs are developed, it is 
critical to determine if they are procoagulant or anticoagu-
lant, as their effect to improve oxygen carrying capacity may 
be diminished or negated by clot formation or anticoagulant 
effects.

One initial concern with HBOC was possible activation of 
platelets as Hb can scavenge endothelial NO which has an 
anti-PLT aggregation effect. Therefore, with the develop-
ment of Oxyvita, its possible coagulation side-effects, a new 
generation HBOC or Oxyglobin (HBOC-200, the veterinary 
congener to Hemopure) were studied [58]. This research 
aimed to describe and analyze the effects of Oxyvita or 
Oxyglobin and compared these effects with other hemodilu-
ants and investigated if molecular weight and molecule spec-
ificity affects the results. Comparisons were made in low, 
medium, high and very high concentrations, using the mea-
surements made with thrombelastography (TEG) [58].

TEG analysis demonstrated that OxyVita and Oxyglobin 
have the greatest deviation on clot strength. The size of this 
activity is equivalent to 6% hetastarch at low and medium 
dilutions, yet was significantly larger that that of 0.9% nor-
mal saline solution. At the highest dilutions, both OxyVita 
and Oxyglobin clot strength was decreased significantly in 
comparison to 6% hetastarch, 0.9% normal saline, and whole 
blood [58].

Oxidized Oxyglobin cause elevated methemoglobin lev-
els may implicate that additional coagulation issues which 
are resulting most likely, by platelet function and coagula-
tion proteins reaction to the effects of oxygen free radicals. 
These may interact with coagulation factors cause modifi-
cation of the redox-sensitive areas on the platelet surface. It 
is entirely possible that methemoglobinemia, related to 
HBOC infusion, may cause levels to be greater than 10%, 

considered significant, that there may be coagulopathies as 
a result [59].

OxyVita is now also produced in a powder form, basically 
lyophilized from the liquid form [60]. This has been tem-
pered with the need for proper buffering, ensuring appropri-
ate electrolytes are maintained in the delivered product, and 
that the osmolarity is maintained in the final infusion solu-
tion. Reconstitution time may also be a factor in military and 
civilian trauma use [60].

Ex vivo comparisons of coagulation interference of two 
different molecular weight HBOCs (OxyVita, a new- 
generation zero-linked polymerized bovine hemoglobin- 
based oxygen carrier, 17–33 megadalton and Oxyglobin, 
200 kilodalton) and hetastarch 6% (670 kilodalton) with nor-
mal saline, using thrombelastography, showed that the two 
HBOCs decreased clot strength (MA and G) at low and 
medium dilutions [61].

Since Oxyvita utilizes a modification of the zero-link 
polymerization, which uses chemical activators to add the 
inter-dimerically bovine hemoglobin that is cross-linked into 
“super-polymeric” macromolecules [62]. This unique design 
may also be of value with regard to coagulation concerns as 
demonstrated in the study previously discussed.

The new OxyVita that is lyophilized has properties simi-
larly to the original liquid form after its reconstitution in an 
aqueous format. The time to reconstitute, based on solubility, 
with a time range of 10–30 s in water and has been demon-
strated to function similarly to the liquid format [63].

Small volume resuscitation is now the recommended 
strategy for hemorrhaging patients; since most fluids cur-
rently advocated are larger volume with lack of oxygen car-
rying opportunities, HBOCs may be the idea solution to aid 
with oxygen deliver to deprived tissues [64].

This thinking then may be applied to the use of Hemopure 
in trauma victims: since it may not replace erythrocytes, its 
value to allow severely compromised victims to be rescued 
in the place of injury or in more advanced care settings, when 
either hematinic effects may allow for regeneration of eryth-
rocytes, or transfusion is an option [65].

As a new generation HBOC, zero-linked hemoglobin 
polymer may begin to address the issues presented by the 
first two earlier generations of HBOCs, and may hold prom-
ise as a universally applicable HBOC [27].

The requirement for an alternative to erythrocytes to 
transport oxygen and moderate transfusions has driven the 
search for artificial oxygen carriers, mostly in the HBOC 
realm, as products derived from human or bovine Hb, or 
chemical modification or genetic engineering [66].

Finally, a citation of the Oxyvita study commented that 
the study was successful in mimicking resuscitation of trau-
matic hemorrhagic shock with the resultant hemodilution of 
crystalloids or colloid solutions [67]. Effects on coagulation 
when whole blood is diluted to 1:11, 1:5, 1:2, or 1:1 with 
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normal saline, 6% hetastarch(670 KDa), Hb-200, or OxyVita 
were analyzed accurately, and the results were considered 
valid and reproducible [67].

 Single Site Clinical Study of Hemopure 
on Platelet Function
A single-site analysis from the previous HEM-0115 trial 
assessed platelet function in patients, before and after trans-
fusion of erythrocytes or infusion of Hemopure [61]. The 
analysis using a PFA-100 (Platelet Function Analyzer-100, 
Siemens Healthcare Diagnostics Inc., Tarrytown, NY). “The 
PFA-100 System measures the complex process of primary 
haemostasis and aids in the rapid detection of platelet dys-
function. It is the first commercially available in vitro testing 
system to incorporate high-shear flow in which the process 
of platelet adhesion and aggregation following a vascular 
injury is simulated in-vitro” [68]. From the databank and 
unpublished, it was determined that those using Hemopure 
did not require more non-red blood cell products, such as 
fresh frozen plasma, cryoprecipitate and platelets, than the 
erythrocyte group (published as AABB Abstract: Williams J 
et al. Transfusion 2002). There was also a significant differ-
ence found in the “after transfusion” time period between the 
Hemopure and erythrocyte group, where the Hemopure 
group had increased cEPI and cADP (measurements of 
platelet adhesion that are aspirin-independent and aspirin- 
dependent). An increase in these measurements can correlate 
with an increased risk for bleeding. This increase, however, 
reversed about one Hemopure half-life on “Day 1 After 
transfusion.” The increased cEPI may be explained by the 
lower level of Hb concentration found in the study in patients 
given Hemopure versus erythrocytes. Possibly, the increase 
in cEPI and cADP was due to haemodilution of the Hemopure 
blood product, and not the Hemopure itself. No change that 
was statistically significant in cEPI or cADP measurements 
from “before transfusion” and baseline was noted [61].

In this clinical trial, Hemopure’s effects on subjects that 
undergo orthopaedic surgical interventions were evaluated. 
The research compared both packed red blood cells versus 
Hemopure at multiple periods [61], true baseline (before sur-
gical incision and induction of anaesthesia), and at the fol-
lowing time periods: prior to the decision to transfuse, 
following an episode of transfusion, on the first, second, and 
third through ninth days and at follow-up of 21 days follow-
ing a transfusion episode. In this subset study, 27 subjects 
were evaluated, 12 in the Hemopure group and 15 in PRBC.

Prior to transfusion and at baseline comparisons did not 
reveal a significant changes statistically in any of cEPI- 
collagen/epinephrine or cADP-collagen/ADP evaluations. 
cEPI results of the Hemopure cohort elevated (not statisti-
cally significant) compared with the true baseline, after 
transfusion, before transfusion and a day after transfusion. 
cADP results in the Hemopure cohort were larger post- 

transfusion in comparison to the actual baseline and before 
transfusion. At all intervals, no differences that were statisti-
cally valid were noted in the PRBC group in cEPI and cADP 
results.

The trial revealed that Hemopure infusion appears to cre-
ate some platelet aggregation issue. Despite statistically sig-
nificant differences after Hemopure infusion, the mean 
values of cEPI and cADP were greater than the documented 
upper normal limits, the values were not above the non- 
closure time, indicating that clotting could still occur.

In an animal study for the effects of Hemopure on platelet 
function, it was demonstrated that animals that were resusci-
tated with Hemopure or hetastarch 6% both, initially, had 
significant increases in the platelet function analyser closure 
time (PFA-CT). This change returned to normal in the hetas-
tarch group by 24  hours but reached a maximum in the 
HBOC-201 group at 24 hours and normalised in 72 hours 
after transfusion [69]. This increase in both Hemopure and 
hetastarch is likely due to the glycoproteins that are on the 
surface of both these molecules that have transient effects on 
platelet function, yet do not destroy function such that the 
platelets are functionless, as with chronic aspirin therapy.

Ex vivo comparisons of coagulation interference of two 
different molecular weight HBOCs and hetastarch 6% with 
normal saline, using thrombelastography, showed that the 
two HBOCs decreased clot strength (MA and G) when eval-
uated at dilutions considered to be low and medium. The 
effect’s noted size was similar to 6% hetastarch but was 
larger significantly than a normal saline solution would be 
expected to produce [58]. This ex-vivo study sheds important 
light on the platelet function study in that many subjects in 
the HEM-0115 trial were treated with 6% hetastarch as a vol-
ume expander and it has definite effects on platelet function 
as demonstrated in this TEG study.

The analysis using a PFA-100 determined that those using 
Hemopure did not require more blood products than the 
erythrocyte group. There was also a significant difference 
found in the “after transfusion” time period between the 
Hemopure and erythrocyte groups, where the HBOC-201 
group had increased cEPI and cADP. An increase in these 
measurements can correlate with an increased risk for bleed-
ing [70]. This increase, however, reversed about one 
Hemopure half-life on “Day 1 After transfusion.”

The increased cEPI may be explained by the lower level 
of Hb concentration found in the study in patients given 
Hemopure versus erythrocytes. It is also possible that the 
increase in cEPI and cADP was due to haemodilution of the 
Hemopure blood product, and not the Hemopure itself. There 
was no statistically significant change in cEPI or cADP mea-
surements from “before transfusion” and baseline.

How do cEPI and cADP values   change in different dis-
eases and conditions according to this work? In PFA-100 
measurements, the cEPI cartridge is more sensitive overall 
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(86%) than the cADP cartridge (81%) and is especially sen-
sitive to drug-related platelet dysfunction [70]. The clinical 
predictive value of PFA-100 is debatable, because severe 
bleeding caused by thrombocytopenia is rare and occurs only 
in patients with a concomitant coagulopathy or anatomical 
defects in the vascular system [71].

The effects on platelet function that are made by anaes-
thetic inhalational agents such as halothane, sevoflurane, and 
intravenous anesthetic agents such as propofol cause a 
reversible inhibition of platelet function, which is dose 
dependent in doses utilized in clinical practice. There is a 
residual suppressive effect 1 hour postoperatively with sevo-
flurane and propofol [72]. Although the research study has 
shown that by comparing the baseline values with before 
transfusion time period, the anaesthetic drugs or surgery has 
no significant effect on PFA-CT. Certain food molecules and 
foods are known to inhibit platelet function as well such as 
fatty acids and cocoa [72].

Cell-free Hb is prone to auto-oxidation to methaemoglo-
bin; Hemopure infusion in surgical patients demonstrated 
that the percent of plasma methaemoglobin increased in a 
dose-dependent manner with a delayed onset and reached 
maximal value 3 days after transfusion [73]. The mean value 
of methaemoglobin concentration was 3.66% and, in patients 
who received high doses of Hemopure (2.5 g/kg), the mean 
was 7.1%. In the process of oxidation, reactive oxygen spe-
cies are generated. Platelets contain several glycoprotein 
receptors with thiol groups and vicinal thiols, making them 
redox-sensitive structures. These glycoprotein receptors 
include adhesion receptor glycoprotein IIb/IIIa and the 
P2Y12ABT ADP receptor, which is instrumental in the func-
tion of platelet’s activation and aggregation. Disulphide 
isomerase such as protein disulphide isomerase, which has a 
role in platelet aggregation, is another redox-sensitive struc-
ture. A redox homeostasis exists in blood as a result of a 
trans-plasma membrane redox system of platelets, which can 
be impaired by free radicals [73].

This recent supportive citation of the earlier work helps 
understand how these platelet function changes might be 
explained.

Hemopure has a major impact as an HBOC in research on 
the human liver based on a study that used Hemopure in a 
novel indication, where oxygen supply is needed and prior to 
an HBOC availability, only erythrocytes could deliver such.

Investigators published the first use of Hemopure in a 
model of liver perfusion requiring machine perfusion (NMP- 
L). This study suggests that Hemopure compared to erythro-
cytes, may provide the following advantages: in terms of 
logistics, rheology, and immunology, in the evaluation of a 
perfusion model using normothermia [74].

In dealing with myocardial infarction (MI) and its inci-
dence with HBOC studies based on investigator diagnosis, 
imbalances have been noted and possible toxicity mecha-

nisms have been proposed to help understand these differ-
ences [75]. Experiments have been conducted that evaluated 
in vitro combining of HBOCs (made with human haemoglo-
bin, unlike Hemopure, which uses bovine) and whole blood, 
the mixture may not cause aggregation of platelets or their 
activation, nonetheless, certain agonists’ responses may be 
augmented [76]. However, HBOCs with a bovine haemoglo-
bin have been suggested to cause clot formation impairment 
[75]. This important review by one of the investigators in a 
first generation HBOC, is important and supportive, in that if 
HBOCs cause coagulopathies, then it may diminish their 
ability to help resuscitate a trauma victim or other patient 
with massive blood loss and acute anaemia.

Coagulation is largely dependent on adequate platelet 
activity. High molecular weight polymers present in hetas-
tarch solutions have been demonstrated to be related to coag-
ulopathy. In this study, Hemopure was compared to 
erythrocytes. Mild platelet dysfunction was documented 
[77]. This review also reconfirms the statements from 
Reference [76].

Donated human blood is the source of all erythrocyte and 
plasma products, and so its viral safety is crucial Currently, 
lipid-enveloped viruses, such as human immunodeficiency 
virus, hepatitis C virus and hepatitis B virus risks from 
donated blood products is almost non-existent with appropri-
ate testing in blood banks [78]. While the comments about the 
incidence of viral contaminants to the blood supply in the past 
have been widely dealt with, the newer viruses may always 
cause issues (COVID-19) and the supply of donors is shrink-
ing as populations age and demand increases. Therefore, it 
may be short-sighted to dismiss the need for these types of 
products, notwithstanding the inherent risks of transfusion.

 Summary of Hemopure

Hemopure represents the most widely studied commercially 
developed polymerized Hbs. The chemical cross-links within 
these HBOCs are random and occur both intermolecularly 
and intramolecularly. The HBOCs generated as a result are 
large molecules and were hypothesized to negate the previ-
ously mentioned side-effects associated with transfusion of 
acellular HBOCs, such as, vasoconstriction and hyperten-
sion engendered by the remants of cell-free Hb. Unfortunately, 
clinical studies conducted with both of these polymerized 
Hbs elicited substantial hypertension in vivo upon transfu-
sion [79].

Since erythrocytes and all other blood products come from 
donated human blood, safety of viral contamination is para-
mount, not so much for the risk of transmission of lipid- 
enveloped viruses, such as HIV, Hepatitis C, and Hepatitis B, 
the transmission by plasma-derived solutions is likely minimal 
[78]. However, there are new viruses constantly being identi-
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fied, such as COVID, which does not seem to be transmitted in 
donated blood, although the detection and removal processes 
of blood banks take years to initiate and implement.

 Summary and Moving Forward

This chapter has reviewed HBOCs from early until the most 
recently completed trials, as well as discussed how various 
HBOCs are made and their pharmacology and physiology. 
Donated human blood and the derived products that have 
been available for around 50 years have allowed for replace-
ment of erythrocytes, platelets and blood clotting factors and 
plasma/albumin. Based on the available published articles on 
products and in some cases recent website reviews, this 
chapter has updated the reader on the current usage of some 
products and attempted to focus on the risk/benefit of current 
products and attempted to introduce the reader to newer 
products that may someday improve outcomes from situa-
tions where blood is not available or an option [70, 80–83].

Donor erythrocyte transfusion may be a lifesaving treat-
ment for severe anemic conditions. However, donor blood is 
a precious commodity that is in chronic shortage because 
there is no alternative. Aging populations and changes in the 
population dynamics worldwide will further worsen blood 
shortages. In the coming decades, it is predicted that the 
number of older people who will need blood transfusion will 
far exceed the younger people who can donate blood. Without 
alternatives, this imbalance may cause a blood shortage cri-
sis that could result in countless preventable deaths. To alle-
viate the current shortages and prevent future blood supply 
crisis, we must invest now to reinvigorate efforts to develop 
of safe and effective blood substitute(s).

Since the early 1980’s, HBOCs based on modified (cross-
linked, polymerized or conjugated) human or bovine Hbs 
have been developed as leading candidates for donor RBC 
substitutes and some have recently been tested in clinical tri-
als (HemAssist, Hemopure, PolyHeme, Hemolink, 
Hemospan, Hemoximer, Sanguinate). However, in phase 
2–3 clinical trials, some adverse events/serious adverse 
events occurred in the HBOC treated subjects including pul-
monary and systemic hypertension, cardiac dysfunction, 
coagulopathy and enzyme abnormalities [76]. This engen-
dered the early cessation of studies or completed Phase 3 
trial but failure to obtain regulatory clearance due to safety 
concerns.

Although Hemopure secured regulatory approval for 
human use in anemia in South Africa and Russia, none of the 
HBOC products tested have been approved for clinical use in 
the US and other advanced economies, except for Oxyglobin, 
the veterinary product approved by the United State Food 
and Drug Administration and its counterparts in the European 
Union and United Kingdom.

It is generally agreed that the pulmonary and systemic 
hypertensive responses observed following HBOC adminis-
tration were caused by the iron-heme, a common prosthetic 
group in all the HBOCs, which avidly scavenges the vascular 
endothelium derived NO, a potent vasodilator, causing vaso-
constriction leading to hypertension. NO has also been dis-
covered to be produced endogenously in the cardiomyocytes 
to contribute significantly in the regulation of cardiac con-
tractility and rhythm. Therefore, a possibility has been raised 
that HBOC interference with cardiac NO signaling might 
have caused some of the cardiac adverse events observed. In 
addition, HBOC redox-mediated radical generation and 
other unknown toxicity mechanism may also be involved. 
However, mechanisms for other adverse events/serious 
adverse events have not been elucidated.

Considering the issues encountered in HBOC clinical tri-
als, a newer generation of HBOCs must be developed that 
significantly reduces NO reactivity and yet maintains opti-
mal oxygen binding and delivery characteristics. In addition, 
it is highly desirable that newer HBOCs have favorable redox 
properties and stability for an extended storage preferably 
without refrigeration.

These are scientifically challenging goals but, with strong 
research support for better understanding of chemistry, phys-
iology and pharmacology of HBOCs in clinically relevant 
models, they are achievable. Unfortunately, recent failures in 
obtaining regulatory approval and negative media coverage 
have caused a devastating impact on the HBOC field. 
However, there are a number of promising new products 
being developed and tested, many at the most basic level 
either in university or manufacturer settings.

Despite the critical need and urgency, current negative 
environment and lack of government support, make it 
extremely difficult to secure necessary funding for new 
HBOC development. Under the current circumstances and 
limited resources, a collaborative and coordinated approach 
among academia (basic research with funds from govern-
ment and industry), industry (scaleup and manufacturing 
with angel/venture capital funding) and government (provide 
startup funding and regulatory support) would help create 
development of new or improved HBOCs for successful reg-
ulatory approval and eventual clinical use [84]. With an ini-
tial government funding, such a consortium could be 
implemented and start operationalized with an aim to help 
facilitate development of one or more safe and effective 
blood substitutes in a decade or two. Additionally, currently 
tested HBOCs, such as Hemopure, and newer products like 
Hemarina’s HEMO2-life may be safe enough to provide a 
life-savings advantage, despite the side effect profile, in 
those subsets of patients who are less affected by them and 
benefit from the value of improved oxygen delivery in the 
face of severe anemia or when blood is not available or an 
option.
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Key Points
• Blood is a donated product which is soon to be in short 

supply due to older population, fewer donors and more 
demand

• Hemoglobin-based oxygen carriers have been developed 
to ameliorate this shortfall and deliver oxygen to hypoxic 
tissues for any etiology: acute anemia or hemorrhage

• Hemoglobin-based oxygen carriers have intrinsic side 
effects, like all drugs, which must be understood and cir-
cumvented to achieve the desired benefits

• Newer generation HBOCs have been formulated to avoid 
the side effects of NO scavenging, hypertension, and 
chemical pancreatitis, or products to give as adjuncts

• Hemopure is approved for human use in South Africa and 
Russia and available for Expanded Use; Oxyglobin is 
approved for veterinary use in the US and EU

• Hemarina, made from sea worm’s hemoglobin that can 
survive in air at low tide, may provide oxygenation from 
a natural and unaltered hemoglobin that is naturally able 
to provide more oxygen due to its biomimicry
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Complications of HBOCs Including 
Clinical Safety Issues

Ahmad Alli, Aleksander Dokollari, and C. David Mazer

 Introduction

Hemoglobin-based oxygen carriers (HBOCs) have been 
developed to treat anemia because of limited availability of 
packed red blood cells and concerns about the safety of allo-
geneic blood [1]. Several products have been developed but 
the pathway to clinical use has been complicated by differ-
ences in the products, unsuccessful clinical trials, differences 
in interpretation of study results and potential safety issues. 
These range from mild effects such as transient liver enzyme 
increases to myocardial infarction (MI) and stroke; with the 
more serious adverse events being attributed to higher mor-
tality and morbidity in patients who receive some of these 
compounds [2]. Vasoconstriction secondary to the nitric 
oxide scavenging action of free hemoglobin is postulated to 
be an underlying pathophysiology contributing to possible 
hypertension, reduced oxygen delivery and organ ischemia 
[3]. HBOC manufacturers have attempted to reduce these 
effects by molecular modifications, and each subsequent 
generation of HBOCs seems safer than the previous. Despite 
many candidate molecules having positive Phase I and even 
Phase II/III trials [4], only a handful of products remain 
available for clinical and research use today. Neutral or nega-
tive outcomes in specific groups of patients led regulatory 

authorities such as the FDA to halt progression into Phase III 
trials, and subsequently many companies abandoned further 
research or shut down. A controversial negative meta- 
analysis by Natanson et al. in 2008 [5] attracted widespread 
criticism and is thought to have significantly impacted fur-
ther research and development into HBOCs.

 Criticism of the Natanson et al. 
Meta-Analysis

Natanson et al. published a meta-analysis in 2008 analysing 
16 clinical HBOC trials [5]. Five different products were 
included in the study. These were HemAssist (9 studies), 
Hemopure (1 data pool from an FDA presentation), Hemolink 
(2 studies), Polyheme (3 studies) and Hemospan (1 study). 
Press releases and FDA hearing data were included as study 
data, and trials with healthy volunteers were excluded. Study 
data encompassed elective surgery, trauma and stroke 
patients. Primarily, mortality and MI were identified as the 
outcomes of interest. It was suggested that patients receiving 
HBOCs had an increased relative risk of death (RR 1.30, 
95% CI 1.05–1.61). In terms of MI, it was reported that 
patients receiving HBOCs also had a significantly increased 
risk (RR 2.71, 95% CI 1.67–4.40). Trauma patients did not 
have a significant increase in MI or mortality, and perhaps 
this reflects the relatively younger age of this sub-group. 
Less well explained by age is the non-significant difference 
in MI and mortality in cardiac surgery patients. The authors 
concluded that further clinical trials of HBOCs should cease 
until more pre-clinical animal data, particularly focused on 
toxicities, was published. They also found that there were 
delays of 3–5 years in the publication of negative trial out-
comes by HBOC manufacturers, and that if such delays had 
not occurred, clinical trials could have been halted earlier, 
and deaths may have been prevented.

This meta-analysis has been widely criticized and several 
problems have been elucidated. Firstly, the analysis treats the 
various HBOC compounds as equivalent. As is clear in the 
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preceding content within this book, the molecular differ-
ences between HBOC compounds results in vastly different 
pharmacodynamic properties, particularly regarding nitric 
oxide interactions and oxygen binding affinity. Indeed, when 
the authors of the study divided the analysis into low tetra-
mer and high tetramer groups, the risk of MI or mortality is 
not significantly different in the high tetramer grouping (with 
the confidence interval crossing 1). This implies that the 
newer generation, higher tetramer, molecules are safer. 
Unfortunately, this finding is not expanded upon in the dis-
cussion. Secondly, the included control groups were dissimi-
lar, patients in the control groups received blood, crystalloid 
or colloids and these patients were erroneously combined in 
the pooled control group. As has been debated for the last 
two decades in the critical care literature, colloid and crystal-
loid have different effects on clinical outcomes [6]. 
Particularly, the control group was specific for the clinical 
context of the patient, for example blood is more appropriate 
for use in traumatic hemorrhage than in patients undergoing 
elective surgical blood loss. Thirdly, various dissimilar clini-
cal situations were included: patients undergoing resuscita-
tion for trauma or stroke were included in the same group as 
those presenting for elective surgery. Volume expansion and 
nitric oxide scavenging effects in shocked trauma patients 
may be beneficial, whereas these effects could potentially be 
harmful in euvolemic, normotensive elective surgical 
patients. Patients in these various clinical situations also dif-
fer in underlying risk factors, for example, patients undergo-
ing vascular surgery are at higher risk of myocardial 
infarction and death. Lastly, doses of product ranged from 
50-3000  mL and dosing periods varied from 1 to 6  days. 
From a statistical point of view, a fixed effects model was 
used to pool relative risks, based on a negative heterogeneity 
test, and this may be inappropriate as each of the included 
studies have varied populations, subject selection criteria and 
treatment protocols. A lack of statistical heterogeneity may 
have been demonstrated by the authors, however, significant 
clinical heterogeneity left room for doubt in the conclusions 
of this meta-analysis.

The publication attracted several letters to the publishing 
journal (JAMA) criticizing methodological and other aspects 
of the study. Levien et  al. mentioned that a study of 336 
patients conducted in South Africa examining Hemopure 
was not included in the metanalysis [7]. These authors also 
emphasized that the use of HBOCs should be tailored to spe-
cific populations of patients where banked blood is not an 
option, for example Jehovah’s witnesses and patients with 
severe autoimmune hemolytic anemia. Further rebukes 
included the correction of inaccurate or missing trial data [8, 
9], explanations for delay in publicising negative trial find-
ings [10], and arguments for careful continuation of clinical 
trials investigating HBOCs [11–13].

Despite these and other objections, the study conclusion 
was considered by the FDA in a scheduled conference held 
soon after the online publication and a decision was made by 
the regulatory authority to apply “careful weighing of poten-
tial risks and benefits” prior to allowing any further HBOC 
clinical trials to proceed. Subsequently, the FDA placed a 
hold on any further clinical trial involving an HBOC.

Another confounding issue implied in the Natanson arti-
cle is that the majority (up to 75%) of data for Hemopure in 
particular, was not published and was instead retrieved from 
minutes of an FDA hearing [5]. There may be valid concern 
that positive publication bias based on commercial interests, 
and FDA delays, may play a significant role in the public 
data available for analysis of the utility and safety of HBOCs. 
Citing public interest concerns about testing HBOCs on 
civilian trauma patients, a public advocacy group called 
“Public Citizen” sued the FDA in order to open to the public 
a meeting in which a discussion about blood substitutes, in 
particular Hemopure, was scheduled to take place [14]. In 
later interviews, Natanson also claimed that the manufactur-
ers were hesitant to release data, and only the threat of legal 
action would make them do so.

The publication of the Natanson meta-analysis resonated 
through the academic world when Biopure, the manufacturer 
of Hemopure, sued Dr Charles Natanson for trade libel, defa-
mation and intentional interference in 2008 [15]. Further 
intensifying debate was the fact that Dr Natanson failed to 
disclose a key conflict of interest [16]. The suit was eventu-
ally withdrawn, and Biopure was acquired by HBO2 
Therapeutics.

The study of HBOCs is complex. Factors such as the 
molecular characteristics of the compound and individual 
patient factors need to be accounted for. Just as synthetic col-
loids are recognized as separate compounds and assessed 
independently, so should HBOCs. It is clear that any study 
examining the “safety” issues of HBOCs should be suffi-
ciently well designed and powered, with meticulous atten-
tion paid to patient characteristics, compound pharmacology 
and ethical principles.

 Safety Aspects of Specific HBOCs

 HemAssist

In the 1980s the Letterman Army Institute of Research 
(LAIR) coupled with the Baxter company created the 
Diaspirin cross-linked human hemoglobin named HemAssist. 
It is a stroma-free human hemoglobin intramolecularly 
cross-linked between the α-chains of the tetrameric mole-
cule. The LAIR sponsored studies found discouraging results 
reporting vasoconstriction related adverse events, and after 
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some disagreements, severed ties with Baxter. Baxter pur-
sued investigation of the product in Phase I, II and eventually 
Phase III clinical trials. They reported a significant increase 
in venous red blood cell velocity, a constriction of arterioles 
for a period of 2 minutes, a significant change in arteriolar 
vasomotion frequency and amplitude at different sites of the 
arteriolar tree and absence of microvascular disturbances. In 
addition, Baxter found a relevant elevation of the mean arte-
rial pressure after HemAssist infusion accompanied by a 
reflex bradycardia [17]. Six clinical trials that evaluated the 
HemAssist reported contradictory results in terms of 
 vasoconstriction, stroke and survival [18–23]. In 1997 Baxter 
launched its own clinical study on patients in transported 
from the scene in an ambulance or on arrival to the emer-
gency department [22]. The data safety monitoring commit-
tee advised that HemAssist was found to be significantly less 
effective than the standard of care, and the study was termi-
nated. The data showed that 46% of patients who received 
HemAssist died versus 17% of patients receiving 0.9% 
saline. Finally, another European study in patients with 
severe hemorrhagic shock evaluating the usefulness of 
HemAssist in preventing multiorgan failure (MOF) from tis-
sue hypoxia was also unsuccessful in showing any benefit 
[23]. The study was ceased before completion together with 
the manufacture of the product.

 Optro

In 1992, Somatogen reported the production of Optro(rHb1.1), 
a recombinant human hemoglobin for clinical use [24]. It is 
a genetically engineered protein produced by E. coli consist-
ing of a tetramer of two alpha-globin peptides, with a longer 
half-life (therefore reducing kidney injury) and reduced oxy-
gen affinity than other earlier cell-free hemoglobins. The 
company entered a partnership with the pharmaceutical 
company Eli-Lilly. Initial small clinical studies showed rela-
tive safety with self-limiting hypertension, pyrogenicity, 
mildly elevated bilirubin, amylase and liver enzymes being 
the main adverse effects [25]. Renal function was not 
affected. Hypertension was quite noteworthy, for example in 
the most severe case, mean arterial pressure rose to 
144 mmHg. Subsequent Phase II clinical trials demonstrated 
similar side effects. Eli-Lilly ended the partnership, and fur-
ther clinical trials were halted [26].

 Hemolink

Hemolink is a O-raffinose cross-linked and polymerised 
human hemoglobin developed by Hemosol Biopharma 
(Mississauga, Canada). It was developed as a potential blood 

replacement during cardiopulmonary bypass and other set-
tings, during which the patient’s own blood could be saved 
for later re-transfusion. Hill et al., conducted a phase II clini-
cal trial including 60 patients undergoing CABG [27]. 
Patients were randomized to receive either hemoglobin raf-
fimer or hetastarch (6%) in 0.9% sodium chloride. Patients 
receiving Hb raffimer had more hypertension, jaundice and 
elevation of AST and lipase. Serious adverse events were 
equal in each group. There was a reduction in the volume of 
RBC transfusion in the Hb raffimer group. Cheng et al. dem-
onstrated a similar outcome in a phase II dose-response study 
also examining a group of patients undergoing CABG [28]. 
In a phase III trial, 299 CABG patients were enrolled and 
although the Hemolink group had fewer blood transfusions, 
there was a 10% greater incidence of adverse events com-
pared with controls [29]. These adverse events included 
hypertension, non-significant increase in myocardial infarcts, 
jaundice, elevated liver and pancreatic enzymes and abnor-
mal urine colour. Despite these initial promising results, fur-
ther trials were halted in part related to an increased rate of 
cardiac events in patients receiving Hemolink.

 Polyheme

Polyheme is a human hemoglobin was developed by 
Northfield Laboratories. It was derived from human blood 
cells and presented in an electrolyte solution. The first study 
evaluating the effects of Polyheme when compared to allo-
genic blood transfusion in trauma patients demonstrated that 
Polyheme maintained hemoglobin concentration and 
reduced the need for allogenic blood by 3.5  units [30]. 
Another study, comparing Polyheme to a historical control 
group was deemed unsuitable by the Food and Drug 
Administration (FDA) [31]. The FDA was reluctant to accept 
a historical control data group for a Phase III clinical trial 
study. A further phase III trial was announced in December 
2006 and by May 2007, 586 patients with traumatic hemor-
rhagic shock were included in the study and were treated 
with either Polyheme (279 patients) or hospital standard of 
care (307 patients) [32, 33]. A 30-day mortality follow-up 
found 88.9% survival in the Polyheme group versus 90.9% 
in the control group. With respect to adverse effects, 93% in 
the Polyheme group versus 88% in the control group experi-
enced at least one of anemia, fever or electrolyte imbalance. 
In addition, there were several issues with the final IRB 
approval for the study. The absence of a requirement in the 
trial to administer allogenic blood to victims upon arrival 
was considered unethical by the reviewing committee. In 
May 2009, the FDA refused to approve Polyheme and in 
June of that year the Northfield Laboratories company filed 
for bankruptcy protection.
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 MP40x-Hemospan (“3rd Generation”)

Hemospan, later called MP40x, was developed by Sangart 
as an “oxygen therapeutic” rather than a complete blood 
substitute. It was a maleimide conjugated human hemoglo-
bin, with a larger size and increased oxygen affinity. These 
properties promised to allow increased intravascular reten-
tion time and normal intravascular tone resulting in 
increased oxygen delivery to at-risk tissues [34]. This com-
pound was mainly investigated in the context of elective 
orthopedic surgery. Initial studies were promising; Olofsson 
et al. conducted a study of 90 patients undergoing elective 
hip surgery, and although there was a mild elevation in liver 
enzymes and lipase, there were no serious adverse events in 
the MP40x group [35]. A further dose response study in a 
similar population group showed mild to moderate adverse 
events such as nausea, methemoglobinemia and elevation 
of liver enzymes [36]. There were two patients who had a 
transient elevation of troponin, but no ECG changes and 
were asymptomatic. Only one patient was reported to have 
elevated blood pressure after administration. Olofsson et al. 
then conducted a multicenter Phase III randomized con-
trolled study including 367 patients undergoing elective 
primary hip arthroplasty. Patients were randomized to 
receive either hydroxyethyl starch or MP40x. The study 
found that although MP40x reduced the incidence of hypo-
tension, there were more adverse events such as hyperten-
sion, elevation of liver enzymes, elevation of lipase and 
troponin. There were no serious adverse events noted, but 
the authors concluded that the adverse event profile did not 
warrant the use of MP40x in the population group studied 
[4]. Sangart subsequently terminated production of the 
product.

 Hemopure (Biopure, OPK Pharma, HBO2 
Therapeutics)

Hemopure (hemoglobin glutamer 250, HBOC-201) is a 
highly purified glutaraldehyde-polymerized bovine hemo-
globin. The initial inception product, hemoglobin glutamer 
301/200 (HBOC-200) received veterinary approval in the US 
(1997) and Europe (1998). HBOC-201, the subsequently 
developed human product, only received approval for human 
use in acute surgical hemorrhage in South Africa in 2001 and 
for acute, all-cause anemia in Russia in 2010. HBOC-201 is 
also available in the United States under the FDA “Expanded 
Access” category.

Therefore, despite the controversy surrounding the 
Natanson meta-analysis publication and its chilling effect on 
all HBOC development, Hemopure remains the most widely 
studied HBOC.  As a result, there are several case series, 
observational studies and randomized controlled trials dem-

onstrating safety and efficacy of the compound in certain 
clinical situations. HBOC-201 stability ranges between 
18 months to 3  years, depending on the preservation tem-
perature and cross-matching is not required. In addition, it is 
sterile and ready for immediate use. The most common 
adverse effects include hypertension, methemoglobinemia, 
elevated liver enzymes and bilirubin, volume overload, head-
aches, abdominal cramps, achalasia and headache [11, 37–
47]. These adverse effects were labelled as transient or easily 
treatable in most cases.

The largest randomized controlled HBOC trial was pub-
lished in 2008. In the “HEM-0115” trial, Jahr et al. random-
ized 693 patients undergoing elective orthopedic surgery 
into two groups, those receiving Hemopure and those receiv-
ing packed red cells after certain clinical transfusion require-
ment criteria had been met [48]. Patients were followed for 
6  weeks postoperatively. The HBOC group had 977 more 
adverse events. However, many of these adverse events were 
ascribed by the authors to be known physiological effects of 
HBOC-201. Adverse events noted were skin discoloration, 
gastrointestinal side effects, transient mild hypertension and 
transiently raised liver enzyme and lipase levels. The HBOC- 
201 group had 35 more severe adverse events than the PRBC 
group and cardiac related events and strokes were higher in 
the HBOC-201 group. Further analysis within the paper pro-
posed three risk factors resulting in greater serious adverse 
events in the study group: (1). Patient age, (2). Volume over-
load, and (3). Undertreatment. Patients over 80  years old 
constituted a large proportion of patients who developed car-
diac events. Mortality was not different between the study 
arms.

The findings of this randomized control trial and other 
unpublished HBOC-201 data was pooled in the 2008 FDA 
analysis, and the higher cumulative risk of cardiac and cere-
brovascular events lead to the suspension of further study 
approval.

Van Hemelrijck et  al. reported in 2014 previously un- 
published data from a randomized controlled trial conducted 
in 1998–1999. The authors describe a trial of HBOC-201 
use versus packed red blood cell transfusion in a non-car-
diac surgery population. Adverse events such as hyperten-
sion, dysphagia, nausea, abdominal pain and skin 
discolouration were more common in the HBOC-201 arm. 
However, the risk of serious adverse events, in particular 
cardiac events and mortality, were not significantly different 
between the two groups [49].

Most recently, in 2019 Mackenzie et  al., published a 
review combining data of 1701 clinical uses of HBOC-201, 
incorporating data from case series and the randomized con-
trol trials mentioned above [50]. Common adverse events 
identified were transiently increased blood pressure, jaun-
dice, methemoglobinaemia, increased liver and pancreatic 
enzymes, decreased pulse oximetry measurements and oli-
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guria. All events were considered as non-serious and tran-
sient. There was no cardiotoxicity noted.

Finally, data from clinical use in South Africa have 
yielded “consensus usage guidelines” by a group of clinical 
experts using Hemopure in practice [51]. The publication 
includes guidance about indications, contra-indications, dos-
age and administration, monitoring and treatment of side- 
effects. Of note is that the authors precaution against the use 
of Hemopure in patients over the age of 80, those with car-
diac disease and those with volume overload. These were the 
risk factors identified for serious adverse events in the Jahr 
2008 randomized controlled trial.

A review by Jahr et al. [52] reported six studies compar-
ing the cardiac outcomes of HBOC-201 versus colloids and 
albumin in animal models. HBOC-201 was reported to 
decrease the incidence of myocardial necrosis after myocar-
dial infarction by 50%. In addition, there was an increased 
capacity to restore the systemic pressure and oxygen deliv-
ery, no decrease in issue oxygenation and no alteration in 
cardiac performance. HBOC-201 had no effect on myocar-
dial shortening, myocardial stroke work, and post-occlusion 
reactive hyperemia. One of these studies [53], reported an 
increase in brain and kidney tissue oxygenation, no change 
in methemoglobin levels, and no change in cardiac hemody-
namics compared to human serum albumin. Another animal 
study [54] highlighted the difference in outcomes in HBOC- 
201 and a control group using a dog model. Platelet count 
and hematocrit level were higher in the HBOC-201 group at 
1 hour after the infusion. In addition, there was a significant 
reduction of myocardial enzyme levels and a 56% decreased 
infarct size in the HBOC-201 group. A similar trend in out-
comes was also reported by another group [55] demonstrat-
ing a beneficial preventive effect of HBOC-201 in ischemia 
induced decrease in mean aortic blood pressure, stroke vol-
ume, cardiac output, left ventricular systolic pressure, and 
alterations in regional wall motion abnormalities. When 
comparing outcomes between blood and HBOCs Ortiz et al. 
[56], in another animal model, found HBOC-201 tends to 
release oxygen at a higher pO2 level compared to blood. With 
respect to the mean arterial pressure, there were no differ-
ences in between the two groups. Blood produced a signifi-
cant rise in pCO2, while HBOCs had a higher oxygen 
extraction ratio and greater restoration of arterial diameter. 
Similar outcomes were also reported by Mongan et al. [57] 
who studied HBOC-201 versus human serum albumin in 
saline. The HBOC-201 group experienced a significantly 
higher mean arterial pressure, higher systemic and pulmo-
nary vascular resistance, lower venous pO2, but no difference 
in organ perfusion and tissue vascular resistance. Finally, 
these animal studies have been supported by clinical data. A 
study examining the safety of HBOC-201  in the setting of 
elective percutaneous coronary intervention (for patients 
with stable angina and non-ST- segment elevation myocar-

dial infarction) randomized patients into 3 groups; 230 mL 
HBOC-201, 115  mL HBOC-201, and the control arm 
received 230 mL synthetic colloid (Voluven- Fresenius) [58]. 
Hypertension was seen in both HBOC-201 groups. However, 
there was determined to be no vasoconstrictive effect of 
HBOC-201 on coronary vasculature and no increase in left 
ventricular stroke work.

Cognizant of the existing and emerging data on HBOC 
efficacy and safety in certain clinical contexts, the FDA in 
conjunction with the NIH and US military, agreed in a 2017 
meeting that further research and development into HBOC 
development should be considered [59].

A collaborative effort between the US Department of 
Defense and Stellenbosch University in South Africa is 
underway to evaluate the use of Hemopure and freeze-dried 
plasma in the pre-hospital civilian trauma setting in South 
Africa [60]. The study is being conducted across 21 hospitals 
and 27 ambulance bases; and hopes to recruit 1400 patients 
over 3  years. Since the compound is approved in South 
Africa, there is little difficulty in designing an ethical trial 
based on good clinical practice principles. Pre-hospital trials 
in jurisdictions such as the US face the barrier of ethical 
uncertainty in the setting of administering a non-approved 
drug to a patient who is unable to consent.

 Sanguinate (Prolong Pharmaceuticals)

Sanguinate is a recently developed pegylated bovine derived 
carboxyhemoglobin molecule produced by Prolong 
Pharmaceuticals. It is engineered to release carbon 
monoxide(CO), as well as carry oxygen [61]. This unique 
characteristic ameliorates the NO scavenging property of 
hemoglobin-based oxygen carriers by the release of CO. CO 
release causes vasodilatation and has been demonstrated to 
have anti-inflammatory effects [62]. An initial phase I clini-
cal study with varying dosage groups demonstrated a favor-
able safety profile, with no serious adverse events noted in 
health volunteers [63]. However, in addition to non-specific 
adverse events such as lethargy and dizziness, mild transient 
hypertension was noted. The hypertension resolved without 
treatment within 72 hours. A reduction in haptoglobin in all 
groups was seen, and this reflects the normal homeostatic 
mechanism of hemoglobin removal. Due to the vasodilatory 
properties of CO, the target population for therapeutic use of 
Sanguinate has been patients with sickle cell disease (SCD) 
experiencing a sickle crisis, which is characterized by severe 
localized vasoconstriction and vaso-occlusion. Misra et  al. 
conducted a phase Ib clinical trial in SCD patients not cur-
rently in crisis [64]. In the group of patients receiving 
Sanguinate, transient hypertension was noted. The most 
common adverse event was arthralgia and muscle pain, 
reported in 75% of patients who received Sanguinate. Of 
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most concern was a rise in serum troponin I levels, which 
was noted in 25% of patients receiving Sanguinate. These 
patients were asymptomatic and the enzyme rise was tran-
sient. Adverse events were more common in the higher dos-
age group. The authors concluded that the compound was 
safe to use in stable SCD patients. Sanguinate is still under-
going several clinical trials, and has not been licensed for 
clinical use, but it has been made available via the FDA 
“expanded access” category, and there are published case 
studies supporting its use and safety profile. Jehovah’s wit-
ness patients have used Sanguinate as an alternative to blood 
transfusion. Examples of clinical situations where Sanguinate 
has been used include cases of surgical hemorrhage, severe 
sepsis, thrombotic cytopenic purpura and postpartum hemor-
rhage [65–69]. As described previously, the most common 
side effects include transient hypertension, musculoskeletal 
pain and troponin rise.

 Adverse Events

Although free hemoglobin oxygen carriers were judged to 
have class-based effects in the Natanson meta-analysis and 
subsequent FDA ruling, it has become clear that although 
similar adverse events are seen with each generation and 
variation of HBOC, the extent of these various adverse 
events differ significantly between compounds. Common to 
most HBOCs are possible adverse events such as hyperten-
sion, achalasia, nausea, abdominal pain, skin discolouration, 
elevated liver enzymes, elevated pancreatic enzymes and 
volume overload. More rare, serious adverse events such as 
myocardial infarction, cardiac failure, arrhythmias and cere-
brovascular accidents have been described [70, 71], but they 
tend to be patient and product specific. Blood oxygen desatu-
ration has also been noted, but this is usually as a result of 
concomitant cardiac failure, or inaccurate oximeter readings 
secondary to the oxygen binding characteristics of HBOCs. 
See Table 13.1 for a summary of adverse effects and possible 
therapies.

These effects are likely mediated by HBOC associated 
nitric oxide scavenging, hyperoxygenation and heme 
breakdown related toxicity. Reduced available nitric oxide 
and hyperoxygenation mediated disruption of autoregula-
tion can result in vasoconstriction leading to a rise in blood 
pressure, and reduced organ blood flow. A reduction in 
cardiac output can be seen with increasing systemic vas-
cular resistance and blood pressure. A concomitant reduc-
tion in oxygen delivery is possible. This explains the 
common blood pressure elevating response seen with the 
infusion of these agents. Hypertension is rarely severe and 
has been treated with calcium channel blockers or beta 
blockers.

However, although it may be possible that reduced oxy-
gen delivery may be related to serious adverse events such as 
myocardial infarction and strokes, there is data to dispute 
this supposition [72], suggesting that a more complex inter-
play occurs between the HBOC and already pre-existing 
dysfunctional endothelium. Hare et al. [73] reported a sig-
nificant beneficial increase in regional cortical cerebral blood 
flow and no changes in the caudate tissue oxygen tension 
after pentastarch administration to animal models.

Nitric oxide consumption is responsible for other smooth 
muscle contraction, particularly in the gastrointestinal tract 
resulting in achalasia, nausea and abdominal pain. There is 
no literature suggesting that this could progress to ischemia 
or perforation.

Breakdown of free hemoglobin may lead to an increased 
porphyrin load, bilirubin and cutaneous icterus. In addition, 
hemoglobin outside of a cellular membrane is more prone to 
oxidation and conversion to methemoglobin due to con-
sumption of existing NADPH reductase. Methemoglobinemia 
has possible cardiac, metabolic and neurological effects, par-
ticularly if levels are greater than 50%. Although methemo-
globinemia occurs after infusion of all free hemoglobin 
blood substitutes, the level rarely exceeds 15–20%, and is 
easily treatable. Ascorbic acid has been used as therapy to 

Table 13.1 Potential adverse effects of HBOCs and their Management

Adverse effect Mechanism Management
Hypertension 
(systemic and 
Pulmonary)

Nitric oxide 
scavenging, loss of 
vascular 
autoregulation [3, 
70]

Antihypertensives – 
CCBs, beta blockers, 
nitrates

Methaemoglobinemia NADPH reductase 
levels overwhelmed 
and Met Hb 
increases [43, 70]

Administration of 
ascorbic acid or 
methylene blue if 
more than 15%

Achalasia Impaired relaxation 
of lower 
oesophageal 
sphincter. SMC 
contraction due to 
NO scavenging [41]

Anticholinergic 
administration [51]

Fluid overload Iso-oncotic 
expander [43, 48]

Stop infusion, 
diuresis, vasodilator

Liver enzyme increase Possible 
colorimetric 
interference [43, 74]

Observe and repeat 
test

Decreased cardiac 
output

Volume overload 
and vasoconstriction 
[43, 71]

Stop infusion, 
diuresis, vasodilator, 
inotrope

Decrease in pulse 
oximetry (5–10%)

Shift of HB-O2 
curve [51]

Arterial blood gas to 
confirm. Usually 
transient

Skin/urine darkening Breakdown of free 
hemoglobin

Observe and treat 
symptomatically with 
antihistamine
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avert the effects of free hemoglobin oxidation successfully 
[40]. In severe cases of methemoglobinemia, methylene blue 
infusion can be used.

Volume overload can increase cardiac strain and therefore 
the risk of myocardial ischemia and arrhythmias. Since 
HBOCs are considered to be hyperoncotic, slow infusion is 
recommended, and the presence of pre-existing fluid over-
load represents a contraindication to their use. Unlike previ-
ous preparations of HBOCs, second and third generations do 
not have an apparent effect on kidney function, with most 
studies demonstrating no obvious renal toxicity.

Finally, liver and pancreatic enzyme levels are often tran-
siently raised, without other features of hepatitis or pancre-
atitis. This effect is not well elucidated, and it may be as a 
result of laboratory instrument error proportional to the 
amount of free hemoglobin present in the plasma [74]. 
Regardless, there has been no report of persisting pancreatic 
or liver dysfunction in the literature.

 Conclusion

There is an ever-increasing need for donated blood in pre- 
hospital and hospitalized patients with acute anemia. Banked 
blood supplies fluctuate unpredictably and are often com-
pletely unavailable in certain remote settings such as the 
battlefield, or even in most out-of-hospital civilian trauma 
environments. There are also situations in which allogeneic 
blood is contraindicated, for example severe autoimmune 
hemolytic anemia, or in religious circumstances such as 
Jehovah’s witnesses. Hemoglobin-based oxygen carriers are 
promising potential alternatives to allogeneic blood transfu-
sion, which can lead to restoration of blood volume, organ 
perfusion and oxygen delivery. Unfortunately, since the late 
1990s, when HBOCs were first clinically apparent in the lit-
erature, these compounds have been fraught with setbacks. 
Initial stroma free hemoglobins had adverse renal effects and 
caused significant hypertension. Subsequent generations of 
polymerized hemoglobins are larger molecules, which have 
longer half lives and less renal complications. The rise in 
blood pressure, which is secondary to nitric oxide consump-
tion and vasculo-endothelial dysregulation, although easy 
enough to manage, may be an issue. In addition, the hyper-
oncotic nature of the drug can result in volume expansion 
and overload in susceptible patients. Hypertension and 
hypervolemia in at risk individuals can lead to cardiac events, 
such as arrhythmias, myocardial infarction, cardiac failure 
and neurologic events. Other possible adverse events such as 
hepatic and pancreatic enzyme elevation, skin and urine dis-
colouration, and methemoglobinemia are transient, and seem 
to have no long-term effect. Although these minor adverse 
effects are relatively manageable and non-significant in 
patients without risk factors for cardiac disease, regulatory 

authorities have been reluctant to approve investigation of 
the products in randomized controlled trials. Blood transfu-
sion has risks, but these are relatively rare and well accepted. 
It is therefore now more difficult to design an ethically 
acceptable study randomizing surgical or trauma patients to 
either receive an HBOC or blood, when the gold standard 
(donated blood) is so available and apparently carries a lower 
risk compared with the test drug. Although areas of need, 
such as the battlefield, may be more ethically acceptable in 
which to conduct such a study, the risk of imprecise or 
incomplete data collection is high. Another option is study-
ing HBOCs in populations that can only use HBOCs, such as 
severe autoimmune hemolytics or Jehovah’s witnesses, but 
this would not yield a large enough sample size to be statisti-
cally useful.

Unfortunately, regulatory authorities have historically 
grouped together the entire class of HBOCs, disregarding the 
varying spectrum of effects and adverse events across com-
pound configurations and generations. This resulted in a hiatus 
of clinical investigation into HBOCs particularly from 2008 to 
2015. However, HBOC-201 (Hemopure) is being used in 
South Africa and Russia where it is licensed for clinical use, as 
well as in the United States under the FDA “compassionate 
use” or “expanded access” category. In addition, Sanguinate is 
also a promising molecule, with a favorable safety profile, 
which is currently undergoing early clinical investigation. 
Many case reports and series have been published, demon-
strating safety and clinical efficacy of these drugs.

Accumulation of these reports, as well as further Phase I 
trials demonstrating pharmacodynamic mechanisms, have 
opened the door again for further research into HBOCs.
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On the Oxidative Toxicity of 
Hemoglobin

Abdu I. Alayash

 Red Blood Cell Oxidation Reactions in Health 
and Disease: What Have We Learned?

 Oxidation of Hemoglobin and Cytosolic 
Antioxidative Proteins

The heme prosthetic group in the ferrous Hb (HbFe2+) revers-
ibly binds oxygen as the RBC cycles from the lungs to the 
tissues and back again. Over time this process leads to oxida-
tion of the heme iron to the ferric form (HbFe3+), a process 
known as autoxidation (akin to iron rusting in non-biological 
systems). The degree of the spontaneous oxidation of Hb 
may reach up to 1–3% of the total Hb in healthy RBCs 
despite the presence of several antioxidant proteins that 
maintain the iron oxidation at a tolerable level under normal 
physiological conditions [1].

The slow autoxidation of the oxygen-carrying 
HbFe2+ →  HbFe3+, a non-oxygen carrying methemoglobin 
(metHb), is a single electron process which leads to the pro-
duction of superoxide ions (O2•−) that rapidly dismutate to 
form hydrogen peroxide (H2O2), a powerful oxidant (Eq. 
(14.1)). The resulting H2O2 triggers a cascade of oxidative 
reactions with either ferrous (Eq.  14.2) or ferric Hb 
(Eq.  14.3). These reactions lead to the generation of the 
potent oxidizing ferrylHb (HbFe4+) species, as well as a sec-
ondary radical from the reaction between H2O2 and metHb. 
However, unlike classical peroxidases, Hb is unable to har-
ness this radical which then migrates to a group of amino 
acids in an area on the protein known as the oxidation 
“hotspot”, primarily located at the βCys93 site [2].
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In addition to the spontaneous process of Hb iron oxida-
tion, RBCs are continuously exposed to both endogenous 
and exogenous sources of reactive oxygen species (ROS) 
that can impact the RBC’s flexibility and deformability [3].

RBCs maintain powerful antioxidative machinery primar-
ily designed to keep Hb in the ferrous functional form during 
circulation. When these cells reach the end of their life span, 
oxidation of Hb and oxidative side reactions appear to inten-
sify due to the weakening of antioxidative defense mecha-
nisms [3]. RBCs antioxidant defense enzymes include 
superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase (GPX), and glutathione reductase (GR), in addi-
tion to low-molecular-weight antioxidants, such as glutathi-
one (GSH), and vitamins E and C. Furthermore, RBCs have 
a plasma membrane redox system that transfers electrons 
from intracellular substrates to extracellular electron accep-
tors, which may be NAD+ or vitamin C. Therefore, RBCs 
uniquely function to protect Hb via a selective barrier allow-
ing gaseous and other ligand transport as well as providing 
enzymatic mechanisms to maintain Hb in a functional non-
toxic state [4].

 The Role of Red Cell Band 3 in Hemoglobin 
Oxidation

Band 3 and its associated proteins are an integral part of the 
RBC membrane that function primarily in Cl− and HCO3− 
exchange, thus maintaining acid balance, ion distribution 
across the RBC membrane, and cell shape integrity and dura-
bility [5]. In recent years, band 3’s role in the overall mainte-
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nance of redox balance in RBCs has been recognized. 
Consequently, due to band 3’s ion exchange capability, it has 
served as a suitable cell model to evaluate RBCs response to 
oxidative conditions [6].

The Hb-conformation–dependent interaction with band 3 
proteins and its involvement in regulating glycolysis is well 
documented [7], but the interplay between Hb-mediated oxi-
dation reactions (e.g., βCys93 oxidation) and band 3 is less 
defined. However, recent research on blood from normal, 
transgenic sickle cell disease (SCD) mice and from patients 
with SCD showed that there was indeed a direct contact 
between Hb oxidative intermediates specifically ferryl Hb 
(but not hemichromes) with band 3 [8, 9]. Using a proteomic 
methodology to analyze RBCs from sickle cell disease 
(SCD) mice and patients, we showed that the redox transi-
tion of Hb into a higher oxidation state (ferryl) interacts 
directly with band 3 resulting into oxidative modifications of 
band 3 network of proteins and the appearance of other 
PTMs such phosphorylation and ubiquitination of Hb itself 
[9, 10] (see below).

 Hemoglobin-Driven Oxidation Reactions 
Promote Microparticles Formation

SCD is a genetic disorder due primarily to a single point 
mutation in the β-globin gene resulting into a non-charged 
amino acid, Val replacing a negatively charged Glu at the 
position 6. In the deoxyHb conformation, a “sticky patch” is 
formed between Val and other close by non-charged amino 
acids resulting in the polymerization of deoxyHb molecules 
into long fibers within RBCs. The transformation of RBCs 
into less deformable and flexible carrier as it navigates nar-
row microcapillaries lead to vaso-occlusion and ultimately 
hemolysis [1]. Sickle cell RBCs are continuously subjected 
to endogenous and exogenous oxidative stresses. Among the 
recently discovered sources of ROS was the finding that 
these cells maintain an active form of NADH oxidases [11]. 
Another recent finding reported that SCD RBCs retain some 
mitochondria that can also be a source of reactive oxygen 
species (ROS) [12].

Recent mechanistic studies confirmed that oxidative 
stress within SCD RBCs are driven by Hb oxidation side 
reactions [9, 10]. However, the potential physiological rami-
fications of these reactions are not yet fully characterized. 
Separately from the unusual differences in oxidative milieu 
within SCD RBCs vs. normal ones, the isolated HbS has 
been shown to be more oxidatively unstable than HbA, pos-
sessing profound differences in enzymatic activities as repre-
sented by the pseudoperoxidative reactions described in 
Eqs. 14.1, 14.2, and 14.3. Isolated HbS has been shown to 
autoxidize at rates several fold faster than normal Hb. For 

example, in the presence of a bolus amount of peroxide, fer-
ryl Hb is rapidly formed. However, unlike HbA ferrylHbS 
persists longer in solutions and autoreduced at slower rates 
than HbA.  This unusual redox cycle results in oxidative 
modifications and misfolding or unfolding of ferrylHbS 
which ultimately leads to the toxic loss of heme [13, 14].

We have documented that Hb transformation to higher 
oxidative forms is markedly increased in microparticles 
(MPs) generated from SCD mice and human SCD samples, 
although these Hb oxidative forms were also detected in non- 
microparticle enriched RBC specimens as well. Ferryl Hb 
(once formed), manifests in several oxidative changes, 
including irreversible oxidation of βCys93 and ubiquitina-
tion of βLys96 and βLys145. Ferryl Hb also oxidatively tar-
geted band 3, which resulted in a band 3–mediated complex 
formation (with Hb and other membrane proteins) and acti-
vation of the ubiquitin–proteasome system (UPS) pathway. 
When MPs were incubated with endothelial cells, this led to 
mitochondrial dysfunction and apoptotic cell death. These 
mechanistic results suggest that Hb oxidative pathways drive 
oxidative changes within SCD RBCs, and similarly, in RBC- 
derived MPs, causing us to hypothesize that antioxidative 
interventions may slow down and/or prevent Hb-oxidative 
side reactions in SCD [9, 10].

 Role of β Cysteine 93 in Oxidative Stability 
of Hemoglobin

Because these oxidation reactions (described above) pre-
cede at faster rates in HbS than HbA solutions, we were able 
to examine the structural and other stability governing 
parameters more closely in the HbS protein. Using a variety 
of photometric, mass spectrometric, and electron paramag-
netic resonance (EPR) techniques we were able to define the 
oxidative pathways within the Hb molecule and identify 
target(s) of these reactions outside of the molecule. We 
found that because HbS is unable to harness the ferryl radi-
cals effectively, this radical migrates to what is known as the 
“oxidation hotspot” which includes a cluster of susceptible 
amino acids and irreversibly oxidizes the β cysteine 93 resi-
due [13, 14].

In addition to its well-established role in allosteric mecha-
nisms, βCys93 is involved in the transport of nitric oxide 
(NO), and detoxification of O2·– [2]. Several studies from our 
laboratory and others have shown that βCys93 (positioned on 
the surface near of an F helix located at the β = β subunit 
interface) is an endpoint for free radical induced Hb oxida-
tion which occurs due to oxygen binding and concomitant 
H2O2 (and O2·–) production [15]. βCys93 is readily and irre-
versibly oxidized in the presence of a mild oxidant, H2O2, to 
cysteic acid, which leads to destabilization of Hb, improper 
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protein folding, and the loss of heme. Oxidized βCys93 is 
therefore a useful reporter on the oxidative status of Hb in 
RBCs intended for transfusion or within RBCs from patients 
with hemoglobinopathies. Accordingly, site specific muta-
tion of a redox active amino acid (s) to reduce the ferryl 
heme, or direct chemical modifications that can shield 
βCys93 have been proposed to improve oxidative resistance 
of Hb, and may offer a protective therapeutic strategy [2, 16].

 Genetically and Chemically Modified HBOCs: 
The Impact of Molecular Modifications

 Effects of Chemical and Genetic Modifications 
on the Oxidation of HBOCs

Generally, all HBOCs are derived from outdated human 
blood or in some cases from animal blood. Hb is isolated 
from RBCs and is then purified to remove RBC’s proteins 
using conventional separation techniques and filtration meth-
ods. Some manufactures employ further chromatographic 
methods to produce a highly purified HbA (known as HbA0) 
as starting material for subsequent chemical modifications 
[17]. Others, however, used what is known as stroma free 
(poor) Hb (SFH), which in theory contains other RBC pro-
teins [18]. Two major chemical modifications have been 
widely used to generate Hbs, specifically glutaraldehyde and 
polyethylene glycol which introduce inter and intramolecu-
lar modifications, producing stabilized tetramers or conju-
gated/polymerized molecules. In many cases, these chemical 
reagents used in the modifications of Hb resulted in non-site- 
specific and random modifications of the Hb molecules [19].

Alternatively, genetic modifications of Hb have also been 
utilized as HBOCs. One manufacturer genetically engineered 
tetramer of Hb in E Coli based on the mutant Presbyterian 
Hb, where two alpha subunits were covalently joined by add-
ing a single amino acid (Gly) and was advanced to early clini-
cal trials [20]. Other variations of this model system were also 
were produced by academic institutions [21]. Encapsulating 
Hb in a vesicle was also investigated as model system for 
artificial RBCs containing enzymes and other essential pro-
teins. These vesicles did not initially proceed beyond preclin-
ical animal studies, although a second- generation version of 
these vesicles are now under investigation [22]. Generally, 
HBOCs were found to be more susceptible to autoxidation, 
oxidative changes and heme loss, in large part due to the ran-
dom nature of chemical modifications occurring outside of 
RBCs [23]. Under oxidative stress conditions, human, bovine, 
or recombinant HBOCs undergo, oxidative changes that were 
more exaggerated leading to the accumulation of higher lev-
els of ferryl compared to the unmodified human or bovine 
forms of these proteins [23].

 Effects of Altering Oxygen Affinity of HBOCs 
on Autoxidation and Oxidative Changes

In a landmark paper [23], we have recently completed a 
comprehensive biochemical and biophysical comparison of 
all human, bovine and genetically engineered HBOCs that 
have (at least in some cases) been tested in humans in late 
clinical trials. Some of these commercial HBOCs were only 
recently made available to independent investigators. Toward 
this goal, oxygen equilibrium and ligand binding kinetics 
under different experimental conditions as well as their oxi-
dation kinetics, redox reactions, and heme release kinetics 
were determined for all HBOCs. Generally, polymerization 
of the proteins with glutaraldehyde and PEGylation with 
POE induced changes in the position and shapes of the oxy-
gen equilibrium curves (OECs) when compared to the oxy-
gen affinity of native human and bovine Hb molecules. A 
common phenomenon among some polymerized HBOCs 
was the lack of saturation of their OECs at the normal physi-
ological range of 90–100 mmHg. However, using complete 
OECs generated by the Adair constants allowed us to accu-
rately determine oxygen binding parameters for these modi-
fied Hbs to reflect their true oxygen binding properties under 
physiological conditions. Another consequence of chemical 
modifications was the loss of oxygen binding cooperativity 
reflected by the reduction in the value of the Hill coefficients 
(n) calculated for some of these HBOCs when contrasted to 
values of the native human and bovine proteins respectively. 
The Bohr effect curves for oxygen binding to human and 
bovine HBOCs along with those obtained for the native pro-
teins under the same pH range were also determined. A clas-
sical sigmoidal Bohr effect curve can be seen with native 
human and bovine Hbs over a wide range of acidic and alka-
line pHs, but a pronounced reduction in the Bohr effects for 
almost all HBOCs was observed [23]. This reduction in 
HBOC Bohr effects over varying pHs suggests these modi-
fied forms of extracellular Hb may not be as robust to normal 
fluctuations in pH that occur in blood. In this study, almost 
all known HBOCs with their diverse oxygen affinities, 
showed no strong correlation between heme iron autoxida-
tion rates and their respective oxygen affinities (P50) [24]. 
This potentially creates opportunities for designing HBOCs 
with low oxygen affinity without compromising their autoxi-
dative side reactions.

 Effects of Chemical Modifications on Heme 
Loss From HBOCs

Early strategies designed to address rapid clearance of 
HBOCs associated with tetramer dissociation into dimers, 
included chemical, physical, or genetic methods, such as 
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polymerization, conjugation, and encapsulation into vesicles 
were relatively successful [25].

Polymerization and conjugation strategies significantly 
mitigated problems associated with HOBC’s short circula-
tion life span and renal toxicity. However, autoxidation and 
oxidative side reactions produces structural changes and 
unfolding of the HBOCs despite the introduction of inter and 
intra-molecular crosslinking modifications [26].

Using a recombinant holomyglobin (with no heme) as a 
receptor, heme was extracted from all known HBOCs 
(including ferric forms). The rates of heme loss from all 
HBOCs were recently reported. In these experiments, the 
rates for heme transfer were recorded after rapid mixing at 
room temperature. HBOCs showed different rates for heme 
loss, with uncross-linked HBOCs exhibiting the highest rates 
of heme loss. Additionally, another source of heme loss was 
due to HBOC dimerization, monitored by reacting HBOCs 
with haptoglobin (Hp), since Hp rapidly reacts with Hb 
dimers [23].

 Effects of Non-site-Specific modifications 
on Oxidative Stability of HBOCs

Polymerizing reagents such as glutaraldehyde are known to 
randomly modify the Hb molecule at the inter and intramo-
lecular sites. This non-site-specific modification of the pro-
tein generates a wide range of molecular isomers with a wide 
range of molecular weight distributions. This form of chemi-
cal modifications is widely used in polymerizing human and 
bovine SFHs resulting in changes in oxygen binding charac-
teristics and autoxidation kinetics [23]. PEGygalation of Hb 
with polyethylene glycol-based chemistries is also highly 
non-site-specific although several groups have introduced 
small linkers targeting Cys93 and other amino acids to site 
specifically attach the PEG molecule(s) [27]. Intra-and inter-
molecularly cross-linked human HbA0 with activated sugar, 
O-raffinose, is an example of how non-site-specific modifi-
cation of the protein impacts its stability and safety which is 
described below [28, 29].

Reacting human deoxyHbA0 with oxidized raffinose 
(O-raffinose), a trisaccharide, results in a low oxygen affinity 
“blood substitute,” stabilized in a noncooperative 
T-conformation. We extensively characterized this Hb by 
first fractionating the O-raffinose-modified HbA0 heteroge-
neous polymer (O-R-PolyHbA0) into six distinct fractions 
with a molecular weight distribution ranging from 64 to 
approximately 600  kDa using size-exclusion chromatogra-
phy (SEC). Oxygen equilibrium and kinetics binding param-
eters of all fractions were nearly identical, reflecting a lack of 
heterogeneity in ligand binding properties among all the 
O-R-PolyHbA0 fractions (Hill coefficient (n) equals to 1.0). 

We used several mass spectrometry techniques to investigate 
undigested and digested HbA0, intact O-R-PolyHbA0, and 
O-R-PolyHbA0 fractions. To our surprise the proposed sites 
of intramolecular crosslinking (i.e., β1Lys82, β2Lys82, and 
β1Val1) were not found to be the predominant site of cross-
linking within the central cavity as claimed by the manufac-
ture of this Hb [30]. Intermolecular crosslinking with 
O-raffinose results in no discernible modification sites except 
for βCys93 and αCys104 leading accelerated iron oxidation. 
This random non-site-specific modification of βCys93 which 
is known to reflect oxidative stability of the protein and may 
have provided some basis for the reported toxicity of this 
oxygen carrier [30].

 Countermeasures Against Hemoglobin 
Oxidation and the Design of Safer HBOCs

 Intercepting Nitric Oxide and the Control 
of Hemodynamic Imbalance

In early 1980, NO was discovered to autoregulate systemic 
and pulmonary vascular tone (see recent review [31]). If 
NO, a dilator of blood vessels, is removed by infused 
HBOCs, this would result in vasoconstriction of blood ves-
sels, systemic and pulmonary hypertension, and decreased 
cardiac output. The hemodynamic imbalance caused by 
removal of NO though is transient in nature (1–2  hours 
duration of blood pressure elevation). This simple reaction 
however, impacted the field of HBOCs dramatically and 
controlling vasoactivity associated with HBOCs had become 
a priority research and developmental goal [32]. The reac-
tion is primarily with the heme group, which can be com-
pleted within a few seconds with a profound consequence 
such as blood vessel constriction and elevation in systematic 
and pulmonary blood pressures (approximate mean arterial 
blood pressure changes ranges between15–30  mmHg). 
However, blood pressure elevations seen in animals and 
humans appear to follow a predictable path that can return 
to normal within two hours [33].

In 1996 several intriguing hypotheses were put forward 
suggesting in some cases that Hb within RBCs is capable of 
transporting and exporting NO to βCys93 through an allo-
steric transition between the relaxed (R) and tense (T) states 
of the Hb molecule. This so called “SNO-Hb” is ultimately 
exported by the RBCs to effect blood vessel vasodilation 
[34]. An alternative hypothesis suggested however, that 
nitrite can enzymatically transform Hb to become a source 
for NO (e.g., nitrite reductase) that requires deoxyHb as a 
starting intermediate [35]. These two hypotheses were based 
on in  vitro experiments with little or no validated animal 
studies to support them. Exporting NO from the RBC or 
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from free Hb or pharmacologically inducing Hb reductase 
ability to generate NO would be mechanistically difficult 
without intermediates, particularly since Hb rapidly and 
irreversibly consumes NO.  In a rush to capitalize on this 
newly founded property of NO, patients SCD were given 
Sildenafil citrate to facilitate NO production, which resulted 
in unexpected outcome and termination of this trial (https://
www.nlm.nih.gov/databases/alerts/pulmonary_hyperten-
sion.html). In other studies, in which large animals (swine) 
experiencing hemorrhagic shock to mimic battlefield condi-
tions, nitrite infusion with an HBOC resulted in a transient 
drop in blood pressure and increased the risk of pulmonary 
complications including pulmonary edema as well as con-
gestion [36].

Several approaches designed to overcome the Hb-NO 
reaction include vesicle encapsulation in order to maintain 
Hb within a ‘protected’ space, as a barrier to detrimental 
vasoactive mechanisms. Other approaches have included 
adding anti-hypertensive agents to block specific areas of 
vascular control, that are potentially involved in the interac-
tion between Hb and the vascular system. Research efforts 
are also focused on controlling elevated blood pressure after 
infusion of HBOCs using NO donors, or the inhibition of NO 
synthetic pathways, but unfortunately this had little or no 
long-term effects on organ toxicity [26].

 Antioxidants and Reducing Agents 
for the Control HBOC Oxidative Toxicity

Several ex vivo and in vivo studies have demonstrated a criti-
cal role for plasma antioxidants such as ascorbic acid (AA) 
and uric acid (UA) in maintaining Hb and HBOCs in func-
tional non-oxidized states [26]. These two naturally occur-
ring antioxidants are critical for maintaining HBOCs in the 
reduced and functional states. This is particularly important 
for the maintenance of the ferrous form of Hb, which is nec-
essary for effective oxygen delivery. The oxidation to ferric 
Hb triggers other steps in the oxidative pathway which 
increase the toxicity of Hb (Eqs. 14.1, 14.2, and 14.3).

Humans and non-human mammal such as guinea pigs are 
unable to synthesize endogenous AA due to an evolutionary 
loss of hepatic L-gluconolactone oxidase (LGO) gene 
expression, a key enzyme in AA biosynthetic pathways [37]. 
The antioxidant activity of critical enzymes such as superox-
ide dismutase (SOD) in tissues from non-AA producing spe-
cies is significantly elevated compared to AA producing 
species (e.g. rats and mice). Moreover, the role of other 
plasma antioxidants, particularly UA has evolved in the 
absence of AA production [38].

We have previously demonstrated the power of endoge-
nous antioxidant mechanisms by comparing the toxicokinet-

ics of an HBOC (polymerized bovine Hb; Oxyglobin™) 
administered to a rat (AA producer) versus the administra-
tion of the same HBOC to a guinea pig (non-AA producer). 
This experiment demonstrated that ferric HBOC levels were 
4-fold greater in the guinea pig compared to the rat, and that 
oxidative instability of the HBOC became evident following 
administration in the guinea pig but not the rat [39]. Using 
HPLC and mass spectrometric methods to analyze blood 
samples from these animals confirmed oxidative changes of 
circulating HBOCs in non-AA-producing animals versus 
those with AA [39].

More recently HBOC developers became more amenable 
to the use of antioxidants such as AA, as an additive to 
HBOC solutions to control its oxidation in human circula-
tion. A recent case of a Jehovah Witness patient who lost a 
considerable amount blood that was given large doses of 
AA. HBOC oxidation was considerably reduced after reach-
ing as high as 50% of total Hb infused in this patient [40].

Other antioxidants such sodium selenite reduced 
Hb-induced epithelial damage to intestinal mucosa and 
Hb-induced venular leakage in the rat mesentery [41] 
Acetylcysteine is another antioxidant that has been co- 
administered with several HBOCs in vivo [42]. Overall, the 
co-administration of certain antioxidants with HBOCs may 
aid in the attenuation of oxidative reactions.

RBC antioxidative enzymes (primarily SOD and catalase) 
that maintain Hb in the ferrous functional form and that 
increase in response to ROS-induced oxidative stress have 
been crosslinked to the Hb molecule in an attempt to control 
Hb’s own ROS [43]. For example, glutathione (GSH) is an 
important scavenger of free radicals and a potent endoge-
nous antioxidant, which helps to protect RBCs from oxida-
tive injury has also been crosslinked to Hb [44].

 Engineering Oxidatively Stable HBOCs Based 
on Mutant Hemoglobins: The Case 
of the Providence Mutation

There are thousands of naturally occurring variant forms of 
Hb in all populations in diverse geographical areas world-
wide. Due to evolutionary pressures, these Hb variants are 
found in some cases to resist oxidative challenges. However, 
most of these mutations enhance oxidative degradation and 
ultimately result in circulatory disorders [45].

We previously discovered that a naturally occurring 
mutant Hb Providence (βLys82 → Asp) (βK82D), was much 
more resistant to degradation by H2O2 than normal human 
HbA [46]. Based on this initial finding, we subsequently 
engineered this mutation into a genetically cross-linked Hb 
tetramer (rHb0.1/βK82D) and demonstrated that the βK82D 
mutation conferred more resistance to degradation by H2O2 

14 On the Oxidative Toxicity of Hemoglobin

https://www.nlm.nih.gov/databases/alerts/pulmonary_hypertension.html
https://www.nlm.nih.gov/databases/alerts/pulmonary_hypertension.html
https://www.nlm.nih.gov/databases/alerts/pulmonary_hypertension.html


164

via markedly inhibiting oxidation of the β93 cysteine side 
chain [47]. Next, we tested this extraordinary stability of the 
βK82D mutation in another Hb model system known for its 
oxidative instability, e.g., sickle cell Hb (HbS). The HbS 
(βE6V) mutation is known to oxidize faster than normal 
HbA and remains longer in a highly oxidizing ferryl form 
(HbFe4+), which then targets the “hotspot” amino acids 
including βCys93 [13]. We found that the (βE6V/βK82D) 
form of Hb added significant oxidative resistance to βE6V 
when challenged with H2O2, in addition to a dramatic 
improvement in the delay times and polymerization of 
βE6V [14].

The basis of this extraordinary protection afforded by 
βK82D in both sickle cell and more so in the crosslinked Hb 
lies within the fact that this substitution may minimize the 
levels of irreversible oxidation of βCys93. Oxidation of 
βCys93 to cysteic acid is known to perturb the extensive net-
work of hydrogen bonding and salt bridges at the interface 
between the β2 FG corner. The substitution of the native 
βLys82 for Asp82, (located ~18.3 Å away from the β-heme) 
is not known to be engaged in electron transfer with the heme 
[47]. However, the higher oxidative stability caused by the 
βK82D mutation has been attributed to changes in reactivity 
of the βCys93 side chain, which may be due to either indirect 
electrostatic effects or alterations to the local dynamics of 
the protein structure [14].

We recently investigated the impact of the βK82D muta-
tion on tissue oxygenation and mitochondrial function. The 
rationale for this is based on anecdotal reports on one patient 
with the βK82D mutation exhibiting mild anemia and eryth-
ropoiesis attributed to alterations in the oxygen binding 
properties of the patients’ blood. Specifically, this patient 
had a higher P50 than normal subjects (i.e., P50 = 21.1 mm Hg 
vs, control P50 = 29.0 mm Hg) [48]. Additionally, there was 
also another rare case of an SCD patient with a βK82D muta-
tion who had attenuated disease symptoms [49]. In the con-
text of SCD, the impact of the βK82D mutation on the course 
and the severity of the disease is perhaps not entirely due to 
a small left shift in the oxygen equilibrium curve (smaller 
P50), but rather may be due to an overall improvement in 
patient’s resistance to oxidative stress [47].

Exploring the impact of introducing βK82D containing 
Hb on vascular endothelial redox homeostasis and energy 
metabolism in cultured endothelial cells led to the finding of 
altered bioenergetic function via enhanced basal cellular gly-
colysis and glycolytic capacity. Additionally, the treatment 
of cells with Hb variants containing βK82D also resulted in 
lower heme oxygenase-1 and ferritin expressions compared 
to native Hbs. It appears that that the presence of βK82D 
confers significant resistance to oxidative toxicity. In conclu-
sion, the Providence βK82D mutation provides a potential 
gene-editing target for the treatment of sickle cell disease 
and for safe and effective oxygen therapeutics [16].

 Haptoglobin and hemopexin Are First-Line-of 
Defense against Free Hemoglobin and Heme

During hemolysis, Hp binds tightly to Hb subunits (αβ 
dimers) in the circulation. This Hb-Hp complex is then chap-
eroned to macrophages for safe degradation through the 
CD163 receptor on the macrophage membrane and heme is 
subsequently degraded into carbon monoxide (CO), biliru-
bin, and biliverdin byproducts [50]. Structurally, Hp is a tet-
ramer consisting of two a-chains (each approximately 9 kDa) 
and two β-chains (each approximately 33  kDa) which are 
covalently linked by disulfide bonds. The binding between 
Hp and Hb is among the strongest non- covalent interactions 
known in biological systems. When released in plasma, the 
Hb–Hp complex impairs filtration and clearance of Hb 
dimers by the kidney, and instead directs Hb to CD163 on to 
macrophages for a process of endocytosis and final degrada-
tion (for review, see [50]. Besides physical sequestration of 
Hb through this strong binding, Hp also detoxifies Hb and 
restricts Hb’s peroxidative side reactions known to be toxic 
to tissues.

In recent years, we have investigated the mechanism 
afforded by Hp to Hb at the molecular level. The Hp mole-
cule provides protection for Hb against oxidants by binding 
close to the so-called hotspot amino acids (of Hb’s hotspots 
amino acids including βCys93) revealed recently in crystal-
lography studies [51]. Secondly, Hp has been shown to allow 
the heme active site to operate unhindered, leading to the 
elimination of oxidants and diffusion of radicals emanating 
from the heme to key Tyr residues on the Hb molecule [52, 
53]. This radical reactivity may ultimately be directed to the 
Hp molecule resulting in a safer redox inactive state for the 
Hb molecule [54]. Another advantage of complexing Hb and 
Hp is that this newly formed complex retards heme release 
for a considerable amount of time [54].

There remains an unanswered question as to whether Hp 
can be clinically useful in clearing and oxidatively inactivat-
ing HBOCs that are generally stabilized in tetrameric and 
polymeric forms. Particularly, since Hp may primarily bind 
to dimeric Hb as rapid mixing kinetics of Hp with a number 
of intra- and intramolecularly crosslinked HBOCs showed 
little or no binding, whereas uncrosslinked conjugated 
HBOCs bound very strongly [23]. We also surprisingly 
found that β-crosslinked HBOCs in a tetrameric form had a 
strong affinity for Hp than α-crosslinked proteins [55]. 
Recent animal studies have confirmed that Hb compartmen-
talization (rather than short-lived NO-based therapies) with 
molecules having Hp behavior may be useful in countering 
vasoactive and oxidative toxicities associated with free Hb in 
hemolytic anemias [56, 57].

Hemopexin (HPX) is an acute phase plasma pro-
tein, found in the circulation at concentrations rang-
ing from 8 to 21  mM [58]. HPX serves as a specific 
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scavenger of plasma heme and clearance by transport-
ing it to the liver, and like Hp, HPX functions as a key 
plasma protector against Hb oxidation by-products. 
When compared with other plasma heme scavengers 
(such as albumin, high- and low-density lipoproteins, 
and a1-micro- globin), HPX has the tightest binding 
kinetics [59]. In numerous in  vivo studies in dogs, 
guinea pigs, and sickle cell mice, Hp and HPX have 
been shown to limit the toxic effects of infused cell-
free Hb [56, 60].

 Summary and Conclusion

Despite the active research and developmental efforts over 
the last 3 decades to design safe and effective HBOCs, no 
viable candidate has been approved for clinical use in the 
United States. Much effort by industry and academia was 
invested in resolving vasoactivity common to all HBOCs, 
while oxidative toxicity triggered by these products was not 
fully appreciated, nor fully investigated. A better understat-
ing of the molecular genesis of Hb oxidative toxicity has led 
in recent years to the advancement of new molecular 
approaches and interventions that will be more likely to suc-
ceed as HBOCs that have an acceptable safety profile that 
are ready for clinical use (see reference [19] for more 
details).

Key Points
• Recent research reveals that hemoglobin drives internal 

cytosolic and membrane oxidative changes within red 
blood cells.

• Similar, but more exaggerated oxidative side reactions 
occur when hemoglobin is free due to hemolysis or when 
hemoglobin is used as an HBOC.

• Molecular intervention designs are now in place to con-
trol hemoglobin’s internal oxidative changes together 
with the inclusion of antioxidant additives may provide a 
sufficiently safe HBOC therapeutic product.
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 Background/Introduction

At present, no artificial oxygen transporter is approved in the 
European Union and the United States. Hemoglobin-based 
oxygen carriers (HBOC) have been the subject of scientific 
studies for decades as one of the most promising candidates 
to succeed. The fabrication of HBOC is sophisticated, but 
meanwhile also simpler nano- and microparticle fabrication 
methods exist. One of them consists of three key steps: 
Co-precipitation of insoluble metal carbonates with biopoly-
mers, Cross-linking of co-precipitated biopolymers and 
Dissolution of the carbonate templates (CCD-technique). It 
allows a few-steps fabrication of particles composed of dif-
ferent biopolymers, including hemoglobin, and bioactive 
agents under mild conditions [1].

A major obstacle to approval has so far been the develop-
ers’ claim to produce universally applicable blood substitute. 
However, the restriction to one specific indication seems to 
be more promising. For example, the approach to transport 
not only oxygen to the tissue, but also a drug appears to be 
particularly attractive for the therapy of tumors. The delivery 
of oxygen to the tumor cells makes them more sensitive in 
respect of cytotoxic effects of drugs and radiation.

One effect of irradiation of malignant tissue is to generate 
reactive oxygen species (ROS), which ultimately cause the 
death of tumor cells [2]. However, the limited oxygen con-
tent (hypoxia) in tumor tissue is one of the major drawbacks 
of cancer treatment by radiation because the presence of 
oxygen in cancer tissue is fundamental for ROS generation.

The mitochondria are the major contributor to the cellular 
reactive oxygen species (ROS), but oxidative enzymes (e.g., 
NAPDH oxidases, cyclooxygenases, lipoxygenases or thy-
midine phosphorylase) also contribute to the cellular ROS 
pools. ROS are produced by tumor cells but also by cellular 
components of the tumor microenvironment (TME). The 
production of ROS by tumor cells plays an important role in 
driving tumorigenesis. However, ROS production by other 
infiltrating non-tumor cells, such as tumor-associated fibro-
blasts as well as the overall oxidative state of the local TME 
has profound effects on tumor biology.

Reactive oxygen species are important signaling mole-
cules in cancer. While high levels of ROS may cause damage 
to tissues and cell death, low levels of ROS may have a pro-
liferative effect. In simplified terms, it may be said that a low 
level of ROS is physiological (transcriptional regulation, dif-
ferentiation and proliferation), but a medium ROS level leads 
to enhancement of angiogenesis (tumorigenesis and metasta-
sis). Only high ROS levels result in cytotoxic effects like 
immune deregulation, apoptosis and autophagy [2].

Therefore, the enhanced oxygen supply to the tumor 
appears to be a crucial element in radiation therapy. This 
may be achieved with the help of drug carriers that transport 
not only cytostatic drugs but also oxygen to the tumor. 
Hemoglobin based oxygen carriers (HBOC) are the perfect 
candidate to fulfil these requirements. Additionally to oxy-
gen delivery, their iron content may additionally accelerate 
the ROS production by converting hydrogen peroxide to the 
more reactive hydroxyl radical. Simultaneously, they are 
able carry cytostatic drugs, which are released inside the 
tumor cell upon lysosomal digestion (Fig. 15.1).

In this chapter, we introduce the CCD-technique as uni-
versal approach suitable for the fabrication of biopolymer 
micro and nanoparticles including HBOC, additionally 
allowing incorporation of hydrophilic as well as hydropho-
bic drugs into these particles.
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 Nanotechnology Based CCD Technique

The CCD technique was first reported by Bäumler and 
Georgieva [1]. It allows a few-steps fabrication of particles 
(Fig. 15.2) composed of different biopolymers and bioactive 
agents under mild conditions [3–6]. The properties of such 
particles depend on the fabrication conditions, the choice of 
the inorganic salts for co-precipitation, the nature of the bio-
polymers and additives [5]. In the first report of CCD tech-
nique, multicompartment particles with concentric 
compartments loaded independently with different 
 biomolecules, enzymes and magnetic nanoparticles were 
synthetized [1]. β-glucosidase (β -Glu), glucose oxidase 
(GOX), and horseradish peroxidase (HRP) have been incor-
porated in microreactors, where each of these enzymes was 
located in a separate compartment. The enzyme activity and 

enzymatic cascade reactions were successfully demonstrated 
[1].

 Oxygen Carriers Fabricated by CCD 
Technique

Indeed, hemoglobin particles as oxygen carriers and bio-
polymer particles as drug carriers are successfully synthe-
sized by using this CCD method. CaCO3 templated Hb 
particles are almost spherical with particle size from 2 to 
5 μm and Hb entrapment efficiency from 8% to 50% [3]. The 
Hb content in the CaCO3 templated Hb particles was roughly 
one-third of the Hb content of the RBCs [3]. In contrast, 
MnCO3 templated Hb particles exhibit uniform peanut shape 
and submicron size with remarkably high Hb entrapment 

Fig. 15.1 ROS production by 
mitochondria and HBOC 
inside tumor cells. HBOC 
releases oxygen and drugs 
(red circles symbolize the 
drug release from HBOC). 
Mitochondria accept the 
oxygen and oxygen radicals, 
which are transformed to 
hydrogen peroxide (H2O2) by 
superoxide dismutase (SOD), 
which may be transferred to 
water by catalase. But 
hemoglobin also catalyzes 
H2O2 (Fenton reaction) and 
produces the very reactive 
hydroxyl radical

Fig. 15.2 Principle of CCD technique, modified after [5]. The upper line shows the CaCO3 templated formation of hemoglobin microparticle, 
while the lower line shows the manganese templated submicron particles. The influence of the salt matrix on the particle size is obvious
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efficiency of nearly 100% [5]. Addition of human serum 
albumin (HSA) after co-precipitation reduces Hb entrapment 
efficiency but prevents particle agglomeration. The Hb con-
tent in this HSA protected MnCO3 templated Hb particles 
was still 80% of the Hb content of the native RBCs [4]. Both 
types of Hb particles exhibit high oxygen affinity with p50 of 
less than 10 mmHg and low immunogenicity in vitro [3, 4]. 
The deformability of Hb particles was proven by atomic 
force microscopy (AFM) in the wet and dry state. Hb parti-
cles is considered to be non-mutagenic by Ames Test and 
Mammalian cell gene mutation assay [7]. In the in vivo 
 studies, the results of Micronucleous Test in mouse have 
proven that the supernatant of Hb particles is not mutagenic 
[7]. Successful perfusions of isolated mouse glomeruli with 
concentrated Hb particle suspensions were demonstrated in 
vitro. A normal, non-vasoconstrictive behavior of the affer-
ent arterioles is observed, suggesting no oxygen oversupply 
and limited NO scavenging by these Hb particles fabricated 
by CCD technique [4].

In a modified procedure, the Hb particle size can be 
reduced to around 250 nm using sonication [8]. Schakowski 
et al. prepared Hb based microcapsules coated by albumin by 
using natural cross-linker genipin instead of toxic glutaralde-
hyde [9]. To reduce the auto-oxidation of HBOCs, Hu et al. 
prepared stable Hb polydopamine (Hb-PDA) particles with 
antioxidative properties based on CCD method and polydo-
pamine modification without glutaraldehyde cross-linking of 
Hb. Hb-PDA particles were able to exterminate 85% of the 
hydroxyl radicals and reduce the oxidative injury induced by 
H2O2 [10].

By using the macromolecular cross-linker per-iodate oxi-
dized dextran, the CCD technique was further simplified 
combining co-precipitation and cross-linking of Hb in one 
single step since the cross-linker is incorporated into the 
inorganic template together with Hb [11].

The cross-linking of Hb by glutaraldehyde (GA) gener-
ates a certain amount of methemoglobin (MetHb), which is a 
major obstacle in the production of HBOC.  MetHb is a 
hemoglobin (Hb) derivative with the heme iron in ferric state 
(Fe3+), unable to deliver oxygen. Quantitative determination 
of MetHb in HBOC suspensions is indispensable for quality 
control but common spectrophotometry is not applicable due 
to the strong light scattering of the particles. Alternatively, 
1H2O NMR relaxometry was shown to represent a perfect 
tool for direct measurement of total Hb and MetHb concen-
trations in samples of hemoglobin submicron particles (Hb- 
MP) [12]. The longitudinal relaxation rate 1/T1 shows a 
linear increase with increasing MetHb concentration 
(Fig. 15.3a), whereas the transverse relaxation rate 1/T2 lin-
early increases with the total Hb concentration (Fig. 15.3b). 
In both linear regressions the determination coefficient (R2) 
is higher than 0.99.

The method does not require time-consuming pretreat-
ment or digestion of the particles and is not impaired by light 
scattering. Therefore, it can be established as the method of 
choice for the quality control of Hb-MP and similar 
hemoglobin- based oxygen carriers in the future.

 Drug Carriers Fabricated by CCD Technique

The CCD technique is a suitable simple method to form bio-
polymer drug loaded nano- and microparticles. Several 
hydrophilic or hydrophobic model drugs were successful 
incorporated into albumin particles with CCD method. 
Doxorubicin (DOX) could be effectively loaded into HSA 
submicron particles fabricated by CCD technique (DOX- 
HSA- MPs) [13]. The in  vitro release of DOX from drug 
loaded particles in phosphate buffered saline pH 7.4 was less 
than 1% within 5 h, while up to 40% of the entrapped DOX 
was released in presence of a protein digesting enzyme mix-
ture (Pronase®) within the same time [13].

Furthermore, using the lung carcinoma cell line A549 as 
targeting model it was shown that DOX-HSA-MPs were 
internalized by up to 98% of the cells and were localized in 
the cell lysosomal compartments (Fig.  15.4). The cellular 
metabolic activity was significantly reduced after 72 h [13]. 
Therefore, DOX-HSA-MPs represent a viable alternative for 
drug delivery application in cancer therapy.

Hydrophobic substances or extracts may also be incorpo-
rated in HSA particles by the CCD technique. Jantakee et al. 
extracted non-sericin (NS) components from Bombyx mori 
silk cocoons. The NS extract contains carotenoids and flavo-
noids poorly soluble in aqueous media, which were loaded 
into HSA particles (NS-HSA-MPs) to enhance their bio-
availability and biological effects [14].

Riboflavin (RF), a low molecular weight vitamin with low 
water-solubility was also successfully immobilized in HSA 
particles (RF-HSA-MPs) (Fig. 15.5) [15].

The RF-HSA-MPs showed good hemocompatibility and 
the release of RF from the particles exhibits bi-phasic profile 
with a dominating Fickian diffusion mechanism suggesting 
that RF-HSA-MPs represent a long-term drug delivery sys-
tem, and that the CCD-technique of incorporation is appli-
cable to various biomolecules with different molecular 
weights [15]. By using ortho-nitrobenzyl derivative 
4- bromomethyl-3-nitrobenzoic acid (BNBA) as a cross-
linker, photoresponsive bovine serum albumin (BSA)–
BNBA particles may be obtained [16]. This type of particles 
may be decomposed upon UV irradiation at 365 nm under 
acidic environment to release the loaded macromolecules. 
Such a system may be used as potential carriers with stimuli- 
responsive controlled release of loaded macromolecular 
drugs [16].
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In another modified CCD procedure, GOX and Hb were 
co-encapsulated with additional multilayer film to create 
enzymatic cascade microreactors (MRs) [17]. With glucose 
at physiologically relevant concentrations, the GOX-Hb 
MRs exhibited a high cascade reaction activity under mild 
acidic conditions. GOX may catalyze glucose oxidation into 
gluconic acid and H2O2, and the latter may be subsequently 
decomposed by Hb in the same microreactor to generate 
hydroxyl radicals (OH·), which significantly inhibited 
methicillin- resistant Staphylococcus aureus (MRSA) growth 
and biofilm formation [17].

 Summary

Hemoglobin particles fabricated by means of the CCD tech-
nique offer many fields of application, because these parti-
cles may be used not only for the transport of oxygen but 
also as drug carrier. Several hydrophilic or hydrophobic 
drugs like riboflavin or doxorubicin were successfully incor-
porated into albumin particles. The lung carcinoma cell line 
A549 was used as targeting model and it was shown that 
DOX-HSA-MPs were endocytosed and localized in the lyso-
somal compartment. As a consequence, the cell metabolic 
activity of the carcinoma cells was significantly reduced.
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Fig. 15.3 Relaxation rates of Hb-MP/MetHb-MP mixed suspensions 
prepared with 0.02% GA. Hb-MP and MetHb-MP are mixed at ratios 
100/0; 80/20; 60/40; 40/60; 20/80 and 0/100 and diluted to obtain sus-
pensions with PPV of 2, 4 and 6%. (a) Longitudinal relaxation rate (1/
T1) and (b) transverse relaxation rate (1/T2) in dependency on the total 

Hb concentration in the suspensions. The measurements were per-
formed by using a 0.94T Minispec mq40 relaxometer (Bruker Analytik, 
Rheinstetten, Germany) operated at a proton frequency of 40 MHz and 
a preset temperature of 37 °C [12]

Red fluorochrome (DOX) Blue fluorochrome (Lysotracker) Merged

Fig. 15.4 Representative CLSM images in fluorescence and overlay modes of A549 cells after 24 h culturing with DOX-HSA-MPs (5000 parti-
cles/cell) and Lysotracker® Deep Red staining [13]
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Key Points
Hemoglobin submicron particles carrying oxygen and drugs 
are suitable for cancer therapy:

• The particles can easily be fabricated by the 
CCD-technique.

• They are able to enhance ROS generation carrying oxy-
gen and releasing the drug in the tumor cell.

• They are taken up by tumor cells and after digestion of 
protein particles the drug becomes active.

• The drug is carried directly to the tumor and acts only in 
its environment in dependence on the surface of particles. 
Tumor cells with albumin receptors are a favorite target.
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Fig. 15.5 Confocal micrograph of HSA-MPs (A1) and RF-HSA-MP (B1) in fluorescence mode. Fluorescence emission intensity in 3D color map 
surface images of (A2) HSA-MPs and (B2) RF-HSA-MPs [15]
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Perfluorocarbon-Based Oxygen Carriers

Alan D. Kaye, Karla Samaniego, Sumitra Miriyala, 
Benjamin C. Miller, Elyse M. Cornett, 
and Steven A. Conrad

 Introduction

Transfusion of red blood cells currently remains the most 
clinically viable means of increasing the oxygen-carrying 
capacity of blood in the setting of acute or chronic blood 
loss. Blood transfusion is a common procedure, with over 
4.5 million in the US receiving blood transfusions each year, 
and the number of people in need of blood has surpassed the 
available donor pool. Not only is there a growing shortage of 
blood, but blood products are associated with substantial 
limitations and a low but not insignificant risk [1, 2]. Donated 

blood is processed to separate the red blood cell component 
from plasma and platelets. Blood must be stored at a low 
temperature, has a shelf life of only 42  days, and in most 
cases must undergo time-consuming compatibility testing to 
reduce the risk of transfusion reaction, a potentially fatal 
complication. In cases of acute anemia, an oxygen carrying 
substitute that can be administered quickly with no risk of 
incompatibility would have substantial impact in acute and 
critical care medicine. In chronic anemia the availability of 
artificial oxygen carriers could reduce the need for periop-
erative transfusion. Although artificial oxygen carriers would 
not replace the need for blood, they would help decrease the 
amount of blood required in many situations that tradition-
ally necessitated blood transfusion.

There are two main categories of artificial oxygen carri-
ers, hemoglobin-based or perfluorocarbon based [3]. These 
compounds do not provide all the functions of blood such as 
immune function, coagulation, and acid-base buffering, and 
therefore are not true blood substitutes. Instead, they repli-
cate only the oxygen-carrying function of erythrocytes, and 
the term artificial oxygen carriers is preferred. This chapter 
will focus on the use of perfluorocarbons as oxygen carriers 
for support of oxygen transport to tissue and related 
applications.

 Chemical and Physical Properties

Perfluorocarbons refer to a family of compounds that are 
hydrocarbons with fluorine atoms substituted for all hydro-
gen atoms, with a chemical structure abbreviated CxFy. 
Fluorine is the most electronegative element with one of the 
highest electron affinities and low polarizability. The chemi-
cal properties of fluorine contribute to the multiple physio-
logical attributes that make perfluorocarbon-based oxygen 
carriers appealing to use as artificial oxygen carriers.

The low polarizability of fluorine and its slightly larger size 
compared to hydrogen makes perfluorocarbons conformation-
ally different from their hydrocarbon counterparts. In contrast 
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to hydrocarbons that have linear, zig-zag shapes and demon-
strate conformational flexibility, perfluorocarbons based on 
this backbone take on a helical shape related to the steric 
repulsion of fluorine and become rigid, rod-like structures [4, 
5]. The electronegativity of fluorine results in a strong C—F 
bond that is enhanced by the presence of adjacent bonds, 
yielding chemical and thermal stability, further strengthened 
by a dense electron sheath. The C—F bond is extremely polar; 
however, this does not result in polarization of the overall mol-
ecule as one would expect. In fact, perfluorocarbons are among 
the most nonpolar solvents that exist because all the dipole 
moments within the same molecule cancel each other out, 
which makes the overall compound nonpolar [4, 5].

The low polarizability of fluorine accounts for the weak 
intermolecular forces witnessed in perfluorocarbons. 
Because perfluorocarbons are not as densely packed as their 
hydrocarbon counterparts, they have a greater ratio of sur-
face area to volume occupied in water; this results in weak 
van der Waals interactions with water and thus highly hydro-
phobic nature of perfluorocarbons [4, 6]. Furthermore, the 
high polarity of C—F bonds prevents the formation of the 
induced dipoles and van der Waals forces necessary for lipid 
solubility, meaning perfluorocarbons are highly lipophobic 
as well [4, 7]. As a result of their simultaneous hydrophobic 
and lipophobic qualities, perfluorocarbons are biologically 
inert. They are not metabolized by the body and are removed 
by the reticuloendothelial system and via the lungs during 
exhalation [4, 8]. An example of their low water solubility 
and biological inertness in practice is how perfluorocarbons 
are used in commercially available contrast agents. These 
traits allow for the stabilization of injectable microparticles 
and prolong the existence of these contrast agents in vivo for 
ultrasonography [4, 9].

As noted, intermolecular forces between perfluorocarbon 
molecules are weak, yielding viscosities lower than water 
but higher densities, as much as twice that of water, and low 
surface tension. Due to their hydrophobic properties they are 

not miscible with water or blood [10]. In general perfluoro-
carbons are biologically and chemically inert but certain 
compounds can exhibit toxicity in vivo. Some perfluorocar-
bons have other halogens such as bromine partially substi-
tuted that alters some of the properties such as radiolucency.

Perfluorocarbons have high solubility for gases, including 
oxygen and carbon dioxide due to their weak intermolecular 
interactions, thereby their interest for use as artificial oxygen 
carriers [11]. In contrast to hemoglobin, perfluorocarbons 
are chemically inert and do not chemically bind to respira-
tory gases. The strong C—F bond results in stabilization of 
the perfluorocarbon molecule, and the steric shielding of the 
central carbon atom by fluorine atoms adds additional kinetic 
stability and inhibit reactivity [4, 12]. Because they are inert 
to oxidation, perfluorocarbons remain functional in the pres-
ence of carbon monoxide (CO) and even accelerate the 
recovery from CO poisoning by transporting excess CO [7, 
13, 14]. Being chemically inert to respiratory gases also 
makes perfluorocarbons useful in the treatment of decom-
pression sickness, which is caused by the supersaturation of 
respiratory gases, primarily nitrogen in blood and tissues fol-
lowed by rapid decompression. Nitrogen comes out of solu-
tion as bubbles that obstruct small vessels. Animal studies 
have shown that perfluorocarbons have been effective for 
washing out nitrogen and preventing embolism [7, 15].

 Perfluorocarbon Compounds

Perfluorocarbons may be classified into five categories based 
on the primary perfluorocarbon backbone utilized in the 
product: (1) perfluorodecalin, (2) perfluorooctyll bromide, 
(3) tertbutylperfluorocyclohexane, (4) dodecafluoropentane 
and (5) perftoran [7]. A summary of characteristics of these 
perfluorocarbons is provided in Table 16.1. These perfluoro-
carbons have been manufactured in several compounds for 
clinical development.

Table 16.1 Perfluorocarbon compounds for oxygen carriage and related uses

Product class Perfluorodecalin Perfluorooctyll bromide Perfluoro tert-butylcyclohexane Dodecafluoropentane
Formula C10F18 C8BrF17 C10F20 C5F12

Configuration Cyclic Linear Cyclic Linear
Oxygen solubility 403 mL/L 527 mL/L 800 mL/L
Representative 
compounds

Fluosol-DA (20% emulsion)
Perftoran

Perflubron
Oxygent
Imagent

Oxycyte APF-30M

Clinical 
investigations

Artificial oxygen carrier in 
resuscitation
Percutaneous coronary 
angioplasty (PCA)
Occlusive vascular disease

Injectable contrast agent
Liquid ventilation
Pulmonary lavage

Traumatic brain injury Acute ischemic 
stroke

US Regulatory 
status

Approval 1989 for PCA, 
discontinued 1994

Approval as contrast agent 
1993, now discontinued

Not approved Not approved

A. D. Kaye et al.



177

Fluosol-DA was granted FDA approval for coronary angio-
plasty in 1989, but the approval was later withdrawn in 1994 
due to a limited shelf life and side effects related to comple-
ment activation [7]. Perftoran, a 7:3 mixture of perfluorodeca-
lin and perfluoro-N-(4-methylcyclohexyl)-piperidine, was 
approved in several countries from 2005 to 2010 to treat blood 
loss, but isn’t currently approved for use [7]. Oxygent and 
Oxycyte reached human trials in the USA but, as of now, 
haven’t been approved by the FDA for use [7]. Oxycyte suc-
cessfully completed phase II trials but was abandoned by the 
sponsor in 2014 due to lack of patient enrollment and financial 
reasons. Oxygent reached phase III trials, was transiently 
abandoned because of safety issues that later were disproved 
to be product-related [7]. During the initial phase III trial, it 
was thought that Oxygent caused excess bleeding and neuro-
logical events such as stroke-causing Alliance to suspend the 
trial [11]. Subsequent analysis of the clinical study data con-
cluded that the conduct of the study and not the emulsion was 
responsible for the observed adverse events. It was demon-
strated that the neurological and bleeding events were caused 
by excessive hemodilution in the patients receiving Oxygent 
instead of by Oxygent itself [11]. Furthermore, it was shown 
that inadequate management of blood pressure during the 
rapid autologous blood harvesting procedure resulted in 
decreased perfusion to the brain in some of these patients as 
well [11]. Related to these findings, new trials are being initi-
ated in China and parts of Europe [7].

 Perfluorocarbon-Based Oxygen Delivery

In 1966 Clark and Gollan were the first to demonstrate that 
perfluorocarbon liquids have a tremendous capacity for car-
rying and delivering oxygen [4, 7, 11]. Perfluorodecalin, one 
of the most studied perfluorocarbons, has 1000 times the 
molecular solubility for oxygen than that of water [7]. The 
combination of strong intramolecular forces with weak inter-
molecular forces allows perfluorocarbon liquids to behave 
almost like ideal fluids in that they’re easily able to dissolve 
gases with similar, low cohesivity properties such as O2, 
CO2, NO, etc. [4]. The mechanism of perfluorocarbons using 
loose van der Waals forces to dissolve oxygen for delivery 
contrasts with the way hemoglobin transports oxygen, using 
chemical bonding between the oxygen molecule and the iron 
atom in heme. Oxygen uptake by perfluorocarbon solutions 
is linear in contrast to the sigmoidal uptake by hemoglobin 
characteristic of the varying affinity for oxygen as oxygen is 
bound [11]. This linear relationship represents perfluorocar-
bon solubility following Henry’s law, which states that the 
amount of gas dissolved in a liquid is directly proportional 
to the partial pressure of the gas. One consequence of fol-
lowing Henry’s law is that having an elevated arterial oxy-
gen partial pressure maximizes the benefits of the 

oxygen-carrying capacity of perfluorocarbon solutions [4]. 
Another consequence is the rapid oxygen uptake by perfluo-
rocarbons and the rapid and extensive oxygen extraction 
when needed by tissues [4, 5, 7]. When compared to RBCs, 
oxygen loading and unloading by perfluorocarbons occurs 
at twice the rate, and the rate of oxygen extraction from per-
fluorocarbons is three times higher because perfluorocar-
bons can release over 90% of loaded oxygen [4, 16]. 
Furthermore, when perfluorocarbon emulsions are added to 
the plasma, the solubility of oxygen is increases by factors 
of 10–50 [17, 18].

Related to their hydrophobic and immiscible nature, per-
fluorocarbons cannot be directly administered intravenously 
but must be emulsified to generate thermodynamically meta-
stable but kinetically stable mixtures [9]. Characteristics 
desirable for intravascular oxygen transport include emul-
sion stability and low vapor pressure with rapid excretion. 
These ideal properties are not common among perfluorocar-
bons, but those with slightly lipophilic properties such as 
F-octyl bromide (perflubron) are more suitable.

While perfluorocarbons have several attractive features 
for potential use as RBC substitutes in the setting of blood 
loss and surgery, the hydrophobic nature of perfluorocarbons 
that make them immiscible in aqueous media such as blood. 
To use perfluorocarbons in the setting of acute blood loss, 
perfluorocarbons must be manufactured into a stable, emul-
sified, or encapsulated form for intravascular use [4, 5, 16]. 
This has led to the development of multiple generations of 
perfluorocarbon formulations.

 Clinical Applications

Research into RBC substitutes has become increasingly 
important given the limited availability of RBC concentrates 
and the growing demand to accommodate an aging popula-
tion [19, 20]. Utilizing purely synthetic compounds as oxy-
gen carriers has the goal to provide a substitute with an 
unlimited supply, universal compatibility, lack of disease 
transmittance, and avoidance of transfusion-related reactions 
and complications [7, 16].

One of the first-generation perfluorocarbons emulsions 
developed was Fluosol-DA, which is a perfluorodecalin 
product incorporating Pluronic-68 and egg yolk phospholip-
ids for emulsification. Fluosol-DA is the only perfluorocar-
bon to have achieved FDA approval, available from 1989 to 
1994, with an indication for percutaneous transluminal coro-
nary balloon angioplasty for reperfusion of ischemic tissue 
[21, 22]. First-generation perfluorocarbon emulsions had 
several drawbacks such as less effectiveness in oxygen deliv-
ery, short intravascular half-life, storage at freezing tempera-
tures, and complement activation by emulsifying agents 
[22]. Second-generation perfluorocarbon emulsions like 
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Oxygent, a perfluorooctyl bromide-based product, addressed 
some of these issues by having a higher perfluorocarbon con-
tent, using natural phospholipids for emulsification, and not 
requiring freezing for storage [22]. However, these products 
had similar side effects such as the cytokine-mediated pro-
cesses and platelet sequestration [22].

One promising product to treat hemorrhagic shock that 
has milder adverse effects is Perftoran. Created in Russia and 
then approved for use in 1996 to treat hemorrhage and vari-
ous ischemic conditions, Perftoran is a perfluorodecalin- 
based product that uses Proxanol 268 instead of egg yolk 
phospholipid as the emulsifier [23]. According to reports, 
Perftoran has been administered over 35,000 times and has 
demonstrated increased benefit with milder adverse events 
reported due to the product’s smaller size [23]. As of now, 
FluorO2 Therapeutics, Inc plans to manufacture Perftoran 
(rebranded as Vidaphor) in the United States for clinical tri-
als [24]. Another promising perfluorocarbon solution being 
investigated is composed of a perfluorodecalin core sur-
rounded by a biocompatible albumin capsule. These albumin- 
derived perfluorocarbon solutions demonstrated functionality 
as artificial oxygen carriers and biocompatibility by lacking 
severe side effects in animal models [11]. An additional pre-
clinical study demonstrated that these perfluorocarbon solu-
tions acted as life-saving RBC substitutes in the setting of 
massive hemodilution [25]. Although there are currently no 
perfluorocarbon solutions being regularly used for humans 
as the setting of blood substitution, clinical investigations are 
still underway. Further improvements in perfluorocarbon 
products may allow for synthetic blood substitutes in the 
future.

The use of perfluorocarbon-based oxygen carriers, used 
in the setting of other blood-saving techniques would allow 
for surgical procedures with risk of blood loss to be per-
formed while simultaneously avoiding or reducing the 
amount of allogeneic transfusion [3]. A major field of appli-
cation for perfluorocarbons is clearly the replacement of 
blood transfusions in trauma or surgical setting requiring 
large volume blood loss [5].

 Future Directions

 Liquid Ventilation

Humans, along with other air-breathing species, exchange 
oxygen and carbon dioxide through lungs, a respiratory 
organ with an air-blood interface. In fish and other verte-
brates and invertebrates, gills serve as the respiratory organ 
able to extract oxygen from water. In human acute lung 
injury, the resulting inflammatory injury to the alveolar epi-
thelium and loss of surfactant with elevation of alveolar sur-
face tension leads to alveolar collapse and/or filling of alveoli 

with edema fluid. It was hypothesized that filling the lungs 
with fluid rather than air would eliminate the air-fluid inter-
face (and surface tension along with it), reduce atelectasis, 
allow restoration of alveolar structure, and improve gas 
exchange. For this to be successful, the fluid used for instal-
lation into the lungs would have to be capable of carrying 
sufficient oxygen to meet oxygen transfer needs. 
Perfluorocarbons have the characteristics required to meet 
these needs. The use of perfluorocarbons in this manner is 
termed liquid ventilation, wherein the lungs are insufflated 
with an oxygenated perfluorochemical liquid rather than an 
oxygen-containing gas mixture. The use of perfluorocarbons 
as the biochemically inert carrier of oxygen and carbon diox-
ide, rather than nitrogen, has several theoretical benefits for 
treating acute lung damage.

There have been two major approaches to liquid ventila-
tion: total liquid ventilation and partial liquid ventilation. 
Total liquid ventilation involves filling all potential air spaces 
including airway dead space volume with liquid. 
Perfluorocarbons have a kinematic viscosity close to that of 
water and are roughly twice as dense as water. Since perfluo-
rocarbons are denser and more viscous than gas, with a 
slower spreading rate and higher diffusion coefficients, the 
work of liquid breathing exceeds the respiratory muscles to 
maintain ventilation for extended periods of time. A special 
mechanical ventilator to deliver liquid tidal volumes, replen-
ish oxygen in the perfluorocarbon, and remove carbon diox-
ide are necessary to maintain pulmonary gas exchange [26]. 
Total liquid ventilation is a technologically challenging pro-
cess that is still in pre-clinical experimentation and evalua-
tion and has not entered clinical trials.

Partial liquid ventilation differs from total liquid ventila-
tion by filling only the functional residual capacity with per-
fluorocarbon (approximately 30  mL/kg) and using a 
conventional mechanical ventilator to deliver gas tidal vol-
umes. This approach entered early clinical trials using per-
flubron as the perfluorocarbon [27] but was associated with 
complications such as barotrauma related to the large tidal 
volumes that were common at the time.

Non-respiratory applications such as pulmonary medica-
tion administration and radiographic imaging may have 
potential clinical use [20].

 Albumin-Derived Perfluorocarbon Solutions

Most hemoglobin-based artificial oxygen carriers were asso-
ciated with severe side effects in clinical trials and therefore 
further development was suspended. While hemoglobin- 
based oxygen carriers must maintain a specific size to avoid 
local nitric oxide scavenging from the endothelium, perfluo-
rocarbon-based oxygen carrier emulsified particles tend to 
grow because of Oswald ripening and flocculation. Wrobeln 
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et al., successfully synthesized nanoscaled perfluorocarbon- 
based oxygen carriers with a perfluorodecalin core sur-
rounded by a biocompatible albumin shell (capsules) [14]. In 
a rat model of large-scale hemodilution with exchange of 
approximately 95% of the blood volume with either capsules 
in a plasma-like solution (treatment) or the plasma-like solu-
tion without capsules (control), hypoxia sensitive organs 
such as the small intestine and kidney were protected. This 
study served as a “proof of concept” that capsules are a 
potentially life-saving erythrocyte substitute. With these cap-
sules tissue hypoxia, even at critically low hematocrit, can be 
avoided [25].

 Summary

Artificial oxygen carriers are divided into two categories: 
one based on hemoglobin and the second based on perfluoro-
carbons. Neither are a complete substitute for blood but do 
provide the ability to carry clinically useful amounts of oxy-
gen to tissues. Perfluorocarbons have been investigated as 
oxygen carriers in a range of biological applications for sev-
eral decades. These compounds are chemically and physio-
logically inert, have temperature and storage stability, 
provide little to no infectious risk, and have well-established 
gas transport properties. Perfluorocarbons are gas-dispersing 
chemicals that are not suited for direct injection into the vas-
cular system but require preparation such as emulsification 
or other stable nanoparticle generation. When used in con-
junction with other blood-saving measures, perfluorocarbon- 
based oxygen carriers have the potential to compensate for 
blood loss during surgical operations while avoiding or 
reducing the need for allogeneic transfusion.
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Platelet Substitutes

Chancellor Donald and Marc J. Kahn

 Introduction

Platelets are the cellular blood component that facilitates 
hemostasis through the processes of platelet adhesion, acti-
vation and aggregation. Every year in the United States, over 
2 million units of platelet components are transfused [1]. 
Circulating platelets are derived from the membrane of 
megakaryocytes in the bone marrow and as such do not have 
a nucleus. Platelets are small discoids, measuring 2–3 mcm 
in diameter, and upon activation, develop projections of their 
outer membranes which assist in forming a stable clot. 
Platelets contain alpha and dense granules that aid in the for-
mation of a clot when they release their procoagulant con-
tents. Alpha granules contain clotting regulators including 
factors V, and VIII as well as fibrinogen, while dense gran-
ules contain platelet activators such as ADP, calcium and 
serotonin.

Adhesion of platelets to damaged endothelium occurs 
when collagen is exposed. Platelets tether to damaged endo-
thelium using the platelet receptor GP Ib-IX-V and the 
ligand, von Willebrand factor (vWF). Exposure of collagen 
allows for platelet binding via GP VI and the adhesion mol-
ecule α2β1. Adhered platelets are the basis of primary hemo-
stasis. Following adhesion to collagen, platelets become 
activated. Activation involves a complex series of mecha-
nisms including “inside-out” signaling where the platelet 
membrane and receptors become primed for aggregation, 
and “outside-in” signaling where the microenvironment 
facilitates changes in platelet membrane receptors to facili-
tate formation of a clot. Platelet activation is also character-

ized by platelet production of thromboxane A2, tissue factor 
binding to factor VII, generation of thrombin, and platelet 
release of ADP.  Platelet activation is followed quickly by 
platelet aggregation which activates the platelet fibrinogen 
receptor GP α2b-β3. Fibrinogen and its receptor act to form 
a multilayered platelet aggregate to plug a damaged blood 
vessel. Additionally, activation promotes the release of plate-
let granule contents that act to further recruit more platelets 
to the site of vascular injury. Finally, the platelet phospho-
lipid surface acts as the substrate for several important steps 
in the clotting cascade. The result is the formation of a stable 
fibrin clot.

In addition to their role in hemostasis, it has become 
increasingly recognized that platelets also contribute to both 
inflammation and the immune response. These functions will 
not be discussed further in this chapter that will instead focus 
on platelet substitutes to aid in hemostasis and thrombosis.

Given the need for hemostatic control in large cohorts of 
patients, the development of platelet substitutes continues to 
be an area of active research. The topic of platelet substitutes 
can be divided into the creation of modified erythrocyte 
derivatives, the use of non-cellular nanoparticles to promote 
hemostasis and thrombosis, the use of non-cellular hemo-
static agents to improve platelet function, and the use of 
thrombopoietic agents to increase platelet numbers in throm-
bocytopenic patients.

 Modified Erythrocytes

The major determinant of platelet aggregation is the ability 
of fibrinogen to bind platelets together using the platelet inte-
grin receptor GPα2b-β3. There are over 80,000 of these 
receptors on each platelet capable of binding over 40,000 
fibrinogen molecules [2]. The receptor, GPα2b-β3, recog-
nizes the amino acid sequence, arginine-glycine-aspartic 
acid (RGD) found in fibrinogen. In the early 1990s, Coller, 
et al., created thromboerythrocytes, one of the earliest exam-
ples of a synthetic platelet. Thromboerythrocytes were red 
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cells modified to include peptides with the RGD sequence 
[3]. These constructs contained a seven amino acid peptide 
covalently linked to erythrocytes at a high enough concentra-
tion to facilitate aggregation. Thromboerythrocytes were 
found to aggregate with normal platelets and to aggregate 
with GPα2b-β3 found on normal platelets. Fortunately, in an 
animal model there was minimal hemolysis when throm-
boerythrocytes were introduced into the circulation. 
Although novel, unfortunately, thromboerythrocytes were 
found to be immunogenic, limiting their clinical utility [4].

In addition to red cell membranes, liposomes are an 
attractive substrate to use to create bioengineered platelet 
substitutes as they are easily introduced and maintained in 
the circulation and can incorporate hydrophobic as well as 
hydrophilic moieties. Plateletsomes, liposomes containing 
various platelet membrane proteins including GPα2b-β3, GP 
Ib, and GPVI/III have been developed [5]. Unfortunately, to 
date, these products have been rapidly cleared from the cir-
culation by the spleen, greatly limiting their therapeutic effi-
cacy [6]. Additionally, some liposomal preparations were 
found to lose stability while being stored over time [7].

 Non-Cellular Hemostatic Agents

As previously described, fibrinogen is an essential protein in 
thrombus formation and platelet aggregation. The RGD 
(Arg-Gly-Asp) sequence within fibrinogen binds to a platelet 
integrin on GP α2b-β3 and is employed in the creation of 
modified erythrocytes as described above. Another class of 
sequences in the fibrinogen protein that bind to GP α2b-β3 is 
400HHLGGAKQAGDV411, called H12, the fibrinogen γ-chain 
dodecapeptide, in the carboxyl-terminal of the c-chain [8]. 
H12 was conjugated to the surface of polymerized albumin 
particles modified with polyethylene glycol chains to pro-
duce blood-compatible particles (H12–PEG–polyAlb) that 
had prolonged blood residence time and enhanced stability 
in vitro and in vivo. The H12–PEG–polyAlb significantly 
shortened the ear bleeding time of severely thrombocytope-
nic rabbits and showed no effect on the inhibition or promo-
tion of endogenous and exogenous coagulation activities [9].

Inert beads or formaldehyde-fixed platelets bearing fibrin-
ogen on their surfaces have been observed to enhance plate-
let aggregation [10]. This has resulted in the development of 
two kinds of fibrinogen coated albumin particles (FAM).

Thrombospheres are a FAM preparation with a poorly 
understood mechanism of action, but with a demonstration 
of shortened microvascular ear bleeding time in thrombocy-
topenic rabbits and a duration of action of at least 72 hours 
after injection. In normal rabbits, thrombospheres were not 
found to be thrombogenic and did not shorten platelet sur-
vival [11].

Synthocytes represent the other FAM preparation. 
Regarding the mechanism of action, experiments with nor-
mal and thrombocytopenic human blood in an endothelial 
cell matrix-coated perfusion chamber demonstrated an inter-
action between the fibrinogen-coated albumin microcapsules 
and native platelets. It was shown that the fibrinogen-coated 
albumin microcapsules could facilitate platelet adhesion to 
endothelial cell matrix and correct the impaired formation of 
platelet aggregates in relatively platelet-poor blood. No 
potential systemic prothrombotic effect of the microcapsules 
was observed in a model of rabbit venous thrombosis [12].

A novel platelet substitute consisting of disk-shaped 
nanosheets having a large contact area for the targeting site, 
rather than conventional small contact area spherical carriers 
has also been developed. The H12 peptide was conjugated to 
the surface of the free-standing nanosheets made of biode-
gradable poly(d,l-lactide-co-glycolide) (PLGA). The result-
ing H12-PLGA nanosheets specifically interacted with the 
activated platelets adhered on a collagen surface at twice the 
rate of the H12-PLGA microparticles under flow conditions, 
and showed platelet thrombus formation in a two- dimensional 
spreading manner [13]. To date, none of the non-cellular 
platelet substitutes have been sufficiently studied in patients 
to warrant FDA approval.

 Agents to Improve Platelet Function

The antifibrinolytic lysine analogues tranexamic acid and 
aminocaproic acid have been explored as adjuncts to prophy-
lactic platelet transfusions. These medications help to stabi-
lize the clots that form after bleeding, therefore reducing the 
chances of further bleeding as well as possibly the need for 
transfusing platelets. A meta-analysis indicated that the evi-
dence available for the use of antifibrinolytics in hematology 
patients at risk for bleeding is very limited. The trials were 
too small to assess whether or not antifibrinolytics decrease 
bleeding or increased the risk of thromboembolic events 
[14].

The effects of prophylactic tranexamic acid as an adjunct 
to routine transfusion therapy on bleeding and transfusion 
requirements was evaluated in a multicenter, double blind 
placebo controlled randomized clinical trial in patients 
undergoing treatment for hematologic malignancy antici-
pated to have hypoproliferative thrombocytopenia. The study 
revealed that prophylactic tranexamic acid had no effect on 
the incidence of WHO Grade 2+ bleeding when given in 
addition to routine platelet transfusions to severely thrombo-
cytopenic patients undergoing therapy for hematologic 
malignancy. An increased incidence of line occlusion in the 
tranexamic acid arm was observed but no increase in other 
types of thrombotic events was detected [15].
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Anecdotally, recombinant activated factor VII (rFVIIa) 
has been reported to control bleeding in patients with throm-
bocytopenia [16]. Before it can be considered appropriate for 
use, properly designed clinical trials will be required to fully 
evaluate the efficacy of rFVIIa in the treatment of thrombo-
cytopenic patients.

 Thrombopoietic Agents

As noted, despite intense effort, the creation of a true hemo-
static platelet substitute that could survive in the circulation 
and provide hemostasis has remained elusive. For thrombo-
cytopenic patients, interventions designed to increase the 
production of natural platelets in the bone marrow have 
proven a better solution.

Interleukin 11 (IL-11) is a cytokine the promotes mega-
karyocyte maturation. Discovered in 1990, it was marketed 
as the drug oprelvekin to improve platelet recovery after che-
motherapy. Oprelvekin was the first agent in the class of 
thrombopoietics [17].

Following the identification and cloning of thrombopoi-
etin (TPO) as the agent that supports megakaryocyte prolif-
eration and differentiation into platelet-producing cells, 
several TPO analogues have been developed for clinical use 
[18]. Early studies of thrombopoietin receptor agonists 
including full-length TPO, were unsuccessful due to anti-
body formation that exhibited cross reactivity with endoge-
nous TPO [19]. Second generation agents included the small 
molecule eltrombopag and the peptibody, romiplostim. Both 
of these are approved to increase platelet counts following 
chemotherapy and in patients with immune thrombocytope-
nic purpura (ITP) or hepatitis C. A third-generation mole-
cule, avatrombopag, has been approved in patients with ITP 
and in the treatment of periprocedural thrombocytopenia in 
patients with chronic liver disease [20]. Lusutrombopag is 
another approved oral small molecule to increase platelet 
counts. There are other agents under investigation with simi-
lar mechanisms of action. These drugs are safe, with their 
major side effect being complications from thrombocytosis. 
In the absent of a true synthetic platelet, these agents are 
important in inducing innate platelet production in patients 
with thrombocytopenia.

 Conclusion

There is currently no available true synthetic platelet. 
Perhaps, as nanotechnology techniques becomes more 
advanced, a true platelet substitute can be developed. Until 
then, for thrombocytopenic patients, it is best to develop 

molecules that facilitate megakaryocyte proliferation and 
platelet production in the bone marrow microenvironment 
and to develop better drugs to enhance platelet function.

Key Points
• Platelets are essential to promote hemostasis
• Platelet function is characterized by adhesion, activation, 

aggregation
• Platelet substitutes can be divided into erythrocyte deriva-

tives, liposomal products, and nanoparticles
• To date, there has not been a viable platelet substitute
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Plasma Substitutes

Christopher Ryan Hoffman, Alexander Huynh, 
and Henry Liu

 Background

Plasma substitutes are widely used in practice for fluid resus-
citation in the management of critically ill patients resulting 
from trauma, hemorrhage, sepsis, major surgery, and burns.

For decades, much has been debated on which is the ideal 
substitute regarding colloids vs crystalloids. This has been 
broadened further to include colloid vs colloid with the 
advent of synthetic colloids (hydroxyethyl starch, dextrans, 
gelatins) in addition to the natural colloid albumin. Clinicians 
are faced with the challenge of choosing a wide range of 
available products. Careful consideration of the products’ 
pharmacokinetics, pharmacodynamics, and side effect pro-
file should be incorporated [1].

Hypovolemia may be absolute (blood volume loss) or 
relative (blood volume redistribution). Either causes insuffi-
cient blood volume to maintain organ perfusion, vascular 
wall tension, venous return, and ultimately cardiac output 
leading to shock states [1]. In acutely ill patients, blood vol-
ume expansion is the recommended 1st line intervention in 
the “Surviving Sepsis” resuscitation guidelines for patients 
with sepsis or septic shock. This state is defined as a life- 
threatening organ dysfunction caused by dysregulated host 
response to infection [2]. This state of hypovolemia involves 
widespread distribution of fluids into the interstitial compart-
ment as well as vasodilation. Other etiologies include 
increased loss of fluids from hemorrhage, diarrhea, vomit-
ing, or decreased fluid intake. Intravascular volume is needed 
to transport nutrients, waste products, and oxygen. Failure to 
achieve this elicits numerous complications and eventual 
multiorgan dysfunction [3]. A reduced perfusion pressure 
due to greater than 30% loss of circulatory volume has been 
shown to lead to multiorgan failure and death [4].

Issues arise when choosing the ideal agent for fluid man-
agement. The ideal fluid should remain in the intravascular 
space for several hours and have a chemical composition 
similar to that of extracellular fluid. Constituents should be 
able to be metabolized and excreted by the body. The fluid 
should be safe, sterile, and not prone to organ toxicity [5]. 
The fluids can be classified into crystalloids and colloids. 
Crystalloids are further broken down by their tonicity and 
electrolyte composition. Common solutions include 3% nor-
mal saline, 0.9% normal saline, plasmalyte, lactated ringer 
(LR), and dextrose 5%. Colloids are high molecular weight 
substances in crystalloid solutions. They retain intravascular 
volume due to high oncotic pressure. Colloid solutions 
include albumin, hydroxyethyl starches (HES), dextran, and 
gelatin solutions (Table 18.1).

The recommendations for empiric replacement of fluid 
have evolved in the past, stemming from studies looking at 
fluid resuscitation in multiple patient settings [6]. In a 
2001 landmark study looking at early goal-directed ther-
apy (EGDT), it was found that prompt intravenous (IV) 
fluid administration was critical in improving inpatient 
mortality compared to a control group. Standard therapy 
consisted of arterial and central venous catheterization 
with a protocol targeting a CVP of 8–12  mmHg, mean 
arterial pressure (MAP) of 65 mmHg and a urine output of 
at least 0.5  mL/kg/h. The EDGT group included all ele-
ments of this standard but included a catheter measuring 
central venous saturation (SvO2), protocolized administra-
tion of 500 mL of IV crystalloid every 30 minutes target-
ing CVP, SVO2, and MAP goals [7]. More recently, three 
multicenter trials have called into question the benefit of 
EGDT. These trials were the ProCess, ARISE and ProMISe 
trials which showed that EGDT showed no difference than 
usual care [8–10]. Regardless of the study comparison, it 
is still recommended that patients in sepsis receive early 
administration of IV fluid to correct hypovolemia, improve 
blood pressure, and optimize tissue perfusion. The optimal 
amount, rate, and end point is still unknown and is con-
tinuously evolving [11].
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Table 18.1 Common volume replacement solutions

Solution Source Concentration Pros Cons
Crystalloid Normal saline Electrolyte 

solution
0.9% Inexpensive

Widely available
Mild hypertonicity 
preferable in TBI

Hyperchloremic metabolic acidosis
Limited intravascular expansion
Third spacing
Fluid overload

Balanced solutions 
(e.g., Plasmalyte, 
Lactated Ringer’s)

Electrolyte 
solution

More physiologically 
balanced/closer to serum 
osmolarity

Potential accumulation of 
electrolytes/lactate
Suboptimal in neurosurgery

Hypertonic saline Electrolyte 
solution

2%, 3%, 5%, 7% Transient hemodynamic 
improvement compared to 
other crystalloid
Heightened oncotic 
activity/fluid retention
Reduces ICP
Increase T-cell/interleukin 
proliferation

Rapid administration may cause 
pontine myelinolysis
Excess administration can 
exacerbate volume overload
Long-term infusion may require 
central venous access

Hypotonic saline Electrolyte 
solution

0.45%, 0.3%, 
0.18%

Treats hypertonic 
dehydration/free fluid loss

Rapid administration may cause 
cerebral edema
Excess administration can worsen 
electrolyte deficit

Natural 
Colloid

Albumin Human 4%, 5%, 25% Potential anti-inflammatory 
effects, studies vary
Potential benefit in sepsis 
setting

Expensive
Not universally available
No statistically significant benefit 
over crystalloid in multiple settings 
(trauma, TBI)

Synthetic 
Colloid

Hydroxyethyl Starches Potato/Maize 6%, 10% More cost effective than 
other colloids
Higher maximum allowable 
doses than other colloids
Decreased incidence of new 
onset heart failure in ICU 
setting

Hypersensitivity reactions
Coagulopathy
Increased incidence of hepatic 
failure and renal failure 
necessitation replacement therapy 
in ICU setting

Dextrans Leuconostoc 
mesenteroides

10% dextran 40, 
6% dextran 70

Improved viscosity with 
similar hemodilution
Decreased immune 
mediated leukocyte/
endothelial interaction
Improves microcirculatory 
flow in ECMO/CPB 
settings

Hypersensitivity reactions
Coagulopathy
Potential interference with cross 
matching
Renal dysfunction

Gelatins Bovine 3.5%, 4% Cost-effective
Rapid excretion, short 
half-life
Safer maximum allowable 
dose, if any
Less risk of renal 
dysfunction than other 
colloids

Hypersensitivity reactions
Coagulopathy
Circulatory dysfunction
Renal dysfunction still evident

TBI traumatic brain injury, ICP intracranial pressure, ECMO extracorporeal membrane oxygenation, CPB cardiopulmonary bypass

 Crystalloids

 Isotonic Solutions

Crystalloids are compositions of fluid and electrolyte ions in 
varying proportions that determine tonicity. Crystalloids first 
appeared during the cholera pandemic in 1832 and consisted 
of sodium, chloride, and bicarbonate in water [12]. 
Historically, 0.9% sodium chloride has been the most 

 commonly administered IV fluid [13]. However, the use of 
more balanced solutions closer to human plasma electrolyte 
composition have grown in popularity [14]. Balanced crys-
talloids are solutions in which chloride anions are replaced 
with bicarbonate or buffers to reduced acid-base balance per-
turbation [15]. Isotonic crystalloids can be categorized into 
two basic categories which include sodium chloride and 
physiologically balanced solutions. The balanced solutions 
include lactated ringers and plasmalyte.
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Normal saline: The term normal saline is derived from the 
Dutch physiologist Hartog Hamburger in 1882 who sug-
gested 0.9% concentration of salt as found in human blood 
[12]. Normal saline contains sodium and chloride in equal 
concentrations of 154  mmol/L, isotonic with extracellular 
fluid. The osmolarity of the solution is approximately 
308 mOsm/L. The levels of sodium and chloride exceed nor-
mal physiological levels in the extracellular fluid [16]. This 
high chloride load has been associated with the development 
of hyperchloremic acidosis. Additionally, adverse effects 
such as renal impairment, immune dysfunction, and inability 
to recover from severe illness have been described [17, 18].

Lactated ringers’ solution: Lactated ringers (LR) solution 
(also known as Hartmann’s or sodium lactate solution) is a 
mixture containing sodium chloride, sodium lactate, potas-
sium chloride and calcium chloride in water [19]. The solu-
tion has an osmolarity of 273 mOsm/L, making it hypotonic 
to serum. LR should subsequently be avoided in patients 
with cerebral edema as it can worsen edema. Another com-
mon fear related to LR is the risk of causing hyperkalemia or 
lactic acidosis due to its contents. LR contains a 4 mEq/L 
potassium concentration. However, due to the large volume 
of distribution and equilibration between the intracellular 
and extracellular compartments, increases in potassium are 
not typically seen even in renal failure patients [20, 21]. 
Many would argue that the risk of acidosis caused by normal 
saline administration would increase the risk of hyperkale-
mia greater than administering LR. LR has also been thought 
to raise serum lactate levels due to the 28 mmol/L of sodium 
lactate. Lactate is metabolized by the liver and kidney and is 
thought to transiently raise serum lactate levels in periods of 
large administration. In trials looking at 1 l and 30 mL/kg LR 
boluses vs normal saline in septic patients, no differences 
were found in mean lactate levels after administration [22, 
23]. LR also contains calcium, which makes it incompatible 
with blood product administration as it can chelate with 
citrate and develop clot.

Plasmalyte and the congeners: Plasmalyte was first made 
available in 1982 and engineered to be similar to plasma. It 
contains sodium, potassium, chloride, and magnesium at lev-
els similar to plasma. The osmolality of plasmalyte is 
approximately 291 mOsm/kg which falls within the normal 
physiological range of 280–296 mOsm/kg. One of the main 
differences between plasmalyte and LR is the addition of 
magnesium and omission of calcium. The addition of mag-
nesium to plasmalyte should be considered when given to 
patients at risk for hypermagnesemia. Although plasmalyte 
contains magnesium, it is not indicated for the treatment of 
hypomagnesemia. Similar to LR, plasmalyte contains 
5  mmol/L of potassium and should be used cautiously in 
patients at risk for hyperkalemia. There have been no pub-
lished cases seen in medical literature for plasmalyte hyper-
sensitivity reactions [24]. Interestingly, patients have 

reported to falsely test positive for galactomannan antigen 
after receiving plasmalyte infusion. Galactomannan is a 
marker for pulmonary aspergillosis in immunocompromised 
patients [25].

Numerous studies have been conducted over the years 
looking to determine the ideal balanced crystalloid. These 
studies range from preclinical research to comparison stud-
ies between saline and balanced crystalloids in observational 
and controlled trials among healthy volunteers, acute illness, 
operating room, and critically ill adults. Among healthy vol-
unteers receiving 2  L of either saline or plasmalyte over 
1 hour, it was shown that saline decreased renal artery veloc-
ity, cortical perfusion, and urine output, and increased extra-
vascular fluid accumulation compared to plasmalyte [26].

Observational studies comparing balanced crystalloids to 
saline in the resuscitation of patients in septic shock have 
been described [27, 28]. A retrospective analysis of 100,000 
patients from an electronic record database meeting SIRs cri-
teria showed patients receiving larger chloride loads had 
increased risk of death (odds ratio, 1.09; 95% confidence 
interval) [27]. Another study found that in a propensity 
matched analysis of 6000 adults, patients receiving balanced 
crystalloids were associated with a 3.2% lower absolute risk 
of in-hospital mortality [28]. Many studies have looked at 
the intraoperative difference among different crystalloids. 
The LICRA (Limiting IV Chloride to Reduce AKI) study is 
the largest trial to date comparing normal saline to balanced 
crystalloids. This trial was a single, cluster, double- cross-
over trial comparing low-chloride solutions with high chlo-
ride solutions among 1126 adults going cardiac surgery at 
one academic center. The incidence of AKI was not signifi-
cantly different between the two groups [29]. The Saline vs 
Lactated Ringers (SOLAR) trial showed no difference in 
postoperative complications in patients undergoing orthope-
dic and colorectal surgery [30].

Numerous studies also address the critically ill. The 
SPLIT trial (0.9% Saline versus Plasmalyte 148 for ICU 
fluid Therapy) compared 2278 patients admitted to ICU. The 
patients were predominantly admitted after cardiovascular 
surgery. They showed a 0.87 relative risk of in-hospital mor-
tality with balanced crystalloids versus saline [31]. The 
SALT (isotonic Solution Administration Logistical Testing) 
compared LR with 0.9% saline among 974 adults admitted 
from the ED to the ICU. This trial showed a 0.91 odds ratio 
of 30  day in-hospital mortality with balanced crystalloids 
versus saline (95% CI 0.64–1.30). There was also decreased 
incidence of death, new renal replacement therapy, or renal 
dysfunction with balanced crystalloids versus saline [32].

The SMART trial (isotonic Solutions and Major Adverse 
Renal events Trial) examined 15,802 patients from five 
ICUs. The primary endpoint was major adverse kidney 
events within 30 days (MAKE30), composite of death, and 
persistent renal dysfunction. This trial showed an increased 
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MAKE30 among the saline group, and an absolute risk 
reduction in MAKE of 3.7% (0.6–6.9%) and in-house mor-
tality of 4.2% (−7.9–16.4%) with balanced solution [33]. As 
one might expect, the trials and studies examining the ideal 
isotonic agent are vast. The decision to administer a crystal-
loid depends on numerous factors including cost efficacy, 
clinical judgement, and data driven decision making.

 Hypotonic and Hypertonic Solutions

Different solutions based on their osmolality have been 
developed and used in medical practice, including both 
hypotonic and hypertonic solutions. Although not primarily 
used as plasma expanding solutions in resuscitation, these 
solutions can substitute plasma and have varying medical 
applications. Hypotonic solutions commonly used include 
dextrose in water and 0.45% saline. Hypotonic solutions 
have been used in the pediatric population since the mid 
1950s. This study detailed maintenance fluid requirements in 
children and found that the standard maintenance rate for 
sodium was approximately 4  mmol/kg of sodium per day 
[34]. Hypotonic fluids which contain approximately 
30–50 mmol/L of sodium is consistent with this requirement 
and led to its use in the pediatric population. However, sig-
nificant side effects of hypotonic solutions have led to con-
cerns for widespread use. These include development of 
hyponatremia and cerebral edema. The passive osmotic shift 
from the hypotonic plasma to the brain can lead to significant 
neurological morbidity. One Cochrane review showed a 
marked lower risk of developing hyponatremia in those 
receiving isotonic solutions versus hypotonic solutions (17% 
vs 34%) [35]. Serum sodium levels are lowered in patients 
receiving hypotonic solutions versus isotonic solutions [36].

Hypertonic solutions come in different formulations 
including 3–7.5% saline. These solutions are composed of 
sodium and chloride dissolved in water at concentrations 
much higher than normal blood serum levels. The FDA 
approved uses of hypertonic solutions include correcting 
hyponatremia and increased intracranial pressure. The high 
concentration of NaCl compared to plasma causes an osmotic 
gradient that drives fluid into the intravascular space. This 
causes an increase in mean arterial pressure (MAP), stroke 
volume (SC) and cardiac output (CO) when compared to 
other isotonic fluids [37]. Additionally, it has been found that 
less volume of hypertonic saline is required to achieve simi-
lar plasma volumes of normal saline [38]. Its use in elevated 
ICP settings relate to its ability to increase serum osmolarity, 
allowing fluid from the extravascular space to enter the intra-
vascular space. Studies show that 3% hypertonic saline 
decreases ICP similar to 20% mannitol [39]. In patients with 
severe hyponatremia, hypertonic saline can be used for effi-
cient correction. The optimal regimen is variable and restric-

tive. Authors recommend only up to a 6–12 mEq/L increase 
in sodium in the first 24 hours, and 18 mEq/L in 48 hours 
should be performed due to risk for central pontine myelin-
olysis [40]. It is also noted that central venous access is the 
preferred route of administration.

 Colloids

 Natural Protein Colloid – Albumin
Albumin is a plasma protein naturally occurring in human 
serum. Developments in blood fractionation led to the isola-
tion, purification, and subsequent marketing of albumin solu-
tions as a resuscitative agent (Fig.  18.1). At a molecular 
weight of 66.5 kDa, it is derived from pooled human plasma 
then heated and sterilized by ultrafiltration. Purified protein 
fractions yield 83–96% albumin, with the remainder isolated 
being various globulins. FDA package insert indications for 
albumin include hypovolemia, ascites, hypoalbuminemia 
including from burns, acute nephrosis, acute respiratory dis-
tress syndrome, and cardiopulmonary bypass [42]. Albumin 
is typically available in 4%, 5%, 20%, and 25% concentra-
tions, with clinical indications for higher strengths focusing 
on severe liver disease and shock states [43]. Despite its 
lengthy history on the market, it remains expensive to pro-
duce and distribute, limiting its use worldwide. The SAFE 
(Saline versus Albumin Fluid Evaluation) study estimated 
that one 500 cc bottle of 4% albumin cost €61.80, or $75.62 
[44]. Low concentration albumin is relatively iso-oncotic, 
while high concentration is substantially hyper-oncotic. 
500 mL of 5% albumin expands plasma volume by ~500–

Fig. 18.1 Cartoon representation of molecular structure of serum albu-
min [41]
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750 mL, while 100 mL of 25% albumin expands plasma vol-
ume by ~450 mL. Albumin has an intravascular residence 
time of about 4  hours [45]. This is an approximation, as 
plasma volume expansion may be dependent on rate of 
administration and extent of systemic disease (e.g., cirrhosis) 
[46, 47].

Multiple studies over time have attempted to determine 
albumin’s role in optimizing organ perfusion and tissue oxy-
genation. Investigation into the matter heightened after a 
Cochrane meta-analysis of 30 randomized controlled trials 
including 1419 participants concluded that those receiving 
albumin instead of crystalloid in the setting of hypovolemia, 
burns, or hypoalbuminemia had a higher pooled risk of death 
(relative risk 1.68, number needed to harm = 17) [48]. The 
SAFE study subsequently followed 6997 ICU patients 
receiving 4% albumin or crystalloids for 28  days. Results 
showed no significant difference in pooled mortality or the 
development of new organ failure. Of note, to achieve no dif-
ferences in mean arterial pressure or heart rate, the ratio of 
albumin to saline administered was 1:1.4. The trial did report 
that pathology-specific outcomes differed. Those in the 
group being treated for traumatic brain injury did associate 
with increased mortality (relative risk 1.63), albeit at 2 years 
post intervention. Those in the group being treated for hypo-
albuminemia did not exhibit statistically significant differ-
ence. Those in the group being treated for severe sepsis were 
associated with decreased mortality in the 28-day study win-
dow (relative risk 0.71) [44]. Extrapolation of data from 
these findings estimated cost efficacy for those treated with 
albumin specifically in the setting of severe sepsis. Real 
world admissions and discharges in this patient population 
combined with estimated life expectancy yielded costs per 
life saved and per year saved were €6037 ($7385) and €617 
($755), respectively [49]. Aforementioned studies were 
restricted to adult populations. Evidence has shown no statis-
tically significant difference in mortality in the pediatric 
population with impaired perfusion receiving bolus resusci-
tation at 48 hours, though there was an increase in death at 
48 hours in both groups [50].

Investigations clarifying albumin’s role in inflammatory 
processes and endothelial cell activation is largely restricted 
to in  vitro study with limited conclusions. Treatment of 
bovine cells to human albumin yielded mild anti- 
inflammatory properties when compared to hydroxyethyl 
starch [51]. Rat models pose that albumin treatment may 
prevent lung injury in the setting of hemorrhagic shock 
when compared to crystalloid administration [52]. 
Conversely, human umbilical venous tissue models have 
demonstrated albumin mediated increases in endothelial 
cell adhesion molecules (e.g., e-selectin, ICAM-1, VCAM-
1), potentially worsening critically ill patients [53]. In the 
clinical realm, there has been less beneficial effect seen, 
though potentially a lack of deleterious effect. Plasma con-

centrations of soluble adhesion molecules (e.g. sELAM-1, 
sICAM-1, sVCAM-1, sGMP-140) remained at baseline 
concentrations in the setting of trauma, versus increases 
when compared to hydroxyethyl starch administration. The 
exact reason for this is unclear, but authors pose that the 
consistent inflammatory mediator concentration could have 
been due to it being unaffected just as potentially as it being 
continued or worsened [54].

Potential adverse effects are not limited to the debate over 
inflammatory processes. The principal concern is with regard 
to hypersensitivity reactions. The reported incidence of any 
reaction is 1 in 6600, with severe reactions occurring in 1 in 
30,000 patients [55]. History or heightened concern for 
allergy is the principal contraindication according to the 
FDA. The other chief concern is its administration in the set-
ting of resuscitation (severe anemia, cardiac failure) in the 
setting of increased intravascular volume, due to the poten-
tial for impending fluid overload [56]. Albumin should be 
used with caution in the settings where capillary or barrier 
tissue has been violated, such as injuries to lung tissue or the 
blood brain barrier. The elimination of filtering barriers nor-
mally allowing for transudative fluid shifts may now result in 
albumin/oncotic mediated sequestration of fluid. Albumin 
leaking into interstitium in these settings may exacerbate 
pulmonary compromise or cerebral edema. Evidence sug-
gests albumin mediated coagulopathy is another complica-
tion to consider when weighing risks and benefits of 
administration. In vitro reports detail dose dependent attenu-
ation of histone-induced platelet aggregation, as well as a 
return to normal function when albumin is depleted from 
plasma [57]. Other studies pose that albumin increases the 
formation of anti-aggregatory prostaglandin D2 and E2 from 
cyclic endoperoxides [58, 59].

 Synthetic Colloids
Hydroxyethyl starches (HES) are hydrolyzed derivatives of 
amylopectin, a highly branched cornstarch. Glucose mole-
cules are hydroxyethylated at one or more of six carbon posi-
tions (Fig. 18.2). Variations of HES depend on the degree of 
molar substitution (the proportion of glucose units on the 
starch molecule modified with hydroxyethyl units) and ratio 
of CS-C6 substitutions. These changes result in higher 
molecular weights and altered degradation/excretion rates 
[61]. Due to this wide variety, HES compounds are listed 
with particular nomenclature (Table 18.2). For example, the 
product Hespan is 6% HES 450/0.7  in normal saline. The 
first number (6%) denotes the concentration of the solution, 
the second number (450) denotes the mean molecular weight 
in kDs, and the third number (0.7) denotes the molar substi-
tution (in this case, approximately 7 hydroxyethyl groups for 
every 10 glucose units) [62]. Typically 6% HES solutions are 
considered iso-oncotic, meaning that they can replace other 
colloids (e.g. albumin, blood product) at a 1:1 ratio. 10% 
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Fig. 18.2 Structure of 
hydroxyethyl starch [60]

Table 18.2 Hydroxyethyl starch preparations

HES Preparation Concentration
Mean molecular 
weight (kDa)

Molar 
substitution

C2/C6 
ratio

Osmolarity 
(mOsmol/kg)

Maximum daily 
dosage (mL/kg)

Hextend 6% hetastarch in balanced solution 670 0.75 5:1 307 20
Hespan 6% hetastarch in 0.9% saline 600 0.75 5:1 309 20
Hestar 6% pentastarch in 0.9% saline 200 0.5 5:1 308 33
Haes-Steril 6% tetrastarch in 0.9% saline 200 0.43–0.55 5:1 308–310 33

10% tetrastarch in 0.9% saline 20
Venofundin 6% tetrastarch in 0.9% saline 130 0.42 6:1 309 50
Tetraspan 6% tetrastarch in balanced solution 130 0.42 6:1 296 50

10% tetrastarch in balanced 
solution

33

Tetrahes 6% tetrastarch in 0.9% saline 130 0.4 >8:1 308 50
VetStarch 6% tetrastarch in 0.9% saline 130 0.4 9:1 308 50
Voluven 6% tetrastarch in 0.9% saline 130 0.4 9:1 308 50
Volulyte (Voluven in 
solution instead of saline)

6% tetrastarch in balanced solution 130 0.4 9:1 286.5 50

HES solutions are hyperoncotic, determined to expand vol-
ume by approximately 145%.

Molecular weights are commonly designated by the mean 
molecular weight, though some sources organize starches by 
number average molecular weight. This calculation is simply 
the total weight of the polymer divided by the total number 
of molecules. The mean molecular weight is therefore influ-
enced by larger molecules in the polymer and reports larger 
numbers. Ratios of the two calculations delineates the degree 
of nonuniformity in each polymer. When a polymer solution 
is administered, oncotic activity is determined by the weight 
of individual particles, not the total averaged weight. If a 
nonuniform solution is introduced the smaller, easily broken- 
down particles will clear while the heavily weighted particles 
remain. Furthermore, breakdown of heavily weighted parti-
cles may still exhibit oncotic activity until they are broken 

down further and cleared. The difference in ratios may not 
have a clinical effect, as the smaller cleared particles are off-
set by the larger particles and their relatively larger break-
down products. Ultimately, varying molecular weights have 
a lesser impact of clinical outcome than molar substitutions. 
This is demonstrated in products with similar molecular 
weights but differing molar substitutions [63].

Hydroxyethyl group substitutions to the glucose poly-
mer increase water solubility and inhibit enzymatic break-
down. This is typically reported as the number of 
hydroxyethyl groups per glucose subunit. There can be 
multiple residues per glucose subunit. Therefore, the num-
ber may be inflated when compared to the degree of substi-
tution, a figure calculated from the total number of 
substituted groups divided by the total number of glucose 
residues. The degree of substitution determines nomencla-
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ture for certain products. Solutions with a molar substitu-
tion of 0.7 are referred to as hetastarches, 0.6 as hexastarches, 
0.5 as pentastarches, and 0.4 as tetrastarches [64]. Newer 
generation starches possess reduced substitution coeffi-
cients, lacking the risk for persistent retention in the plasma. 
Plasma clearance of tetrastarch is 20 times more rapid than 
pentastarches and hetastarches [65].

One key pharmacokinetic property not established in the 
HES nomenclature is the C2/C6 ratio. As previously men-
tioned, hydroxyethyl groups can be attached to multiple sites 
on a glucose subunit. They are most commonly positioned at 
the C2 and C6 carbons of the glucose molecule. Enzymatic 
hydrolysis of HES products occurs via serum α-amylase. 
Amylase can access substrates more effectively in HES 
products with higher proportions of C6 substitutions than C2 
substitutions. Therefore, the higher the C2/C6 ratio, the more 
resilient the compound is to enzymatic breakdown. Plasma 
concentration and subsequent oncotic activity has been 
shown to increase as the C2/C6 ratio increases, with a “high 
ratio” exceeding 8:1 [66, 67].

HES solutions are the most widely used and studied syn-
thetic colloids, commonly administered and reported in mili-
tary and ICU settings. The primary advantage in these 
settings is that HES solutions are more cost effective than 
other colloids, including albumin. Similar to other synthetic 
colloids, its sequestration limits the maximum allowable 
dose. One advantage however is that the maximum volume 
(around 50 mL/kg) is greater than other synthetic colloids. It 
has been demonstrated that HES solutions may be preferred 
in sepsis settings. HES solutions exhibit anti-inflammatory 
properties and preserve gastrointestinal microvasculature in 
patients treated for bacteremia [68]. HES solutions’ adverse 
effects have been also commonly reported. One of the more 
common wide scale reviews of HES administration is the 
CHEST study (Crystalloid versus Hydroxyethyl Starch 
Trial), where 7000 ICU patients receiving HES solutions 
were investigated. The group found no difference in 90-day 
mortality between HES and saline administration in the set-
ting of sepsis, trauma, or traumatic brain injury. A decreased 
incidence of new onset heart failure was demonstrated, 
though alongside increased incidence of hepatic failure and 
renal failure necessitation replacement therapy [69]. HES 
solutions are associated with higher incidences of anaphy-
lactoid reactions, when compared to other colloids [70]. 
While newer, more rapidly degraded HES solutions exhibit 
mitigated effect, all HES solutions affect coagulation and 
platelet function. Specific mechanisms are not identified, but 
there is up to an 80% subsequent decrease in Factor VIII, von 
Willebrand factor, and platelet count. This can manifest in 
administration less than maximum allowable doses, yielding 
delayed coagulation studies and increased bleeding compli-
cations [71, 72]. HES sequestration varies based on the gen-
eration of the solution and dose dependence. It has been 

identified in liver, muscle, spleen, placenta, intestine, and 
skin. Radio-labeling has detected significant and varying 
quantities of HES in tissue over 50 days after its administra-
tion [73]. Aside from limiting maximum doses, this seques-
tration often presents with extensive pruritus.

 Dextrans (10% Dextran 40, 6% Dextran 70)
Dextran consists of glucose molecules derived from 
Leuconostoc mesenteroides polymerized into chains of high 
molecular weight polysaccharides. The compound is manu-
factured into varying molecular weights, and as such each 
commercially available product is named after its target 
weight. The most common sizes marketed are dextran 40 and 
dextran 70, with 40 kD and 70 kD molecular weights, respec-
tively. These formulations exhibit high water binding capac-
ity. One gram of dextran 40 retains 30 mL of water and 1 g 
of dextran 70 retains about 20–25 mL of water, precipitating 
a 100–150% increased volume [74]. The compounds benefit 
from longer intravascular residence times than albumin. The 
majority of dextran 40 is cleared within 5  hours and the 
majority of dextran 70 is cleared within 6–8 hours, though as 
much as 40% of dextran can remain in circulation up to 
12 hours. Both polymers are almost entirely cleared via the 
kidneys. Trace amounts can enter the interstitium and gastro-
intestinal tract [75].

In addition to gross volume expansion, dextrans’ role in 
resuscitation has been in the setting of ischemia, post- 
ischemia, and reperfusion injury. Animal studies show that 
dextran solutions markedly decrease blood viscosity with the 
same degree of hemodilution when compared to other plasma 
substitutes [76]. Theoretically the improved viscosity 
reduces the sticking interaction of activated leukocytes with 
endothelial cell membrane. Limiting leukocyte activation at 
the cell membrane decreases harmful released intermediates. 
Authors also posit the involvement of dextrans binding to 
adhesion molecules. Animal models exhibit this, with 
decreased immune mediated leukocyte/endothelial interac-
tion after induced ischemia and hemorrhagic shock [77–79]. 
Dextran has subsequently been relied upon to improve 
microcirculatory flow in microsurgical re-implantation, 
extracorporeal circulation, and cardiopulmonary bypass.

Dextran is not widely utilized largely related to its side 
effect profile. Dextrans reactive antibodies cause more severe 
anaphylactic reactions than any of the other synthetic col-
loids. This incidence can be lowered by pretreating with 
20 mL single dose containing 3 g of dextran 1. Antibodies 
are believed to bind to dextran 1 instead and form inactive 
complexes. However as this is also a dextran, the pretreat-
ment also carries hypersensitivity risk. Pretreatment does not 
completely eliminate the potential for anaphylaxis to dextran 
40 or 70. Dextrans promote coagulopathy, inducing a von 
Willebrand-like condition. Von Willebrand factor and subse-
quent vWf:Factor VIII activity is attenuated, decreasing 
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platelet adhesiveness. Increased fibrinolysis has also been 
demonstrated. These effects are dose dependent, with greater 
effect in larger molecular weight dextrans. As a result, there 
is a maximal dosage recommendation of 1.5  g dextran/kg 
body weight/day to prevent serious bleeding and increased 
transfusion requirement [80]. Dextrans have been reported to 
interfere with cross matching. Peripheral smears show RBC 
clumping from dextran mediated false agglutination of the 
red cells. This activity can be resolved by washing the 
patient’s red cells several times with saline [81, 82]. Renal 
dysfunction associated with dextran administration is well 
documented. Acute renal failure and exacerbation of chronic 
failure have both been demonstrated, though it is more com-
monly associated with preexisting renal disease, oliguria, 
hemodynamic instability, advanced age, and long-term dex-
tran administration. The likely mechanism is accumulating 
dextran molecules in the renal tubules causing tubular plug-
ging, swelling, and vacuolization [83].

 Gelatins
Gelatins are a group of products formed from collagen 
hydrolysis. They are typically derived from dissolving 
bovine connective tissue and forming jellies once cooled. 
Despite their animal origin, gelatin products are considered 
sterile, preservative-free, and shelf stable for 3 years when 
stored at less than 30 °C. Early solutions (circa 1915) had 
higher molecular weights than other plasma expanders, with 
some products weighing 100 kD and higher. These com-
pounds exhibited marked oncotic effect but carried increased 
risk related to its viscosity. Its storage was complicated by 
solidification when stored at low temperatures [84].

Various solutions have subsequently been developed, 
with varying molecular weights and chemical modifications. 
Succinylated or fluid modified gelatins (Gelofusine, 
Plasmagel, Plasmion) contain 20 kD polypeptides modified 
by the addition of succinic acid. It is a preservative-free 4% 
solution with electrolytes (Na+ 154, K+ 0.4, Ca++ 0.4 and Cl 
−120  mmol/L), its composition considered useful during 
aggressive fluid resuscitation. The low chloride may be use-
ful in the setting of hyperchloremic metabolic acidosis asso-
ciated with excess normal saline administration, and the low 
calcium content allowing for compatibility with concomitant 
blood transfusion [84]. Urea-crosslinked gelatins (Polygeline, 
Hemacel) contain 12–15 kD polypeptides crosslinked with 
hexamethyl di-isocyanate to form compounds with weights 
ranging from 5–50 kD, with an average of 24.5 kD. It is a 
preservative-free 3.5% solution with electrolytes (Na+ 145, 
K+ 5.1, Ca++ 6.25 & Cl − 145  mmol/L). It is noted for its 
comparatively elevated potassium and chloride concentra-
tions [84, 85]. Oxypolygelatin (Gelifundol) is considered 
one of the initial developed compounds in the second- 
generation gelatins, modified by oxidation via hydrogen per-
oxide. It is a 5.5% solution with electrolytes (Na+ 130 & 

HCO3
− 30, Cl − 100 mmol/L) [86, 87]. It is often grouped 

with new generation gelatins as a topic but has not been 
heavily utilized or cited since the 1990s.

Gelatin administration has been shown to expand volume 
70–80% greater than crystalloid solutions, with expansion 
and hemodiluting abilities comparable to HES [88]. The 
compounds are also rapidly renally excreted, with less than 
3% metabolized. They demonstrate less risk to renal impair-
ment than other plasma expanders. 24 hours after adminis-
tration, gelatin is reported to be found approximately 71% in 
the urine, 16% extravascular and 13% in plasma. Unlike 
other colloids, its rapid transit eliminates the need for upper 
limits of administration. It is markedly cheaper to produce 
than other colloids as well. The cost efficacy and lack of vol-
ume restriction may mitigate the overall increased product 
required due to its short half-life (approximately 2.5 hours) 
[84, 89]. As a result, clinical indications have included hypo-
volemia secondary to acute hemorrhage, normovolemic 
hemodilution, extracorporeal circulation, and volume pre- 
loading prior to neuraxial anesthesia [89, 90].

Gelatin administration is associated with increased ana-
phylactic and anaphylactoid reactions. They are associated 
with a higher incidence of such reactions when compared to 
other synthetic colloids. Meta-analysis of its use demon-
strated a 1.15 risk ratio for mortality and a 3.01 risk ratio for 
anaphylaxis [70, 91]. Early studies implied gelatins had little 
effect on coagulation other than hemodilution. Evidence has 
grown that gelatins demonstrate more effect, though the clin-
ical outcome is unclear. Hypocoagulability has been demon-
strated with increased prothrombin time and international 
normalized ratios, as well as increased reaction time on 
thromboelastography [92]. Gelatin administration has been 
shown to inhibit ristocetin-induced platelet agglutination and 
create varied effects on GP IIb–IIIa expression [93, 94]. 
Circulatory dysfunction is evident as gelatin administration 
is associated with increased transcapillary filtration with 
rebound to baseline after its administration is discontinued 
[95]. Meta-analysis of gelatin administration has demon-
strated circulatory dysfunction associated with increased 
plasma renin activity, albumin excretion, and  alpha/beta- 
microglobinuria. This translates to a 1.35 risk ratio for acute 
kidney injury and/or renal failure [61, 91].

 Summary

The ideal resuscitation fluid would markedly increase plasma 
volume, exhibit similar iso-oncotic and isotonic composition 
to extracellular fluid, and limit third-spacing extravasation. It 
would produce no adverse effects during or after its adminis-
tration. Its sequestration would be trace, and its clearance 
and excretion would be complete in relatively short duration. 
Its elimination would not rely upon optimally functioning 
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organ systems. It would be easily produced, cost-effective, 
and readily available with a long shelf life without special 
storage requirements. These parameters are not achieved by 
any product utilized today. Yet the need for optimal resusci-
tation in trauma and intensive care arenas has resulted in 
decades of research and development. Many products have 
entered the market, with a range of mechanisms, indications, 
and adverse effects. Despite expectations embellished by 
biochemical and pharmacodynamic properties, colloid solu-
tions do not exert a clear benefit over crystalloid solutions 
with regard to hemodynamic outcomes. This lack of statisti-
cal superiority, combined with a diverse side effect profile, 
largely leads to synthetic colloid solutions being left out of 
general resuscitation guidelines and recommendations. 
Albumin administration is often restricted by its expense and 
limited statistical benefit over crystalloid solution, though 
some scenarios exist where it can be beneficial. Balanced salt 
solutions have become the common practical solution for 
most clinical scenarios, though they are not without their 
own safety and efficacy concerns. Ultimately, not every 
product is available in every location or scenario. Thus, 
administration of any particular product is often dependent 
on regional availability, clinical preference, and cost 
efficacy.

Key Points
• An ideal plasma substitute should hypothetically increase 

plasma volume and demonstrate similar composition to 
extracellular fluid. It would be free of adverse effects, 
cost-effective, with a long shelf-life.

• Conventional crystalloid solutions are inexpensive, 
widely available, and well-known. They are often consid-
ered the standard plasma substitute, though they can 
sequester into interstitium, exacerbate fluid overload, and 
accumulate electrolyte.

• Purified human serum albumin is a natural colloid solu-
tion that can effectively expand volume via osmotic pres-
sure, depending on the concentration given. It is expensive 
with limited availability. Its administration is advanta-
geous in sepsis but likely harmful in burns and traumatic 
brain injury. Other clinical settings report little statistical 
benefit, limiting widespread use.

• Hydroxyethyl starches include a wide variety of polymers 
with osmotic activity dependent on their molecular weight 
and moiety substitutions. Recent compounds are cost- 
effective and have demonstrated potential benefits in the 
setting of heart failure. Wider use is limited by adverse 
effects, including hypersensitivity reactions, coagulopa-
thy, and hepatorenal failure.

• Dextrans are glucose molecules polymerized into chains 
of high molecular weight polysaccharides commonly pro-
duced in two molecular weights, dextran 40 and dextran 

70. They exhibit dramatic water retention with improved 
viscosity, leukocyte interaction, and microcirculatory 
flow. Wider use is limited by adverse effects, including 
hypersensitivity reactions, coagulopathy, and renal 
failure.

• Gelatins are derived from dissolving bovine connective 
tissue and forming jellies once cooled. Newer generation 
compounds exhibit cost-efficacy, stable shelf life, and 
dramatic water retention. Their clearance allows for safer 
maximum allowable doses. Wider use is limited by 
adverse effects, including hypersensitivity reactions, 
coagulopathy, and renal failure.
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Soluble Nanobiotherapeutics with 
Enhancements of All Three Major Red 
Blood Cell Functions

Thomas Ming Swi Chang

 Introduction

 General

Artificial Red blood cells (RBC) containing stroma-free 
hemoglobin [1] was prepared to have some of the 3 major 
RBC functions: (1) transport oxygen (2) remove oxygen 
radicals and (3) Transport carbon dioxide CO2. We also 
crosslinked stroma-free hemoglobin using glutaraldehyde 
[2] to form crosslinked stroma-free hemoglobin [3]. Most 
people thought that artificial RBC was a simple matter that 
could be quickly developed for clinical use when needed. 
Thus, only the other areas of artificial cells were extensively 
developed around the world [4].

 Hemoglobin Based Oxygen Carrier

When H.I.V. came unexpectedly in the 1980s there was no 
blood substitute, and many patients were infected with H.I.V. 
contaminated donor blood. The initial urgency with H.I.V. 
contaminated donor RBC led researchers to concentrate on 
simple oxygen carriers without the other RBC functions. 
Thus, Biopure used glutaraldehyde to crosslink ultrapure 
bovine hemoglobin to form polyhemoglobin (PolyHb) with 
only one RBC function, oxygen carrier. This has been 
approved in South Africa and Russian to avoid the use of 
H.I.V. contaminated donor blood [5]. In another clinical trial 
using a different polyhemoglobin [6] there was concern 

regarding a small increase in nonfatal myocardial infarction. 
It was thought that this could be due to the lack of the anti-
oxidant function of the polyhemoglbin [7].

 Oxygen Carrier with Antioxidant Activity

Thus, a soluble complex of nanobiotherapeutic consisting of 
hemoglobin and antioxidant enzymes was formed by cross-
linking hemoglobin (Hb) with two RBC antioxidant 
enzymes, superoxide dismutase (SOD) and catalase (CAT) 
to form Poly-[Hb-SOD-CAT] [7] Later, conjugated hemo-
globin containing synthetic antioxidants (PNPH) [8] have 
also been prepared. Both of these can remove oxygen radi-
cals and prevent ischemia-reperfusion injury. Other 
approaches include those of Simoni et al., Rousselot et al., 
Jia & Alayash as discussed in detail elsewhere in this book.

 Oxygen and Carbon Dioxide Carriers 
with Antioxidant Activity

Do we need all 3 RBC functions in some conditions as in 
sustained severe hemorrhagic shock? Sim et al. [9] showed 
in animal study that increase in intracellular pCO2 is related 
to increase fatality in severe hemorrhagic shock animal. 
They also showed that intracellular pCO2 was not the same 
as blood pCO2. Tronstad et  al. [10] showed that increase 
intracellular pCO2 was correlated with myocardial ischemia. 
We therefore prepared soluble nanobiotherapeutic with 
enhancement of all 3 RBC functions by adding carbonic 
anhydrase (CA) to the antioxidant enzymes to form a novel 
soluble nanobiotechnological complex Poly-[Hb-SOD-
CAT-CA] [11–15]. By increasing the concentrations of the 
enzymes, we could enhance RBC functions for oxygen radi-
cal removal and CO2 transport [11–15].
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 Soluble Nanobiotherapeutics 
with Enhancement of All 3 RBC Functions: 
Poly-[Hb- SOD-CAT-CA]

 Method

We crosslinked hemoglobin (Hb), superoxide dismutase 
(SOD), catalase (CAT) and carbonic anhydrase (CA) into a 
soluble Poly-[Hb-SOD-CAT-CA] nanobiotechnological 
complex [11]. It not only had all 3 RBC functions, but it 
could also have enhancement of all 3 RBC functions by 
increasing the concentrations of RBC enzymes in the com-
plex. Thus, we can enhance the enzyme activity of Poly-[Hb-
SOD-CAT-CA] [11, 12]. For example, enzymes (units/dl) for 
Poly- [Hb-SOD- CAT-CA] (SOD 195K; CAT 3500K, CA 
1300K) could be higher than those for Poly-SFHb: (SOD 
70K,CAT 470K,CA 950K. With our later study of extraction 
of RBC enzymes, we were able to adjust the enzyme concen-
tration to 2, 4 and 6 times that of red blood cells [16]

 Result in a 2.3 Blood Loss 90 min Sustained 
Hemorrhagic Shock Rat Model

We studied this in rats with 90  min hemorrhagic shock at 
30 mm Hg mean arterial blood pressure (MAP) by removing 
2/3 of blood volume [11]. Mean blood pressures recovered 
after the infusion of all test infusions except for lactated 
Ringer (Fig. 19.1). However, analysis of the data shows that 
Poly-[Hb-SOD-CAT-CA] with enhanced enzymes was sig-
nificantly (p  <  0.05) superior to blood in lowering of the 
elevated tissue pCO2 (Fig. 19.1); recovery of the elevated ST 
(Fig. 19.2); lower troponin levels, lowering of elevated lac-
tate, histology of the intestine (Fig. 19.2), kidney and heart 
[11]. PolySFHb is the crosslinking of stroma-free hemoglo-
bin that contains hemoglobin and RBC enzymes at the con-
centration normally present in the RBC. It is less effective 
than Poly-[Hb-SOD-CAT-CA] but shows the same effective-
ness as RBC and superior to PolyHb (Fig. 19.2) [11].

Striking changes are observed in the histology of the 
intestine (Fig. 19.2) [11]. When reperfused with the animal’s 
own blood, there is some detachment of the epithelium from 
the villi suggesting some tissue injuries, but the gland archi-
tecture is still intact (Fig.  19.2). The injury in the PolyHb 
group (Fig. 19.2) showed injured villi and some damage to 
the glands but most of the glands still retain their structure. 
Poly-[Hb-SOD-CAT-CA] (Fig.  19.2) show intact mucosal 
structure with no obvious injuries. Histology of the heart also 
showed no injury when compared to blood, PolySFHb or 
PolyHb (Fig. 19.2).

 Effects of 4 Weekly Toploading Followed by 
30% Exchange: Safety and Immunological 
Effects [14]

 General

We analyzed the effects of 1/10 blood volume toploading per 
week for 4 weeks followed by a 30% blood exchange [12]. 
We followed the well-being, growth, biochemistry, histology 
and also the important question of the immunological prop-
erties of this nanobiotechnological complex [12]. Using very 
sensitive specific test for antibodies to bovine hemoglobin 
and bovine enzymes, there was no increase in specific anti-
bodies and there was no change in blood pressure before and 
after each of the 4-weekly injection. It would appear that the 
large amount of hemoglobin nanoencapsulate the small 
amount of enzymes and thus separated them from immuno-
logical reactions (Fig. 19.3).

 Result

The long term safety and immunological effects of bovine 
poly-[hemoglobin-catalase-superoxide dismutase-carbonic 
anhydrase] in rats were studied by four-weekly 5% blood 
volume top-loading infusions followed by 30% blood vol-
ume exchange transfusion [12]. There is no significant dif-
ferences in growth, biochemistry and blood pressure 
between the control group receiving lactated ringer solution 
and those receiving the bovine poly-[hemoglobin-catalase-
superoxide dismutase- carbonic anhydrase] There is no sig-
nificant change in mean arterial pressures (MAP) before and 
after each weekly top-loading infusion. After both the 
4-weekly top-loading and the 30% exchange transfusions, 
the following safety and immune response evaluations are 
carried out. These include general studies on Ouchterlony 
double diffusion, total IgG and IgM, and complement 
activation.

This is followed by quantitative measurements of specific 
antibodies against each of the following bovine components: 
Hb, CAT, SOD and CA in bovine poly-[hemoglobin- catalase- 
superoxide dismutase-carbonic anhydrase]. After the four- 
weekly top-loading, each rat received a challenge of 30% 
blood volume exchange transfusion. The MAP, histamine 
and tryptase levels are tested before and after the 30% 
exchange transfusion. There are no anaphylactic reactions as 
shown by the MAP or histamine and tryptase. The results 
showed no safety problem nor adverse immune responses. 
All the rats survived when followed for 1 week after the 30% 
exchange transfusion.
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Fig. 19.1 Upper: Removal of 2/3 blood volume followed by 90 min 
sustained hemorrhagic shock. Effects of different infusions on Mean 
Arterial Blood Pressure, Lower: Effect of 90  min sustained hemor-

rhagic shock on intracellular pCO2 and effects of different transfusion 
fluids. (From Bian & Chang [11] with copyright permission)
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 Test for Anaphylactic Reaction

Release of histamine by mast cells is responsible for anaphy-
lactic reaction (Fig. 19.3). However, histamine is unstable, 
and measurement of plasma histamine is not accurate. 
Tryptase is also released by the mast cell in anaphylactic 
reaction. It is more stable and as a result the measurement of 
plasma tryptase is more accurate.

To investigate more quantitatively whether there are any 
anaphylactic reactions after the larger challenge of 30% 
blood volume, histamine and tryptase levels are tested before 

and 30 min after infusion of samples (LR, PHe or PHE) [12]. 
There was no significant differences in histamine and trypt-
ase analysis when comparing the LR control group and the 
bovine PolySFHb (PHe) and poly- [Hb-CAT-SOD-CA] 
(PHE) groups [12] (Fig. 19.3). Histamine and tryptase levels 
were tested before and 30  min after 30% blood volume 
exchange transfusion of LR (control), PHe or PHE. The his-
tamine levels in LR control group before and after infusion 
were 1058.62 ± 825.06 ng/ml and 695.47 ± 384.02 ng/ml. 
The histamine levels in PHe group before and after infusion 
were730.37 ± 182.28 ng/ml and 992.30 ± 334.91 ng/ml. The 
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heart and Intestine. (From Bian & Chang [11] with copyright 
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histamine levels in PHE group before and after infusion 
ere1323.64 ± 598.83 ng/ml and 882.72 ± 156.77 ng/ml. The 
p-value by one-way ANOVA among the three groups is 0.62 
(>0.05). The tryptase levels before infusion in LR, PHe and 
PHE groups were 4.04 ± 0.03 ng/ml, 4.01 ± 0.01 ng/ml, and 
4.04  ±  0.03  ng/ml; while after infusion, the values werr 
5.79 ± 0.06 ng/ml for the LR control group, 5.73 ± 0.02 ng/

ml for PHe, and 5.71 ± 0.05 ng/ml for PHE. By comparing 
the LR control groups and the blood substitutes groups, the 
p-value by one-way ANOVA was 0.51 (>0.05) before infu-
sion, and the p-value of after infusion is 0.21 (>0.05). Thus, 
there was no significant changes in the histamine or tryptase 
levels between the control group and the PHe and PHE 
groups.
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Fig. 19.3 Upper left: The rats are divided into 3 groups each receives 
4 weekly infusion of one of the following samples: lactated ringer’s 
solution (LR) as control group, bovine PolySFHb (Phe) and bovine 
poly-[Hb-CAT-SOD-CA] (PHE) with enhanced enzyme activity. This 
is followed on week 5 by a 30% exchange infusion. Lower left: 
Summary of safety and immunological studies. Right: In anaphylactic 

reaction both Histamine and Tryptase are released from the mast cells. 
Phe:PolySFHb. PHE: Poly-[Hb-CAT-SOD-CA]. There is no significant 
changes in the histamine or tryptase levels between the control group 
and the PHe and PHE groups. (From Guo & Chang [14] with copyright 
permission)
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 Storage Stability and Pasteurization

Donor Red Blood Cells 

Maximal time of storage allowed
20-25C 4C
1 day? 42 days

Poly-[Hb-SOD-CAT-CA] solution

T1/2 of enzyme activities:
20-25C 4C

CAT 172 days 380 days 
SOD 92 days 198 days 
CA 51 days 231 days 

Poly-[Hb-SOD-CAT-CA] freezedried: 

Day 320% enzyme activity 
20-25C 4C

CAT 73%(day 320) 85%(day 320) 
SOD 67%(day 320) 76%(day 320) 
CA 73%(day 320) 85%(day320) 

STABILITY AT DIFFERENT TEMPERATURES 

 

Unlike RBC or the solution form, the lyophilized form can 
be heat pasteurized at 70  °C for 2  hours to retain good 
enzyme activities of CA 97 ± 4%, SOD 100 ± 2.5% and CAT 
63.8 ± 4% [13]. Adding more CAT in crosslinking can main-
tain the same enzyme ratio after pasteurization. Further 
investigation is needed to study the potential use of pasteuri-
zation of the lyophilized preparation as an additional step to 
the preparative procedure that involves crosslinking with 
glutaraldehyde and ultrafiltration that can inactivate or 
remove infective agents. FDA has already approved the ster-
ilization method used for PolyHb.

 Costs and Source of Enzymes

Purified enzymes from commercial sources are extremely 
expensive. Our research resulted in a novel method to simul-
taneously extract SOD, CAT and CA from the same sample 
of RBC [14].

This avoided the need for expensive commercial enzymes 
thus allowing this to be cost effective for future large-scale 
production of a nanobiotechnological Poly-[Hb-SOD- 
CAT-CA] with enhancement of all 3 red blood cell functions. 
The best concentration of phosphate buffer was analyzed and 
established resulting in good recovery of CAT, SOD and CA 
after extraction [14].

Different concentrations of the extracted enzymes could 
be used to enhance the activity of Poly-[Hb-SOD-CAT-CA] 

to 2, 4 or 6 times that of RBC. When conditions only require 
Poly-[Hb-SOD-CAT-CA] with the same concentration of 
enzymes as RBC, then the content of RBC can be easily use 
without the need for enzyme extraction.

This novel extraction method [14] will also allow us to 
extract the needed enzymes from any RBC source including 
discarded or contaminated donor RBC, post stem cell 
extracted human placental RBCs (cord RBCs), bovine RBC 
or other RBC. Other possible sources include recombinant 
enzymes or bioengineered enzymes.

 Comparison of Different Approaches

Progress in therapy is a stepwise process and we now have 
more experience and knowledge in this area. We can now 
tailor-make blood substitutes ranging from simple oxygen 
carriers to complex nanobiotherapeutics (Table  19.1). 
However, if a condition only needs oxygen carrier then it 
would not be cost effective to use a more complex nanobio-
therapeutic. On the other hand, it would be folly not to use a 
more complex nanobiotherapeutic if indicated. Table 19.1 is 
a brief summary comparing PolyHb, Poly-[Hb- SOD-CAT] 
and Poly-[Hb-SOD-CAT-CA] with RBC.

 Potential Implications

Under normal circumstances, donor blood is the best replace-
ment for blood. HOWEVER:

 1. Natural epidemics (e.g., HIV, Ebola, Zika, COVID-19, 
etc.) or man-made epidemics (terrorism, war, etc.) can 
result in contaminated donor blood or disqualified disease 
contact donors. Unlike red blood cells (RBC) or the solu-
ble form, lyophilized Poly-[Hb-SOD-CAT-CA] can be 
heat pasteurized in addition to ultrafiltration and glutaral-
dehyde crosslinking [13]. FDA has already approved the 
sterilization method used for PolyHb.

 2. Severe blood loss from accidents, disasters, terrorism or 
war may require urgent blood transfusion that cannot wait 
for transportation to the hospital for blood group testing – 
especially in the frontline or remote area especially north-
ern regions. Unlike RBC, Poly-[Hb-SOD-CAT-CA] and 
other HBOCs do not have blood groups and can be given 
on the spot.

 3. In very severe hemorrhagic shock there is usually a safety 
window of 60 min for blood replacement, beyond which 
there could be problems related to irreversible shock. Our 
animal study shows that Poly-[Hb-SOD-CAT-CA] with 
enhanced RBC enzymes could prolong the safety window.

 4. Heart attack and stroke can be caused by obstruction of 
arterial blood vessels. Unlike RBC particles, this nano-
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biotherapeutic being a solution can more easily perfuse 
through partially obstructed vessels to reach the heart and 
brain to supply oxygen and remove tissue carbon dioxide. 
Furthermore, its enhanced antioxidant enzymes (SOD 
and CAT) can effectively remove oxygen radicals to pre-
vent ischemia reperfusion injury to the reperfused 
tissues.

 5. Red blood cells have to be stored in refrigeration thus 
more difficult to transport and store in disaster, frontline 
and remote areas. We show that Poly-[Hb-SOD-
CAT- CA] solution can be stored at room temperature for 
more than 40 days, compared to RBC of 1 day at room 
temperature. The lyophilized form can be stored in 
refrigeration at 4C for more than 320 days as compared 
to RBC of 42 days.

 Summary and Concluding Remarks

In clinical medicine, there is no one single approach for all 
conditions. Saline or colloid plasma expander may be enough 
for some conditions. When the clinical condition only 
requires an oxygen carrier like PolyHb, then there is no need 
to use the more complex and more expensive Poly-[Hb- 
SOD-CAT-CA]. Other conditions may only require oxygen 
carrier with antioxidant functions There are also conditions 
that may only require PolySFHb with the same enzymes 
functions as RBC. On the other hand, in severe sustained 
hemorrhagic shock, even red blood cells may not be enough 
to prevent irreversible shock and for this we may require 
Poly-[Hb-SOD-CAT-CA] with enhancement of all three red 
blood cell functions.

Table 19.1 comparison of PolyHb, PolySFHb, Poly-[Hb-SOD-CAT], Poly-[Hb-SOD-CAT-CA] with RBC. From Chang [15] with copyright 
permission

Properties
Red blood cells 
(RBC) Poly-[Hb-SOD-CAT-CA] Poly-[Hb-SOD-CAT] Poly-Hb Poly-SFHb

Oxygen 7
microns RBC

Soluble oxygen carrier Soluble oxygen carrier Soluble 
oxygen carrier

Soluble oxygen carrier

Oxygen 
radicals

7
microns RBC
Enzyme

3–6 times Enhanced 
antioxidant enzymes functions
better removal of oxygen 
radicals

3–6 times Enhanced 
enzymes better removal 
of oxygen radicals

N/A RBC enzymes no 
enhancement

Carbon dioxide 7
microns RBC
Enzymes

3–6 times Enhanced carbonic 
anhydrase function
Better CO2 removal

N/A N/A RBC enzymes no 
enhancement

Storage 
stability

Suspension on 
<1-day 20C,
42 days 4C

lyophilized 320 days 20C,
>320 days 4C

lyophilized 320 days 
20C,
>320 days 4C

Solution
>2 years 20C

lyophilized 320 days 20C,
>320 days 4C

Blood groups Yes. unless O, Needs 
blood group 
matching and typing

None
Can be given on the spot

None
Can be given on the spot

None Can be 
given on the 
spot

None
Can be given on the spot

Heat 
sterilization

Cannot If lyophilized If lyophilized If
lyophilized

If lyophilized

Availability Limited human 
source

Material from human & 
nonhuman sources

Material from Human & 
nonhuman sources

Material from 
human & 
nonhuman 
sources

Material from human & 
nonhuman sources

Circulation 
time and areas 
of application

Donor blood: 
30 days
Better for elective
long term RBC
replacement
But problem in 
severe sustained 
hemorrhagic shock 
and ischemic 
reperfusion

1–2 days
for emergency uses & therapy 
in conditions requiring 
enhancement RBC functions 
as in severe sustained 
hemorrhagic shock and 
ischemic reperfusion

1–2 days
for emergency uses & 
therapy in conditions 
requiring enhanced 
antioxidant functions as 
in ischemia reperfusion

1–2 days for 
emergency 
uses & therapy
in conditions
requiring only 
enhanced O2
transport

1–2 days
for emergency uses & 
therapy but only same 
enzymes and have same 
problems as RBC in 
severe sustained 
hemorrhagic
shock and ischemic 
reperfusion

RBC red blood cells,
Poly-[Hb-SOD-CAT-CA]: Polyhemoglobin-Superoxide dismutase-catalase-carbonic anhydrase Poly-[Hb-SOD-CAT]: Polyhemoglobin- 
Superoxide dismutase-catalase
Poly-Hb: Polyhemoglobin
Poly-SFHb: Poly-[stroma-free Hemoglobin or content of RBC with stroma removed]
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Translation to clinical use is very time consuming and we 
should learn from past experience not to wait until it is again 
too late. We should also analyze how research in animal 
studies can be applied to clinical use in patients. We also 
need to continue to look into the future since biological ther-
apy undergoes rapid progress with many other future possi-
bilities as discussed by many authors elsewhere [17–19].

Key Points
• A soluble nanobiotherapeutic, Poly-[hemoglobin- 

superoxide dismutase-catalase-carbonic anhydrase] with 
enhancement of all 3 red blood cell (RBC): transports 
oxygen, removes oxygen radicals and transports carbon 
dioxide. It is possible to have the enzyme concentration 
increased to 2, 4 and 6 times that of RBC.

• In a 90 min 2/3 blood volume loss hemorrhagic shock rat 
model, it is more effective than blood in the recovery of 
intracellular pCO2, cardiac ischemia, plasma lactate, tro-
ponin, histology of the heart and intestine.

• Four weekly 5% blood volume intravenous injections in 
rats followed by 30% exchange transfusion did not have 
any adverse effect on safety nor adverse immunological 
or anaphylactic response.

• The lyophilized form can be stored for 1 year at 4C (com-
pared to 42 days for RBC) and 300 days at room tempera-
ture (compared to 1  day for RBC). Unlike RBC or the 
solution form, the lyophilized form can be heat pasteur-
ized and retain enzyme activity.

• We have also developed a method to extract the needed 
enzymes from RBC at low costs.
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20Paradigm Shift for Designing Oxygen 
Therapeutics: New Insights Emerging 
from Studies with Transgenic Mouse 
Models of Sickle Cell Disease

Synergy of Supra Plasma Expansion and High O2 
Affinity of Blood Substitutes

Seetharama Acharya, Craig Branch, Amy G. Tsai, 
and Marcos Intaglietta

Abbreviations

BOLD Blood oxygen level 
dependent

CBF Cerebral blood flow
EAF Extension Arm Facilitated
FCD Functional Capillary Density
Hb Human hemoglobin
MAP Mean arterial pressure
MP Maleimide PEG modified Hb
MP4 Maleimide PEG modified Hb 

constituted as a 4 gm % 
solution,

MP8 Maleimide PEG modified Hb 
constituted as 8 gm % 
solution

MRI Magnetic resonance imaging
PEG polyethylene glycol,
PEGylation-conjugation
of PEG- chains P5K2,
P10K2, P5K4, P3K6, P5K6 

The PEG-Hb conjugates stud-
ied here has been defined by the 
general formula PxKy, where 
‘P’ represents PEG chain of 
mass ‘x’in kilo daltons, and 
K represents number of cop-
ies represented by ‘y’ conju-
gated to a given Hb molecule

RBC Red blood Cells

 Introduction

The RBC serves a dual role in oxygen delivery to tissues, it 
carries oxygen from lungs to tissues and modulates the blood 
flow/microcirculation through blood shear thinning to achieve 
a proper delivery of oxygen [1]. However, design of Hb deriv-
atives as oxygen therapeutics with an oxygen affinity compa-
rable to or lower than that of Hb in RBC has focused on 
increasing the oxygen carrying capacity of blood to compen-
sate for blood loss or anemia. Multiple intrinsic properties of 
blood and Hb inside the RBC modulate the hyper/hypoten-
sive activity of circulatory system to optimize oxygen deliv-
ery. In designing our PEG-Hbs as non- hypertensive solutions 
we departed from the original paradigm. We have combined 
the potential advantages of high oxygen affinity of Hb for tar-
geted oxygen delivery to oxygen starved tissues with intrinsic 
improvements in  perfusion properties induced by  colloidal 
plasma expanders that afford in situations of anemia in 
designing our new oxygen therapeutics to mitigate the vaso-
constriction mediated acellular Hb. This has necessitated the 
use of lower amounts of oxygen therapeutics, and this repre-
sents a complete paradigm shift.

In this chapter we focus the attempt to mimic the dual role 
of RBC in circulation with the designed molecules. Here, we 
review the development of new strategies to endow these 
dual RBC-like properties to the new oxygen therapeutics. 
This new class of oxygen therapeutics represents novel bio-
materials, nano-oxygen pumps, that increase the efficacy of 
oxygenation of Hb (in flow) in RBCs in the lungs and oxy-
gen delivery (out-flow) from RBCs in the tissues when the 
level of Hb (hematocrit) in the blood drops to the transfusion 
trigger levels or below. The new platform for treating anemia 
recommends the use of lower amounts (dosage) of these new 
semisynthetic biomaterials as opposed to the use of larger 
dose (compensate for blood loss or anemia) as strategized 
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with conventional low oxygen affinity oxygen therapeutics. 
This paradigm shift is needed since  the new high oxygen 
affinity biomaterials increase not only increase tissue oxy-
genation through better extraction of oxygen from the RBC 
in the tissues, and in doing so release NO, a vasodilator. As a 
consequence, increase in tissue oxygenation by these nano- 
oxygen pumps resembles the normal oxygenation through 
RBC with normal hematocrit levels but through improved 
oxygen extraction rather than as envisioned by blood substi-
tutes. Accordingly, these nano oxygen pumps have a self- 
activated mechanism for improving perfusion/
microcirculation coupled with improved oxygen extraction. 
Besides, they also increase the oxygen saturation in 
the  lungs,  thus becoming  a mechanism for improving the 
oxygen carrying capacity of Hb within RBC as it gets attenu-
ated by anemia, an approach very distinct from the old para-
digm advocating increased the oxygen carrying capacity of 
circulatory system (to restore the lost oxygen carrying capac-
ity either completely or partly) to increase oxygen delivery.

The delineation of these new concepts has been facilitated 
by the development of new PEGylated Hbs. A new platform 
for PEGylation of proteins has been developed at Einstein. 
referred to as extension arm facilitated (EAF) PEGylation 
(EAF PEGylation). This platform is essentially a protein 
thiolation facilitated PEGylation protocol [2, 3]. The first 
product of this platform is EAF P5K6 Hb with six copies (K) 
of PEG, denoted by letter P, of mass 5000. Sangart version of 
hexa-PEGylated Hb is referred as maleimide PEG Hb, (MP) 
with the tradename Hemospan (see below for full description 
of the platform). A 4 gm % solution of Hemospan is referred 
to as MP4, and an 8 gm % solution as MP8, but MP4 is the 
frequently used formulation. It may be noted the concentra-
tion of Hb in MP4 is at least threefold lower than in previ-
ously designed oxygen therapeutics. In EAF P5K6 Hb we 
have two PEG-5Kchains directly conjugated to Cys-93(β) 
and rest are conjugated on the extension arms built on 
ε-amino groups of Hb. We have a di-PEGylated Hb with two 
copies of PEG 5 K on Cys-93(β) conjugated directly, P5K2 
Hb. P10K2 Hb is a version di-PEGylated Hb generated using 
maleimide PEG-10,000 instead of maleimide PEG-5000. 
EAF P3K6 Hb is a newer version of hexa-PEGylated Hb 
generated using maleimide PEG-3000 using extension arm 
chemistry, to have a smaller PEG-shell. These aspects are 
discussed in detail in the Chapter.

 Development of EAF P5K6 Hb and Its 
Prototype Hemospan as an Oxygen Carrying 
Colloidal Plasma Expanders

In designing the PEG Hb as a new class of oxygen therapeu-
tics, we at Einstein had the following structural and func-
tional properties for Hb derivatives as guiding principles for 

our development. This has led to the design of Extension 
Arm Facilitated (EAF) PEGylation platform conjugating 
PEG-chains to proteins (Fig. 20.1).

 (i) Design of a new PEGylation strategy to surface deco-
rate Hb such that it will induce very limited perturba-
tion of the hydration layer of Hb and does not weaken 
the inter-dimeric interactions of the tetramer. Besides, 
it should neither perturb the overall surface charges 
of the molecule nor weaken the intra or interdimeric 
interactions of Hb. Hexa-PEGylation of Hb using six 
copies of PEG 5K chains by a novel Extension Arm 
Facilitated (EAF) PEGylation, EAF P5K6 Hb plat-
form appears to accomplish all these structural 
aspects [2, 3].

 (ii) The PEGylated molecule exhibits a hydrodynamic 
volume comparable to a polymeric form of Hb with 
three to four copies of the tetrameric Hb unit and 
thus avoids extravasation in the circulation. Though 
the total mass of PEG conjugated Hb is only 30 K, 
the Hb surface decorated with six copies of PEG 5K 
chains by EAF PEGylation (EAF P5K6 Hb) exhibits 
a molecular radius of ~ 6.5 nm. The elution pattern 
of EAF P5K6 Hb on molecular sieve chromatogra-
phy is sharper than polymerized bovine Hb even 
though the average hydrodynamic volume of the two 
is comparable.

 (iii) Lowering of hematocrit due to blood loss has an intrin-
sic vaso-constrictive impact because of reduced shear 
thinning of RBC; however, this hematocrit reduction 
induced vaso-constriction can be partially compensated 
or attenuated by conventional colloidal plasma expand-
ers with viscosities around 2.8 cp and compensated 
even better with colloidal plasma expanders with vis-
cosities around that of blood (5 cp) or higher than 5.0 
(Supra Plasma Expanders).

 (iv) Previously designed oxygen therapeutics are low- 
oxygen affinity Hbs with affinities comparable to that 
of the RBC or lower. These will release their oxygen 
early at the arteriolar level causing the vessel to vaso-
constrict thereby limiting microcirculatory perfusion. 
In contrast, PEG Hbs are generally high oxygen affinity 
Hbs and thus were chosen as they will be applied to 
target oxygen delivery to hypoxic regions in the body. 
PEGylation of proteins is viscogenic and thus can com-
pensate for the vasoconstrictive activity of Hb to some 
degree. PEGylated Hb and its prototype PEG Alb are 
novel semisynthetic hybrid biopolymers with ordered 
and disordered regions and with novel molecular prop-
erties yielding non-hypertensive colloidal plasma 
expanders. These represent a novel class of oxygen 
therapeutics that mimic some of the properties of 
erythrocytes.
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Fig. 20.1 Schematic representation of Extension Arm Chemistry Facilitated PEGylation

 Interdimeric Interactions of Hb PEGylated 
Using Extension Arm Chemistry

Earlier versions oxygen therapeutics are essentially intra-
molecularly crosslinked Hbs with the crosslinking 
between like chains, i.e., between αβ dimers of the tetra-
mers or polymeric Hbs to avoid nephrotoxicity. Direct 
PEGylation of un- crosslinked Hb induces a weakening of 
interdimeric interactions of tetrameric Hb as seen with 
Enzon PEG-Hb, a PEGylated bovine Hb with ten copies 
of PEG-5K chains. However, very little nephrotoxicity is 
seen with Enzon PEG-Hb, showing PEGylated αβ-dimers 
are not readily filtered through kidneys. We have com-
pared the influence of PEGylation on hexaPEGylated Hb 
(PEGylated with PEG-5K) on the inter-dimeric interac-
tions of human Hb. HexaPEGylation of Hb with PEG-5K 
weakens the interdimeric interactions in a PEGylation 
chemistry dependent fashion [4–6]. The hydrodynamic 
volume of PEGylated αβ-dimers with an average of 
three  PEG-5K chains (molecular mass of αβ-dimers is 
48K and lower than tetrameric Hb) present in a sample of 

hexaPEGylated Hb is significantly higher than intramo-
lecularly crosslinked Hb, i.e., PEG- chains conjugated 
onto Hb are essentially disordered. Accordingly, there is 
very little nephrotoxicity with PEGylated Hbs with six or 
more PEG 5K chain. Concomitant with this weakening of 
inter-dimeric interaction on PEGylation, direct PEGylation 
increases the oxygen affinity and abolishes cooperativity.

In EAF PEGylation described above, two of the six 
PEG- chains are directly conjugated to Hb through the 
side chain functions, thiol group of Cys-93(β) and remain-
ing four PEG- chains are conjugated on the thiol group of 
the extensions introduced on the surface amino groups of 
Hb [7]. We can protect reversibly thiol group of the Cys-
93(β) as mixed disulfide during EAF PEGylation of Hb 
and this will  generate EAF PEG-Hb wherein all PEG-
chains are conjugated only through thiol group on the 
extension arm [5, 6] or by carrying out the reaction in 
deoxy conformation [2, 7].

On the contrary, in EAF P5K6 Hb, the strength of interdi-
meric interactions of Hb remains essentially unperturbed 
(Fig. 20.2). The absence of PEGylation on Cys-93(β) does 
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Fig. 20.2 The tetramer-dimer dissociation constant of the EAF- 
PEG- Hb. HbA (a), the PEG-Hb with free Cys-93(β) (b), the PEG-Hb 
without free Cys-93(β) (c), Hb- NEM modified in the presence of imi-
nothiolane with free Cys-93(β) (d), and Hb NEM modified in the pres-
ence of iminothiolane without free Cys-93(β) (e) were loaded on the 
Superose 12 column for the dissociation constant measurement

not increase the stability of PEGylated Hb to any noticeable 
level. The factors influencing the choice of EAF P5K6 Hb as 
the best molecule for our studies are: (i) Overall stability of 
the molecule (ii) High oxygen affinity (iii) significant level 
of cooperativity, and (iv) Absence of the Bohr effect. Many 
of these molecular and functional properties of EAF P5K6 
Hb are counter intuitive to the desired properties for a blood 
substitute as per old paradigm for the design of oxygen 
therapeutics.

The potential advantages of PEGylation induced plasma 
expander like properties of PEG Hb and the high oxygen 
affinity in an oxygen therapeutic has been discussed in 
detail by Winslow [8]. Based on observed viscosity of solu-
tions of EAF P5K6 Hb as a function of protein concentra-
tion, it has been constituted as a 4 gm % solution and at this 
concentration, a solution of EAF P5K6 Hb has a viscosity 
comparable to that of conventional colloidal plasma expand-
ers. At 4 gm %, EAF P5K6 Hb has a viscosity around 2 cp, 
slightly lower than the viscosity of conventional colloidal 
plasma expanders.

It may be noted here that a 4 gm % solution of EAF P5K6 
Hb represents  significantly a lower concentration of Hb as 
compared to the previous blood substitutes designed as per 
old paradigms and which are  constituted as 12 gm % (or 
more) solutions. Given the high oxygen affinity of this PEG 
Hb and the lower concentration of EAF P5K6 Hb  in the 
designed product solution, there has been significant skepti-
cism in the scientific community in the ability of PEG-Hbs to 
deliver oxygen.

 Hemospan (MP4) Is Non-toxic in Phase III 
Clinical Trial, However Not Superior 
to Conventional Colloidal Plasma Expander

Sangart licensed the platform for EAF hexa-PEGylation of 
Hb from Einstein and developed its blood substitute candi-
date under the trade name Hemospan [9].

However, Sangart introduced two significant changes into 
the platform licensed from Einstein, in preparing their mole-
cule, Hemospan. First, instead of using chromatographically 
purified Hb, Sangart used stroma free Hb prepared from out-
dated blood from blood banks. Second, Sangart used a two-
step procedure for EAF PEGylation instead of the one step 
platform considered to be better. Stroma free Hb was first 
reacted with iminothiolane at a protein concentration of 1 mM 
(in the one step platform practiced at Einstein Hb is reacted at 
0.5  mM Hb concentration) and then mixed with PEG-5K 
maleimide. The major limitations of the two- step approach 
are: (i) a higher level of thiolation of Hb due to the higher 
protein concentration, and (ii) the thiolation reaction is done 
under oxy conditions in the absence of PEG maleimide. 
Accordingly some degree of air oxidation of thiol groups gen-
erated on Hb is expected in the two-step PEGylation process 
and also  to generate intra and/or intra molecular crosslinks 
before the PEG maleimide is added to the reaction mixture as 
the second step of EAF PEGylation. In the one step platform, 
thiolation is done in the presence of PEG maleimide and thiol 
groups react with PEG maleimide as they are generated in situ.

Hemospan generated from stroma free Hb carried nearly 
8 copies of PEG 5K chains compared to six PEG-5K chains 
in EAF P5K6 Hb [9] and exhibited molecular radius around 
10 nm. Hemospan exhibits a higher oxygen affinity as com-
pared to EAF P5K6 Hb and does not exhibit any cooperativ-
ity. The viscosity at 4 gm/dl (MP4) is around 2.2 cp and 
noticeably higher compared to 4 gm % EAF P5K6 Hb. At 8 
gm/dl (MP8) of hemospan, the viscosity is around 5.2 cp and 
comparable to that of  blood. The molecular radius of 
Hemospan was calculated from the colloidal osmotic pres-
sure of the solution which is a colligative property. The 
molecular radius value for EAF P5K6 Hb is calculated from 
dynamic light scattering, a molecular property. Given the 
fact that interaction of EAF P5K6 Hb is comparable to native 
Hb, the higher molecular radius calculated for Hemospan 
suggests the presence of some PEGylated dimers due to the 
two-step preparation of EAF PEGylated Hb.

On the positive side, Hemospan was essentially free of Hb 
dependent toxicity in clinical trials. In phase III clinical trial 
with orthopedic surgery patients, Hemospan behaved essen-
tially as colloidal plasma expanders in terms of mortality; 
subsequently Sangart did not pursue regulatory approval as a 
drug in view of the prohibitive cost of Hemospan as a colloi-
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dal plasma expander. However, the clinical trial data indicated 
that Hemospan was superior to  colloidal plasma expander 
hetastarch by showing (i) A lower number of hypotensive epi-
sodes (ii) A shorter length of hypotensive episodes. The data 
suggest that hemospan provides a better protection presum-
ably either through targeted oxygen delivery to hypoxic areas, 
or through supra plasma expander activity of MP4 (see 
below), the primary objective of the designed molecule.

Accordingly, Sangart was moving forward with the clinical 
trial albeit with a different end point; reduction in ischemia 
mediated effects by following changes in lactic acid production. 
Though phase II trials provided positive results, Sangart could 
not raise the funds to pursue phase III clinical trial, returned the 
patents to Einstein and closed its operation. Therefore, a remain-
ing unanswered question is whether a 4 gm % solution MP4 (a 
low level of Hb or very low level of high oxygen carrying capac-
ity) with its high oxygen affinity Hb has contributed to the 
absence of therapeutic benefits of Hemospan over hetastarch in 
the Phase III clinical trials or the design of EAF P5K6 Hb is 
tuned properly to achieve improved oxygen delivery.

 EAF P5K6 Hb Is a Semisynthetic, Colloidal 
Supra Plasma Expander

As noted above vaso-constrictive effect induced by a decrease 
in hematocrit level (or anemia) could be off-set to some level 
by conventional colloidal plasma expanders like dextran 70. 
Surprisingly, when EAF P5K6 Hb (or MP4) tested in ham-
ster extreme hemodilution models (hematocrit levels 11%; 
severe anemia), the functional capillary density and blood 
flow seen is noticeably better than seen with conventional 
colloidal plasma expanders like dextran-70 at 6 gm % (2.8 
cp) (Table 20.1). On the other hand, it is not as good as with 
the supra plasma expander dextran 500 at 6 gm % (5.2 cp). 
The increased functional capillary density and high blood 

flow arising from the vaso-dilatory influence of supra plasma 
expanders. This vaso-dilatory influence seen with high den-
sity colloidal plasma expander has been attributed to the 
increased shear thinning of blood and the resultant increased 
intrinsic NO production by the endothelium. Given the fact 
the viscosity of a 4 gm % MP4 (or EAF P5K6 Hb) is lower 
than dextran 70, it is clear that the supra plasma expansion 
activity of EAF P5K6 Hb is, apparently, a consequence of 
some unique structural aspect of this semisynthetic conju-
gated protein. A schematic representation of this semisyn-
thetic supra plasma expander is shown in the Fig. 20.3. The 
packing density of central protein core, which is a compactly 
folded protein, is higher than the PEG-shell engineered out-
side and the PEG shell is placed outside the hydration layer 
of protein through a zone of extension arms. The essentially 
disordered PEG chains give a degree of flexibility (ability to 
change shape) as a function of hydrostatic pressure, i.e., 
these semisynthetic molecules are endowed with a degree of 

Table 20.1 Influence of pattern of PEGylation of Hb on microcircula-
tion parameters

Sample FCD
Flow
(normalized to baseline)

Tissue PO2
(mm Hg)

Dextran 70 0.38 0.80 1.1
Dextran 500 0.71 1.20 1.6
P5K2 Hb 0.77 0.93 7.0
P10K2 Hb 0.79 0.95 6.4
P5K4 canine Hb 0.71 0.79 2.5
P5K4 rHb (αH20C) 0.62 0.69 6.1
MP4 0.68 0.62 1.8
MP8 0.71 0.55 4.1

FCD functional capillary density, rHb recombinant Hb, αH20C histi-
dine at position 20 in α-globin mutated to Cysteine. MP4 EAF P5K6 
Hb of Sangart constituted as 4 gm % solution, MP8 EAF P5K6 Hb of 
Sangart constituted as 8 gm % solution

Fig. 20.3 Schematic representation of the six PEG-5K PEG-shell 
engineered onto Hb or Alb. The central core represents the protein 
(either Hb or Alb) where the polypeptide chains are packed compactly, 
ie., the atoms are packed densely. In the outer PEG-shell the six PEG 
chains are more disordered compared to central protein core. The outer 
PEG-shell contributes a mass of only 30 K of the total mass of 94 K, 
even though they occupy more space as compared to the protein core 
contributing to a mass of 64  K.  Accordingly, the packing density of 
atom in PEG-shell is lower compared to that in protein core. The dif-
ferential packing densities of the two regions of the molecule gives a 
degree of pseudoplasticity to these PEGylated molecules when they are 
in blood flow
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pseudoplasticity. It may be noted that pseudoplasticity is an 
intrinsic property of RBC. Accordingly, these semisynthetic 
nanomaterials placed in plasma are “mini-RBCs”, i.e., oxy-
gen carrying nanoparticles (with a molecular radius around 
6–7 nM). The pseudoplasticity and the high oxygen affinity 
of EAF P5K6 Hb distinguishes it from polymeric Hbs 
designed as oxygen therapeutics even though seems to have 
nearly comparable hydrodynamic volume.

 Tissue Oxygenation with Supra Plasma 
Expanders in Situations of Low Hematocrit

In extreme hemodilution, the supra plasma expansion seen 
with dextran-500 is not accompanied by a noticeable increase 
in the level of tissues oxygenation. The inability of dextan-
 500 to improve tissue oxygenation reflects the level of ane-
mia, i.e., overall poor (low) oxygen carrying capacity of the 
system (the hematocrit 11%, 4 gm % Hb), is too low to 
establish an oxygen gradient to facilitate the diffusion of 
oxygen from RBC through plasma to tissue even with the 
higher surface area and diminished blood flow.

The extreme hemodilution in hamsters essentially repre-
sents an experimentally induced severe anemia except for the 
fact the circulatory system has been partly compensated/sta-
bilized by replacing the lost volume of blood with a conven-
tional colloidal plasma expander with a viscosity around 2.8 
cp. This model has served as a good system for mapping the 
oxygen therapeutics induced attenuation/improvement in 
mean arterial pressure, microcirculation, and improvement in 
tissue oxygenation, because the system is near to the critical 
oxygen carrying capacity.

 MP4 (Hemospan at 4 gm %) is a supra plasma expander, 
superior to conventional colloidal plasma expanders (dextran-
 70). This is reflected by improved functional capillary density 
and microcirculatory blood flow. However, the tissue oxygen-
ation seen with it is only marginally better than that seen with 
dextran 70 (Table 20.1). On the other hand, the microcircula-
tory response of MP8, (8 gm % solution of Hemospan) and 
with a viscosity comparable to dextran-500, did notice-
ably  improve tissue oxygenation. It may be noted that the 
concentration of Hb in plasma with MP8 is only around 45% 
higher than that with MP4, not double. The colloidal osmotic 
pressure of MP8 is very high, and therefore a significant auto 
transfusion is induced by this molecule. This reflects the 
intrinsic potential of the high oxygen affinity EAF P5K6 Hb 
to deliver oxygen in situations of severe anemia.

 EAF Hexa-PEGylation Induced Supra Plasma 
Expansion Activity of Alb

EAF P5K6 Alb has been generated as a prototype of EAF 
P5K6 Hb to map whether EAF hexa-PEGylation with 
maleimide-phenyl PEG-5K can induce supra plasma expan-

sion. It may be noted that Alb and Hb have comparable 
molecular size, and both are globular proteins. Indeed, a 4 
gm % solution of EAF P5K6 Alb gives a microcirculatory 
response comparable to MP4, but a flow rate higher than 
Hemospan. A 4 gm % just as EAF P5K6 Hb. Interestingly, it 
induces an increase in endothelial NO production in much 
the same way as high viscosity dextran-500 [10]. This is 
accomplished by increasing the shear thinning of blood. 
EAF hexa-PEGylation of Hb and Alb induces supra plasma 
expansion activity to these proteins. Engineering supra 
plasma expansion activity to Hb by EAF hexa-PEGylation 
coupled with the high oxygen affinity represents a major 
paradigm shift in the design of oxygen therapeutics dis-
cussed in this Chapter.

 Hypertensive Activity and Tissue 
Oxygenation by Hb Modified at Cys-93(β) 
with Maleimide PEG and with High Oxygen 
Affinity

Intramolecularly crosslinked Hb, Bis succinimidyl PEG 
10  K Hb through Cys-93(β) where the spacer arm of the 
crosslinker (PEG-chain) is located outside the central cavity 
of Hb [2] may be considered as an isomeric form of di- 
PEGylated Hb, PEGylated at its Cys-93(β) (P5K2 Hb). Both 
exhibit comparable high oxygen affinity Hb. Interestingly, 
the hydrodynamic volume of Bis succinimidyl-PEG 10,000 
αα-fumaryl Hb as reflected by size exclusion chromatogra-
phy is smaller than that of Bis succinimidyl PEG-10,000 Hb, 
and the latter is smaller than P5K2 Hb [11]. Two copies 
PEG-5K chains on Hb with its free distal end are more disor-
dered than the spacer arm than in the intramolecularly cross-
linked Hb, Bis Mal PEG-10 K. 

The P5K2 Hb is non-hypertensive at 4 gm % and even 
though it has a viscosity of only 1.4 cp [11], and it maintains 
an excellent functional capillary density and blood flow in 
extreme hemodilution studies in the experimentally induced 
severe anemia hamster model [12]. When used at 4 gm/dl, 
P5K2 Hb with a viscosity just around 1.4 cp the functional 
capillary density and blood flow are in fact far better than 
dextran 70 control (with viscosity around 2.8 cp), and it may 
be noted that the high oxygen affinity Hb improves tissue 
oxygenation even though the amount of PEG Hb in plasma is 
only about 1 gm, and only about 20% of the total Hb in cir-
culation (which is at nearly ~5 gm/dl). Nearly 4 gm/dl of the 
total Hb is coming from the RBC. Thus, a high oxygen affin-
ity PEG Hb improves tissue oxygenation under conditions of 
severe anemia even though the level of the high oxygen 
affinity PEG Hb in plasma is only 20% of the total Hb in 
circulation. This represents about 10% of the total blood loss 
(about 8–10 gm) in hamster in extreme hemodilution studies 
that has been replaced as P5K2 Hb in the plasma. The micro-
circulation when P5K2 Hb is present in plasma, as repre-
sented by functional capillary density and blood flow, is also 
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better than with dextran 70 control. P10K2 Hb with a PEG 
mass conjugated to Hb double than that in P5K2 Hb also 
gives essentially identical results. When we can  signifi-
cantly  improve the tissue oxygenation, the increase in the 
viscosity of the test solution of PEG Hb by itself contributes 
very little to improvement in microcirculation making domi-
nant  role of improved  tissue oxygenation in dictating the 
microcirculation/perfusion readily apparent.

 Pattern of PEGylation on PEG Hb Dictates 
the Efficiency of Tissue Oxygenation During 
Extreme Hemodilution

Direct PEGylation of Hb with maleimide on the reactive free 
thiols of Cys-93(β) in Hb (P5K2 Hb, P10K2 Hb or P20K2) 
was found to attenuate the intrinsic vasoconstrictive activity 
of Hb [11] as an inverse function of the PEG mass conju-
gated in top-load experiments with hamster. EAF P5K6 
PEGylation of Hb provided the best non-hypertensive activ-
ity while P20K2 Hb provided the least attenuation of vaso- 
constrictive activity. Nonetheless, Hb with two PEG-5K 
chains, exhibited noticeable attenuation of the hypertensive 
activity of Hb, in comparison to control unmodified Hb [11]. 
Even though the oxygen affinity difference between EAF 
P5K6 Hb and P5K2 Hb is only marginal, the differences in 
tissue oxygenation level between P5K2 Hb and EAF P5K6 
Hb is significant. Surprisingly, in extreme hemodilution 
studies we found that the functional capillary density and 
blood flow (i.e., microcirculation) does not correlate with the 
level of PEGylation or the oxygen affinity. We concluded 
that tissue oxygenation by the high oxygen affinity PEGylated 
Hb is impacted inversely by the amount of PEG in the PEG- 
shell of Hb, even though the overall effect of PEGylation on 
oxygen affinity appears to be minimal.

 PEG-Shell of High Oxygen Affinity of EAF 
P5K6 Hb Attenuates the Efficiency of Tissue 
Oxygenation

In extreme hemodilution, tissue oxygenation obtained by 
P5K2 Hb is better in comparison to supra plasma expander, 
dextran 500 (Table 20.1). Though functional capillary den-
sity with these two preparations is comparable, the blood 
flow is noticeably better with dextran 500. When severe ane-
mia is induced in hamster (4 gmHb/dl), a significant reduc-
tion in the oxygen carrying capacity (about 66 %)  of the 
circulatory system, supra plasma expansion by itself is 
unable to significantly improve the oxygen delivery to tis-
sues. Increasing the oxygen carrying capacity of the circula-
tion in this extreme hemodilution model with 1 gm/dl of 
P5K2 Hb in plasma (20% the total overall oxygen carrying 
capacity) improves the tissue oxygenation, while the same 
amount of MP4 placed in plasma does not provide this thera-

peutic benefit. On the other hand, comparing MP8 to dextran 
500 (with comparable viscosities), the MP8 is nearly as good 
at improving functional capillary density as MP4, but blood 
flow is noticeably lower compared to dextran 500. But MP8 
improves tissue oxygenation better than dextran 500, 
although not as effectively as P5K2 Hb. Thus, at least in situ-
ations of severe anemia, the tissue oxygenation by high oxy-
gen affinity PEG Hbs is not just a function of oxygen carrying 
capacity placed in plasma.

The increased oxygen affinity of P5K2 Hb is essentially a 
function of maleimide modification of Cys-93(β) while the 
contribution of the PEG-chains on the maleimide moiety in 
increasing the oxygen affinity appears to be marginal, if any. 
On the other hand, as multiple copies of the PEG-chains are 
conjugated to Hb and larger PEG-shell is engineered around 
Hb, further small increase in the oxygen affinity can be 
seen.  But the influences of the maleimide modification of 
Cys-93(β) and the number of conjugated PEG-shells upon 
oxygen affinity do not seem to be additive or synergistic. The 
intrinsic oxygen affinity changes  of PEG-Hbs is less than 
additive compared to  the influence of maleimide modifica-
tion of Cys-93(β) and of PEG-shell. Besides, as the number 
of copies of PEG-chains in the PEG-shell increase, the influ-
ence of allosteric effectors which to reduce the intrinsic oxy-
gen affinity of Hb is significantly attenuated: increase in the 
destabilization (access to deoxy conformation) of oxy con-
formation by PEG shell occurs as the PEGylation increases. 
This is reflected as decrease in the delivery of oxygen. Tissue 
oxygenation by high oxygen affinity Hbs is not a direct cor-
relate of the oxygen affinity.

Previous geminate recombination studies have shown that 
both maleimide modification of Cys-93(β) of Hb [13, 14] 
and the PEG-shell independently stabilize the oxy conforma-
tion and destabilize the deoxy conformation. Destabilization 
of the deoxy conformation is reflected by the observation 
that as the PEGylation increases allosteric effectors mediated 
lowering of the oxygen affinity of PEG Hb is [4] attenuated. 
Once Cys-93(β) of Hb is modified by a maleimide, the allo-
steric modification of oxygen affinity of Hb via modulation 
of geminate recombination by inositol hexa-phosphate (IHP) 
is essentially absent as compared to unmodified Hb.

These molecular aspects of reversible oxygen binding to 
PEG-Hbs could explain the lower efficacy of MP4 to improve 
tissue oxygenation in extreme hemodilution studies as com-
pared to P5K2 Hb or P10K2 Hb. As noted earlier, the changes 
introduced by Sangart in the EAF PEGylation platform 
could have also contributed further to its lower efficacy. EAF 
P5K6 Hb prepared at Einstein provided a better tissue oxy-
genation as compared to MP4, however, its efficacy is notice-
ably lower than that of P5K2 Hb. The molecular dimensions 
of P5K2 Hb and EAF P5K6 Hb are significantly different, 
and we reason that the larger PEG-shell contributes to atten-
uation of the efficiency of oxygen release to tissues by PEG 
Hb, in spite of their contribution to induce supra plasma 
expansion activity to Hb.
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High oxygen affinity of Hb is essentially a property of 
oxygen storage proteins like myoglobin. Increasing the oxy-
gen affinity of Hb will have no influence on the oxygen carry-
ing capacity of Hb since the oxygen tension at the lungs is 
very high due to high oxygen concentration in inspired air. 
While oxygen bound to Hb is unaltered, we anticipate that in 
the region where high oxygen affinity PEG-Hbs have 
to release their oxygen, tissue oxygenation will be a function 
of the oxygen affinity of the oxygen therapeutic placed in 
plasma and in particular stability of the deoxy conformation 
of PEG-Hbs, as well as the local tissue oxygen tension. The 
concentration of oxygen therapeutic in plasma represents the 
increased oxygen carrying capacity introduced to off-set low-
ered oxygen carrying capacity due to reduced hematocrit, in 
extreme hemodilution 11% instead of normal around 45%. 
The concentration of oxygen therapeutic in plasma should be 
high enough to build sufficient oxygen tension in the plasma 
to facilitate the diffusion mediated release  of oxygen from 
plasma to tissues. Consideration of the structure of PEG-shell 
design, particularly the influence on- and off rates of oxygen 
from Hb  is thus very important.  Therefore, the molecular 
structure of engineered PEG-shell of PEG-Hb can contribute 
to attenuation of oxygen delivery by reducing the stability of 
deoxy conformation. This is apparent as evidenced by MP4 
and the P4K2 design and the oxygen delivery by thesemole-
cules  in extreme hemodilution. Even though MP4 did not 
improve tissue oxygenation, MP8 did improve the tissue oxy-
genation even though it is not as efficient as P5K2 Hb (at 4 
gm %). The COP of MP8 is very high and this results in a 
significant auto  transfusion and increased plasma volume, 
thereby the concentration of PEG Hb in plasma is not a direct 
correlate of Hb concentration in the test solution. The struc-
tural aspects of PEG-Hb coupled with increased plasma vol-
ume lowers the overall efficacy of tissue oxygenation when 
high oxygen affinity PEG Hb is used as oxygen therapeutics.

 Design of EAF P3K6 Hb and Its Ability 
to Improve Tissue Oxygenation

One of the important differences between P5K2 Hb and EAF 
P5K6 Hb is the difference in molecular dimensions (hydro-
dynamic volume). Accordingly, we decided to evaluate the 
influence of the hydrodynamic volume of the PEG-shell on 
Hb generated by surface decoration of Hb with multiple cop-
ies of PEG-chains to improve tissue oxygenation. We decided 
to start with hexa-PEGylation to keep the number of PEG- 
chains conjugated to Hb same, six and reduce the molecular 
mass of PEG-chains to 3000 and generated EAF P3K6 Hb. 
This involves simply replacing maleimide PEG-5K with 
maleimide PEG-3K in Einstein EAF PEGylation platform.

Molecular and solution properties of EAF P3K6 Hb is 
compared with that of EAF P5K6 Hb in Table  20.2. The 
functional properties of EAF P3K6 Hb are essentially com-

parable to EAF P5K6 Hb except for the molecular and solu-
tion properties are distinct. This is anticipated because of the 
lower mass of PEG conjugated to Hb which is only 60% the 
mass of conjugated PEG in EAF P5K6 Hb. Compared to 
PEG-5K chains, the PEG-3K chains pack (organize/interact) 
much more compactly on the surface of Hb in the PEG-shell 
of EAF P3K6 Hb. The molecular shape of EAF P3K6 Hb as 
defined by molecular modelling appears to be more globular 
while EAF P5K6 Hb is more ellipsoidal.

In view of the lower viscosity of 4 gm % solution of EAF 
P3K6 Hb compared to EAF P5K6 Hb, we used 6 gm % solu-
tion of EAF P3K6 Hb to evaluate the influence of PEG shell 
size on the tissue oxygenation in the extreme hemodilution 
in hamster. EAF P3K6 Hb increases the tissue oxygenation 
slightly better than that seen with P5K2 Hb or P10K2 Hb. 
This clearly reflects the influence of PEGylation pattern on 
the efficacy of PEG Hb to deliver oxygen. Even though the 
COP of a 6 gm % solution of EAF P3K6 Hb is higher than 
EAF P5K6 Hb and MP4, the concentration of EAF P3K6 Hb 
in plasma is just about 50% higher than that with MP4 or 
P5K2 Hb: increase in auto-infusion seems to be limited with 
EAF P3K6 Hb as this this increase plasma EAF P3K6 Hb is 
expected.

The functional capillary density seen with EAF P3K6 Hb 
is comparable to that seen with EAF P5K6 Hb, however flow 
is better with EAF P3K6 Hb compared to EAF P5K6 Hb. 
Both microcirculatory parameters are significantly better 
than with dextran 70. Therefore, we conclude that EAF P3K6 
Hb is also a supra plasma expander just as EAF P5K6 Hb.

In extreme hemodilution studies, the amount of Hb 
placed in plasma in our studies by using a 4 gm % solution 
of PEG Hb represents only about 20% of total Hb in circula-
tion. This will be slightly less than 30% in EAF P3K6 Hb 
experiments where we have used 6 gm % solution to main-
tain a viscosity comparable to that of 4 gm % of EAF P5K6 
Hb. In severe anemia where hematocrit is very low and tis-
sue oxygenation by the RBC (through direct diffusion) is 
essentially minimal, high oxygen affinity PEG-Hbs indeed 
improves oxygen delivery to tissues. In the presence of MP4 
there is a significant oxygen debt in the venular blood as 
compared to EAF P3K6 Hb. In MP4 increase in tissue oxy-
genation is minimal, while with EAF P3K6 Hb it is slightly 
better than P5K2 Hb. However, concentration of EAF P3K6 

Table 20.2 Molecular and functional properties of EAF hexa- 
PEGylated Hbs

Molecules
Radius 
(nm)

Molecular 
volume
(nm)3

Packing 
density of 
PEG shell

Oxygen 
affinity 
P50 mm Hg

HbA 3.0 116.6 – 14
EAF P3K6 
Hb

4.9 493.0 47.7 8

EAF P5K6 
Hb

6.5 1150.0 29.0 7–8
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Hb in plasma is nearly 50% more than with P5K2 Hb, i.e., 
overall efficacy may not reach the level seen with P5K2 Hb. 
The improved oxygen delivery in the presence of these high 
oxygen affinity Hbs could be a direct consequence of 
improved microcirculation, or increased oxygen carrying 
capacity of the system, or a combination of both increased 
oxygen carrying capacity and improvements in the oxygen 
transfer capability from the oxy-Hb in the RBC to the tis-
sues (i.e., catalytic transfer). These aspects of high oxygen 
therapeutics contributing to improved tissues oxygen-
ation are yet to be sorted out. We believe that oxygen trans-
fer catalytic activity of PEG-Hbs (nano oxygen-pumps) 
plays a dominant role in situations of treating severe ane-
mia, as more clearly reflected in the experiments with trans-
genic sickle mice discussed below.

It may be noted that we had generated P3K2 Hb also to see 
how this smaller  molecule can compare with P5K2 Hb. 
However, this PEG-Hb was cleared from the circulatory sys-
tem and P3K2 Hb was seen in the urine and thus could possibly 
damage the kidney (nephrotoxicity). Notably P5K2 Hb is not 
cleared through kidney, the shorter PEG 3K apparently binds 
tightly to the Hb molecule providing a compact molecule while 
the larger PEG 5K chains have more disorder in their structure. 
This apparently contributes significantly to the larger hydrody-
namic volume and attenuation of kidney filtration (Fig. 20.4).

 Therapeutic Application of High Oxygen 
Affinity PEG Hb in Treating 
the Pathophysiology of Sickle Cell Disease

Sickle cell disease is the first molecular disease to be identified 
and is a consequence of the presence of mutant Hb, namely 
HbS. HbS polymerizes when deoxygenated in a HbS concen-
tration dependent fashion. The sickled erythrocytes are 
deformed to various degrees and clog the capillaries leading to 
regional vaso-occlusion. However, adult sickle cell anemia is 
essentially a co-morbidity disease. Accordingly, therapeutic 
benefits may be derived from approaches besides those focused 
on inhibiting deoxy HbS polymerization. Carbon monoxide 
has been advanced for modulation of the vaso occlusive crisis. 
Sangart’s MP4CO, carbon monoxy Hb has been approved as 
orphan drug; however, Sangart ceased its operation before they 
could initiate a phase II clinical trial. Prolong’s Sanguinate, a 
carbonmonoxy Enzon PEG Hb has also been advanced as an 
alternate therapeutic to inhibit polymerization, and phase II 
studies have provided positive results.

Alternatively, our studies evaluating EAF P3K6 Hb and 
EAF P5K6 Alb as a therapeutic agent to treat sickle cell dis-
ease using transgenic sickle mice have focused on the poten-
tial applications of supra plasma expansion activity with and 
without oxygen carrying capacity, respectively, to treat 
severe anemias and particularly with a goal of targeted oxy-
genation of hypoxic tissues.

 (i) Supra Plasma Expanders Attenuate Hypoxia 
Reoxygenation Mediated Vaso-Occlusion in Transgenic 
Sickle mice NY1DD, EAF P3K6 Hb is superior to EAF 
P5K6 Alb both in NY1DD and Berk: We used three mod-
els of transgenic mice in our lab at Einstein for study of 
SCD; each model differs from one another in terms of the 
degree of anemia and severity of disease. The mildest 
transgenic mouse model is NY1DD. The S + S Antilles 
models is also a mild model which express only mild ane-
mia and very limited vaso-occlusion just as NY1DD but 
its tolerance for hypoxia is less than that of NY1DD. Severe 
vaso-occlusive episodes are induced into these mild mod-
els by subjecting the animals to hypoxia reoxygenation. 
The NY1DD model tolerates long exposure to hypoxia 
reoxygenation while the model S + S Antilles can tolerate 
only shorter durations of hypoxia and reoxygenation. In 
NY1DD and S  +  S Antilles, the cerebral blood flow is 
essentially comparable to the wild type of mouse, whereas 
the Berkley (Berk) mouse exhibits significantly higher 
CBF nearly 2.5 to three times higher than the wild type 
mouse and is accompanied by severe anemia with hema-
tocrit levels around 30.

Intaglietta and his colleagues [15] have shown that MP4 
oxy improves the functional capillary density in the Alabama 
transgenic mouse models (which are mild disease model just 
as with NY1DD) of sickle cell disease when the animals are 
exposed to hypoxia reoxygenation. This reflects the potential 
protective role of supra plasma expanders in mitigating the 
hypoxia induced influence on the microcirculation in mild 
sickle cell disease situations.

The therapeutic activity of supra plasma expanders with 
and without oxygen carrying capacity (EAF P3K6 Hb and 
EAF P5K6 Alb) to attenuate hypoxia-reoxygenation induced 
vaso-occlusion in the NY1DD models has been studied at 
Einstein. Both supra plasma expanders attenuated the hypoxia 
reoxygenation induced vaso-occlusion as reflected by the 
clearing of vaso-occlusion in veins of treated mice in com-
parison to untreated mice. EAF P3K6 Hb was better than 
EAF P5K6-Alb in this regard. The pattern of improvement 
obtained with EAF P3K6 Hb in the NY1DD was excellent – 
treated mice exhibited improvement as good as the wild type 
controls. Interestingly, pretreating NY1DD with EAF 
P3K6Hb protects the mice from developing hypoxia reoxy-
genation induced vaso-occlusion [16]. The amount of EAF 
P3K6 Hb in the plasma amounts to less than 10% of Hb in the 
RBC, which can hardly be considered as increasing the oxy-
gen carrying capacity of blood. Rather, the protective effect 
against hypoxia-reoxygenation is likely like that obtained in 
experimentally induced extreme hemodilution studies that 
produce severe anemia discussed earlier. Though the level of 
anemia in NY1DD is mild, the hypoxia protocol induces a 
severe anemia as oxygen carried to tissues will be severely 
diminished. Accordingly, we conclude that the protection 
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Fig. 20.4 (a) Influence of the mass of PEG-chain (size of PEG-shell) on 
Hb when it is surface decorated with EAF PXK6 pattern of PEGylation 
on microcirculation in extreme hemodilution studies in hamster as 
reflected by functional capillary density. X in PXK6 pattern, represents 
mass of the PEG-chains. (b) Influence of pattern of PEGylation of EAR 
PXK6 Hb, where as “X” represents the mass of PEG-chain used for sur-
face decoration on blood vessel diameter and flow. The arterial diameter 
in all three materials. Venular diameter is essentially same as the base line 
but with dextran 70 it is slightly lower compared to PEGylated Hbs. The 
arterial and is nearly the same in all three samples, the venular flow seems 
to be best with EAF P3K6 Hb. (c) Influence of the mass of PEG-chain on 
Hb surface decorated in EAF PXKY pattern of PEGylation on oxygen 
distribution in arterioles, veins, and tissues in extreme hemodilution. 
Differences in Pattern of PEGylation on has essentially very limited influ-
ence on the PO2 in arterioles.as the P02 in the control dextran 70 samples 
is slightly less than the two Hb samples. Pattern of PEGylation on Hb 

impacts the venular PO2 levels. The PO2 level in EAF P3K6 Hb is com-
parable to that in control dextran sample are comparable while there is an 
oxygen debt in the MP4 sample. This suggests that as the blood has trav-
elled from arterioles to veins, increased oxygen delivered to tissues has 
created an oxygen debt in the veins. Increased oxygen delivery (i.e., 
increased deoxygenation of oxy Hb as it travels through the capillaries to 
veins may be function of higher perfusion in the microcirculation due to 
the supra plasma expansion activity of MP4 or due to a combination of 
supra plasma expansion and increased oxygen extraction. Anyway, MP4 
facilitates increased deoxygenation of oxy Hb. In dextran control there is 
not much decrease in oxy Hb in veins between EAF P3K6 Hb and dex-
tran. Tissue oxygenation is best with EAF P3K6 Hb, and there is no dif-
ference in the tissue oxygen level in MP4 and dextran control. The 
difference in the tissue oxygenation level between that of dextran and 
MP4 is marginal. The decrease in venous blood should represent the 
metabolic consumption in MP4 treated animals
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afforded by EAF P3K6 Hb represents essentially an improve-
ment in the increase in the oxygen extraction from the RBC 
occurring during hypoxia. In the lungs, in a reverse way, EAF 
P3K6 Hb is expected to increase the oxygenation of the deoxy 
Hb in the RBC by facilitating the inflow of oxygen from alve-
olar space.

Berk is severe transgenic mouse model of sickle cell dis-
ease with severe anemia and intrinsic vaso-occlusion. Again, 
EAF P3K6 Hb is superior to EAF P5K6 Alb in attenuation of 
vaso-occlusion (Fig. 20.5). This reflects role oxygen delivery 
in attenuating the vaso-occlusion in these mice.

 (ii) Influence of Supra Plasma Expander EAF P5K6 Alb on 
Cerebral Blood Flow (CBF) in wild Type mice: We have 
demonstrated that the supra plasma expander EAF 
P5K6 Alb increases CBF after a 10% top load of the 
solution to the circulation. The increase in CBF was 
associated with a corresponding decrease in the level of 
deoxy Hb in the brain. This increase in CBF co- 
commitant with a decrease in de-oxy Hb is consistent 
with the supra plasma expansion activity seen in sys-
temic microcirculation in extreme hemodilution studies 
(Fig.  20.6). It should be noted that in these studies, 
hematocrit was normal before and after administration 
of the compound and yet we still observed increased 
CBF.  This finding is evidence of the supra plasma 
expansion activity obtained by top load of as little as 
10% by volume of the test solution. Notably, the 
increase in CBF persisted for as long as 72 hours after 
the EAF P5K6 Alb infusion (Fig.  20.6). The ‘luxury 

perfusion’ induced by the supra plasma expander 
decreases the deoxy Hb content in blood.

 (iii) Influence of the severity of the sickle cell disease on the 
Cerebral Blood Flow (CBF) of transgenic sickle mice: 
High CBF and increase in stroke represents a comorbid-
ity of the adult sickle cell patients. We have compared 
the CBF in all three transgenic mouse models of sickle 
cell disease with that in wild type mice. In transgenic 
sickle mice there is an increase in CBF, (Fig. 20.7) and 
it corresponds to the severity of anemia just as the sever-
ity of the disease as represented by level of vaso- 
occlusion in steady state. The higher CBF shows a 
correspondence with levels of deoxy Hb in blood.

 (iv) EAF P5K6 Alb, Supra Plasma Expander without 
Oxygen Carrying Capacity, induces Oxygen Debt in the 
Brian in Transgenic sickle mice Berk: Wild Type (WT) 
C57BL6 mice and three models of sickle cell disease 
(the mild NY1DD and Antilles models (not shown) and 
the severely anemic Berk model) underwent MRI 
assessment for CBF at 4 time points prior to and after 
administration of a 10% top load of EAF-P5K6-Alb, 
administered by tail vein. CBF was measured using 
arterial spin labeling methods, and brain tissue deoxy-
 Hb levels were assessed by blood oxygen level depen-
dent changes observed before and after administration 
of 100% O2 [17] which is sensitive to the change in 
deoxy Hb in the venous effluent from the brain tissue. 
After the top load of EAF P5K6 Alb, CBF increased 
progressively, reaching maximal levels after 72 hours. 
In the NY1DD and Antilles animals, CBF remained 
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Wild type

Berk-treated with
PEG-Hb

Berk-treated with
PEG-Alb

Berk

Fig. 20.5 Comparison of the video micrographs of veins of Berk mouse compared with wild type, before and after treating with EAF P3K6 Hb 
and EAF P5K6 Alb. Superiority of EAF P3K6 Hb can be seen from these studies
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Fig. 20.6 Influence of top loading of EAF P5K6 Hb (10 %by volume) 
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infusion of the test solution, in spite of the fact these mice of normal 
hematocrit. With the increase in blood flow, the amount of deoxy Hb in 
blood is reduced, consistent with a “luxury perfusion”
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Fig. 20.7 Cerebral blood flow in transgenic sickle mice is a correlate 
of the severity of the disease. In transgenic mice, small but noticeable 
increase of CBF is seen. In S+ S Antilles, the CBF is nearly comparable 

to that of NY1DD. In Berk, severe disease model, CBF increased sig-
nificantly. The increase in CBF is accompanied by corresponding 
decrease in deoxy Hb levels in blood

essentially unchanged at 24 hours or 72 hours. It may be 
noted that in these mice systemic circulation does not 
responds much to vaso-dilator, sodium nitroprusside, 
whereas the WT mice respond readily to vaso-dilators.

Surprisingly, Berk animals responded with decreases in 
CBF after top load of EAF P5K6 Alb. In Berk animals, ane-
mia has driven the CBF significantly above WT levels, to 
facilitate an increase in oxygen delivery to meet cerebral 
metabolic demand in the face of inadequate oxygen carrying 
capacity. These CBF changes are confirmed in the deoxy-Hb 
measurements (sight side).

Increasing CBF in WT animals was associated with a 
concomitant increase in the efficacy of oxygen extraction in 
tissues and more efficient (frequent) reoxygenation of deoxy-
 Hb in lungs, resulting in decreased deoxy-Hb in the venous 
blood. In NY1DD animals, no change in CBF was reflected 
in no change in deoxy-Hb levels but the therapeutic benefit 
of EAF P5K6 Alb in attenuation of the hypoxia reoxygen-
ation induced vaso-occlusion in systemic circulation has 
been demonstrated. The response of cerebral circulation in 

anemic BERK mice is very distinct as compared to WT or 
NY1DD. In BERK animals there is small drop in CBF on 
infusion of EAF P5K6 Alb. This reduction in CBF induced 
an increase in venous deoxy-Hb levels, suggesting further 
metabolic impairment. While the findings in the WT animals 
are interpreted to reflect the supra plasma expansion activity 
of the EAF P5K6 Alb, the decrease in Berk is likely resulting 
from an impaired CBF regulatory system in which nitric 
oxide responsiveness is impaired from NOS scavenging of 
free Hb from RBC lysis. It may be noted that Berk mice 
exhibit intrinsic high vaso-occlusion in systemic circulation, 
and it is cleared significantly cleared by EAF P5K6 Hb. 
Accordingly, this result suggests the need for SCD therapeu-
tic compounds that improve the systemic circulation by 
attenuating the vaso-occlusion should be coupled with strate-
gies that provide additional oxygen to hypoxic tissues like 
brain and kidney, particularly in disease situations with 
severe anemia.

 (v) EAF P3K6 Hb, a Supra Plasma Expander that Binds 
Oxygen Reversibly, Normalizes CBF in Berk without 
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Creating an Oxygen Debt: Infusion of EAF P3K6 Hb 
to NYIDD prior to submitting the animals to hypoxia 
reoxygenation platform, protects these transgenic 
mice developing severe vaso-occlusion (Feng et  al). 
Besides, EAF P3K6 Hb clears the systemic vaso-
occlusion completely in Berk, and significantly better 
than EAF P5K6 Hb.

To map the influence of supra plasma expanders with 
and without oxygen carrying capacity on the cerebrovascu-
lar system, EAF P3K6 Hb was administered to WT and 
Sickle mice, and the response compared to the response 
after EAF P5K6 Alb, which does not carry Hb. In the WT 
and NY1DD mice there were no significant changes in 
either CBF or deoxy-Hb, except for a short-term slight 
reduction in CBF right after the top load was given for 
which no change in deoxy-Hb was observed. However, in 
severely anemic Berk mice the response was quite differ-
ent, as illustrated here. While the top load of EAF P5K6 
Alb induced a slight decrease in CBF which increased 
deoxy-Hb levels, the top load of EAF P3K6 Hb transiently 
decreased CBF but they rebounded above pre-top load lev-
els by 72 hours. Importantly, the deoxy-Hb levels remained 
unchanged from pre-top load levels throughout these 
changes, suggesting that the EAF P3K6 Hb improved the 
oxygen extraction even when delivery was reduced by 
reduced CBF.  This effect must be mediated by increased 
oxygen carrying capacity and a targeted delivery to the 
most hypoxic tissues. Thus, the EAF P5K6 Hb was protec-
tive against the decrease in CBF and maintained normal 
oxygen tension in the tissue.

 Novel Aspects of EAF PEGylated Albumin 
and EAF PEG-Hb as Oxygen Therapeutics

Both EAF PEGylated Alb and EAF PEGylated Hb may be 
considered as novel oxygen therapeutics that help us to mod-
ulate oxygen delivery without significantly altering the oxy-
gen delivering capacity of the circulatory system. These 
supra plasma expanders can be considered as novel nanopar-
ticles that are endowed with RBC like biophysical property 
to modulate the microcirculation, and as such are unique 
molecular structures. These are nanostructures only from the 
perspective of their hydrodynamic volume and not by their 
mass. EAF PEG-Alb, one without any oxygen carrying 
capacity improves microcirculation in situations when the 
hematocrit levels are low (about 25% of the original) without 
significantly improving the tissue oxygen levels (extreme 
hemodilution). Even when hematocrit is normal, the supra 
plasma expansion properties increase the CBF and lowering 

the deoxy Hb levels in blood much like a vasodilator without 
apparent hypotensive effects. It may be noted that, we have 
previously suggested that EAF PEG Alb can be used in place 
of small amounts of blood for transfusion; this is possible 
since EAF PEG Alb improves oxygen extraction by improv-
ing functional capillary density and blood flow. It may be 
noted human body is designed to use just about 20% of the 
overall oxygen carrying capacity of the circulatory system. 
This redundancy in the oxygen carrying capacity vs the real 
need for the metabolic reaction allows us to minimize the use 
of blood transfusion when blood loss or anemia is marginal; 
if we can find a better way of improving the oxygen extrac-
tion when there is blood loss or anemia. This is a totally 
novel concept and practical application of these concepts 
requires further studies and undertaking of the clinical 
trials.

Improved oxygen extraction in the presence of supra 
plasma expander appears to be a function of the reversible 
oxygen binding of EAF P3K6 Hb in plasma in the circula-
tory system. The resolution of hypoxia reoxygenation 
induced vaso-occlusion in NY1DD (low anemia sickle cell 
model) is accomplished quicker in the presence of EAF PEG 
Hb than in its absence. On the other hand, EAF P3K6 Hb is 
better even when anemia is present and is in the range of 
transfusion trigger, i.e., severe as in Berk.

However, when severe anemia is present as in Berk (with 
Hb levels around 7– gm/dl), EAF P5K6 Alb creates an oxy-
gen debt in the brain, even though we could see significant 
therapeutic benefit in terms of attenuating vaso-occlusion in 
systemic circulation. On the other hand, EAF P3K6 Hb nor-
malizes CBF and provides protection against the by normal-
izing CBF in maintaining oxygen saturation in the blood. 
This is apparently accomplished by improved extraction 
from RBC, thus avoiding the creation of transient oxygen 
debt.

We believe that the therapeutic activity of EAF P3K6 Hb 
in BERK mice, particularly in normalizing the CBF with-
out increasing the deoxy Hb content in the venous blood, 
cannot be attributed simply to increased oxygen carrying 
capacity afforded by EAF P3K6 Hb placed in plasma. The 
high oxygen affinity PEG Hb in the plasma accounts for 
less than 10% of total Hb in the circulatory system (Hb in 
RBC + EAF P3K6 Hb in the plasma). It may be noted that 
normalization of CBF in Berk by fetal Hb, requires the Hb 
content in blood to be around 11–12 gm/dl. This implies 
that the efficacy of EAF P3K6 Hb placed in plasma is 
nearly onefold higher than fetal Hb in the RBC.  This is 
counter intuitive to our present understanding of delivery of 
oxygen by Hb, increase the oxygen carrying capacity to 
compensate for the reduction in hematocrit (oxygen carry-
ing capacity).
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Accordingly, we suggest the high oxygen affinity of EAF 
P3K6 Hb placed in plasma facilitates the transfer of oxygen 
from RBC by a “pull” mechanism to maintain a steady-state 
level of oxygen tension in plasma and this facilitates the 
 diffusion of oxygen to the tissues. The supra plasma expan-
sion activity of EAF P3K6 Hb, particularly, the increased 
functional capillary density facilitates a better diffusion of 
oxygen from plasma to tissues. PEG Hb in plasma acts as a 
nanomachine (catalysts) that facilitates more out-flow of 
oxygen from RBC to plasma (nano oxygen-pump). The 
increased oxygen tension in plasma due to the presence of 
EAF P3K6 Hb facilitates the diffusion (push) of oxygen to 
tissues thereby facilitating an increase in the delivery of oxy-
gen to the tissues. The concepts of supra plasma expansion 
by low viscosity colloidal plasma expanders and catalysis of 
oxygen transfer by high oxygen affinity Hb are new con-
cepts. The synergistic combination of these two in EAF PEG 
Hb provides a new opportunity to design new-found mem-
bers of this novel class of molecules.

In severely anemic Berk mice, increasing the oxygen 
extraction from RBC is expected to increase the concentra-
tion deoxy HbS in the circulation without a compensation 
for increasing the oxygen carrying capacity of existing 
RBC, Increased oxygen extraction from RBC is a polymer-
ization promoting process. However, we have not seen any 
evidence of that with Berk mice and deoxy HbS levels in the 
brain is essentially remains unchanged even when CBF has 
been pretty much normalized to wild type levels. 
Accordingly, we hypothesize that in the presence of EAF 
P3K6 Hb, there is an increase in the oxygen saturation of 
HbS in RBC in the lungs, i.e., an increase in the oxygen car-
rying capacity blood.

It is generally known that P50 of RBC in HbSS patients 
is around 35 mm Hg whereas the P50 of RBC from HbAA 
individuals is around 28  mm Hg. However, the intrinsic 
oxygen affinity of HbA in vitro is indistinguishable from 
that of HbS. 0xygen saturation levels in normal individuals 
is around 99% while that with SCD patients is around 
95%. The lower oxygen affinity of RBC in SCD patients 
reflects the problem associated with inflammation in lungs 
and the presence of small deoxy HbS polymers in the 
RBC. The presence of high oxygen affinity EAF P3K6 Hb 
in the plasma, apparently, facilitates the in-flow of oxygen 
to RBC from the alveolar space in the lungs (a reverse of 
what happens in the tissues). The presence of EAF P3K6 
Hb increases the oxygen tension in the plasma higher as 
compared to its absence, this facilitates the oxygenation of 
deoxy HbS in lungs better than in the control animals. This 
likely leads to the depolymerization of some deoxy HbS 
polymers in the RBC, thus adding to the increased oxygen 

carrying capacity of the blood. It may be noted here oxy-
gen therapy is being advanced as a novel strategy to treat 
painful vaso-occlusive crisis in SCD patients and this is to 
increase the oxygen saturation in patients with sickle cell 
disease [16, 17].

The SCD therapeutic activity of EAF P3K6 Hb to atten-
uate hypoxia-reoxygenation induced vaso-occlusion in 
NY1DD as well as the normalization of CBF in Berk with-
out any changes in deoxy HbS content in the veins, sug-
gests a potential application of EAF P3K6 Hb as an 
alternate to oxygen therapy in emergency medicine and 
critical care medicine. Oxygen therapy is standard plat-
form to treat pulmonary complications due to insufficient 
oxygenation of Hb in lungs, including but not limited to 
Covid-19. Low venous oxygenation levels are equivalent 
to hypoxia induced low saturation of Hb in blood. Our 
experience with EAF P3K6 Hb in transgenic sickle mice 
opens this approach for treating situation where there is a 
drop in oxygen saturation levels requiring oxygen therapy 
(Fig. 20.8).

Increasing oxygen affinity of Hb in RBC has been 
advanced as a therapy to treat Covid-19, hydroxymethyl fur-
fural has been advanced as a potential therapeutic for this 
purpose [18]. GBT-440 [19], approved as an emergency 
medicine for sickle cell disease, is probably a better thera-
peutic to increase the oxygen affinity of Hb in vivo. Though 
there appears to be little doubt in terms of therapeutic benefit 
of GBT-440 in sickle cell disease, the mechanism of action 
of the therapy has been debated. Increasing the oxygen affin-
ity of Hb has been suggested to increase the anemia effect in 
sickle cell anemia patients [20] just as increasing the oxygen 
extraction using supra plasma expanders. On the other hand, 
just as with high oxygen affinity oxygen therapeutic EAF 
P3K6 Hb, the high oxygen affinity RBC could also accom-
plish a targeted oxygenation of hypoxic areas of body in 
sickle cell patients. Similarly, high oxygen affinity RBCs can 
increase saturation of oxygen in lungs thereby contributing 
to overall therapeutic benefits. High oxygen affinity RBC 
generated in situ could also lead to increased oxygen satura-
tion in lungs as well. High oxygen affinity fetal Hb has been 
demonstrated to accomplish peripheral oxygen saturation 
[20]. Increasing the oxygen affinity of RBC has also been 
shown to improve microcirculation and better tissue oxygen-
ation [21]. An Interesting situation could be a combination of 
high oxygen affinity inducing GBT 440 along with EAF 
P3K6 Hb in treating severe sickle cell patients as well as 
patients with pulmonary complications with reduced oxygen 
saturation levels. In this respect, of particular interest, is 
covid-19 patients with severely low levels of oxygen 
saturation.
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Fig. 20.8 Comparison of the influence of top loading transgenic sickle 
mice Berk with EAF P5K6 Alb and EAF P3K6 Hb on brain CBF and 
deoxy Hb levels. Hb levels in Berk mice is around 7–8 gm %, and hence 
are very severe. Berk mice do not show the supra perfusion seen with 
wild type, i.e., the system tuned up as much as possible. None the less 
we can see some lowering of the high CBF Berk mice, a consequence 

severe sickle cell disease with severe anemia. Even though EAF P5K6 
Alb clears the systemic vaso-occlusion noticeably, it does very little to 
normalize the CBF and is accompanied by creating an oxygen debt in 
the brain. EAF P3K6 Hb, normalizes the CBF in 3 hours without creat-
ing an oxygen debt in the brain, and gets back to pre-infusion level by 
72 hour

 General Conclusions

In this chapter we have refocused the issues one needs to 
consider when designing high oxygen affinity Hb as a new 
class of oxygen therapeutics, particularly the influenced 
engineered modifications on on- and off-rates of oxygen 
form Hb and the role of the PEG shell in dictating the out-
come when administered into animals. Our studies have 
established high oxygen affinity EAF P3K6 Hb is more effi-
cient relative to EAF P5K6 Hb and MP4. The anti-anemia 
therapeutic efficacy as reflected from the studies with 
 transgenic sickle mice is significantly higher than increasing 
the hematocrit level (transfusion). Surprisingly, this efficacy 

is superior to generating high oxygen affinity RBC in vivo 
either by chemical or genetic approaches as well; we calcu-
late this efficacy as reflected by the normalization of CBF is 
nearly an order of magnitude better. Accordingly, a new con-
cept has been advanced here: the efficacy of SCD therapeutic 
activity of high oxygen affinity EAF P3K6 Hb placed in 
plasma in transgenic sickle mice stems from a catalyst- like 
activity of EAF P3K6 Hb, a nano oxygen pump. This activity 
also facilitates an in-flow of oxygen to RBC in lungs besides 
the out-flow of oxygen from RBC to tissues in rest of the 
body. As such, the newly designed oxygen therapeutic is 
used in very small amounts as compared to Hb inside RBC 
(less than 10%).
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These results are counter intuitive to current paradigm of 
designing blood substitutes which focus on increasing the 
oxygen carrying capacity of circulatory system. In the design 
of EAF P3K6 Hb and EAF P5K6 Hb, a new approach to 
design semisynthetic supra plasma expander has been 
exposed. The design of EAF P5K6 Alb, a non-oxygen carry-
ing semisynthetic supra plasma expander confirms this activ-
ity is independent of oxygen binding/carrying capacity. 
However, we need to recognize that supra plasma expansion 
by EAF P5K6 Hb and EAF P5K6 Alb may be very distinct 
and may be a function of the efficacy of release of oxygen 
from RBC. It may be noted that release of oxygen from oxy 
Hb in RBC will also release NO, the vasodilator [21]. Thus 
the targeted oxygenation of tissues by high oxygen affinity 
PEG-Hb also accomplishes a targeted release of Nitric oxide, 
or targeted vasodilation. This is independent of the intrinsic 
supra plasma expansion activity engineered by EAF hexa- 
PEGylation. Thus, with EAF P3K6 Hb and EAF P5K6 Hb, a 
better perfusion could be expected with PEG Hbs relative to 
EAF P5K6 Alb through a synergy of improved shear thin-
ning (supra plasma expansion) and release of NO through 
improved oxygen extraction of oxygen (deoxygenation) 
inside RBC.  Supra plasma expansion by EAF P5K6 Alb 
operates primarily through increased shear thinning of blood 
and endothelial NO production. Increased deoxygenation of 
oxyHb inside RBC in the presence of high oxygen affinity 
PEG-Hb increases the flexibility of RBCs. Besides, with the 
newly designed PEG Hbs the low-level use of oxygen thera-
peutic is expected to attenuate the toxicity associated with 
the development of blood substituted as oxygen carrying 
materials on the one hand and the cost of the treating patients 
on the other.

Our initial thoughts in the design of high oxygen affin-
ity EAF P5K6 Hb has been to target the oxygenation of 
hypoxic tissues, where the oxygen demand is high. EAF 
P3K6 Hb is essentially devoid of any Bohr effect. 
Accordingly, the in- flow and out-flow of oxygen to RBC in 
lungs and to tissues, respectively, is enhanced during aci-
dosis essentially as a linear function of lowered pH induced 
by anemia/hypoxia. As the pH is lowered, the affinity oxy-
gen to Hb inside RBC is lowered, i.e., the difference in the 
affinities of Hb inside RBC and EAF P3K6 Hb increases. 
The net oxygen-pull power of EAF P3K6 Hb increase in 
hypoxic tissues as a function of acidosis. Application of 
high oxygen affinity oxygen therapeutics as molecular 
pump placed in plasma to increase oxygen extraction from 
RBC that synergizes the high oxygen affinity PEG-Hbs 
with its supra plasma expansion activity induced by EAF 
PEGylation for treating anemia or blood loss, represents a 
clear paradigm shift for designing novel class of a oxygen 
therapeutics.

 Future Directions

It may be noted here that microcirculatory parameters of 
P5K2 Hb are better than of EAF P3K6 Hb. Concomitant 
with this, the relative efficacies of tissue oxygenation of 
P5K2 Hb is better than with EAF P5K2 Hb (Table 20.3). The 
relative efficacies of some of the PEG Hbs studied by us is 
summarized in Table 20.3 and compared with that of MP4 
and MP8, suggesting that tissue oxygenation is not a direct 
correlate oxygen affinity, but better tissue oxygenation is 
generally associated with better microcirculatory parame-
ters. The data in Table 20.3 suggest di-PEGylated Hb is a 
better ‘nano oxygen pump’ compared to hexa-PEGylated 
Hb. We anticipate that the shear thinning is probably maxi-
mum with EAF P3K6 Hb and EAF P5K6 Hb, supra plasma 
expanders and hence expected to provide a better microcir-
culation. Therefore, higher efficacy of tissue oxygenation 
with P5K2 Hb is indeed surprising and suggest that as the 
efficacy of oxygen extraction from RBC increases, the con-
comitant release of NO plays a more important role in pro-
viding better microcirculatory parameters than the 
hexa-PEGylation induced supra plasma expansion.

Improving the efficacy of tissue oxygenation using small 
amounts of high oxygen affinity Hb placed in plasma through 
better oxygen extraction from RBC is a novel concept 
advanced here. The transfer of oxygen from oxy Hb in RBC 
to tissues is marginal even with supra plasma expander like 
EAF P5K6 Alb or dextran 500, i.e., diffusion mediated trans-
fer of oxygen from through plasma when the hematocrit is 
low is negligible. The increase in the transfer of oxygen in 
the presence of high oxygen affinity Hb could be accom-
plished either through improved oxygen tension in the 
plasma (established through reversible equilibrium or 
through facilitated transport of oxygen by PEG-Hbs in the 
plasma. The release of vasodilator by the deoxygenation of 
oxy Hb inside RBC appears add significantly more improve-
ment in microcirculation than that achieved through supra 
plasma expansion. The difference between EAF P3K6 Hb 
and EAF P5K6 Hb in tissue oxygenation certainly empha-

Table 20.3 Relative efficacies of tissue oxygenation by PEGylated 
Hbs

PEGylated sample
Relative efficacy of tissue oxygenation
Tissue PO2/Conc of Hb in plasma

P5K2 Hb 7.8
P10K2 Hb 8.0
P5K4 canine Hb 4.0
P5K4 rHb(αH20C) 5.6
EAF P5K6 Hb (Einstein) 3.0
MP4 (EAF P5K8 Hb) 1.6
MP8 (EAF P5K8 Hb) 2.5
EAF P3K6 Hb 5.1
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sizes the relative roles of on and rates of interaction of oxy-
gen with PEG Hb.

Though Hb EAF hexa-PEGylated with maleimide 
PEG-5K was chosen initially because this represented the 
maximum number PEG-5K chains that can be accommo-
dated on the molecular surface of Hb without perturbing 
interdimeric interactions of PEG-Hb. However, higher 
number of PEG-chains seems to attenuate the efficacy of 
oxygen extraction RBC and thus tissue oxygenation by 
high oxygen affinity Hbs. Lowering the mass of PEG-
chains conjugated to Hb in hexa-PEGylated shows improve-
ment in tissues oxygenation. In doing we have also reduced 
the molecular dimensions of hexa-PEGylated Hb. It may be 
noted that there is generally an increase in the efficacy of 
tissue oxygenation as the molecular dimensions, i.e., 
hydrodynamic volume of Hb is reduced. As the molecular 
dimensions are reduced, the viscosity of the plasma layer is 
also reduced and this impact the movement of PEG Hb in 
the plasma layer.

It has been noted earlier that oxygen therapeutics deliver 
oxygen more efficiently than the Hb inside RBC and this has 
been attributed to the facilitated transport of oxygen by Hb in 
plasma as compared to the diffusion of oxygen through 
plasma layer. We believe that this is the case with high oxy-
gen affinity PEG-Hb as well and the inverse correlation of 
relative efficacy of PEG-Hb mediated improvements in tis-
sue oxygenation as a function of the molecular dimension of 
PEG-Hb suggests that there may be room to further improve 
the efficacy of these ‘nano oxygen pumps’ either through the 
manipulation of the off rates of oxygen from oxy-PEG Hb or 
through manipulation of the packing density of PEG-shell.

We have generated P5K2 αα-Hb as way of stabilizing the 
deoxy conformation of P5K2 Hb molecule, which increases 
the P50 of the molecule. Preliminary studies show P5K2 
αα-Hb retains better microcirculatory properties as com-
pared to EAF P3K6 Hb, but not as effective as P5K2 Hb. The 
efficacy of tissue oxygenation is more comparable to that of 
EAF P3K6 Hb. The oxygen affinity of P5K2 αα-Hb is around 
12 mm Hg, i.e., lower than that of P5K2 Hb. The lower P50 
reflects the easy access of deoxy conformational state for this 
molecule compared to P5K2 Hb due the presence of αα- 
intramolecular crosslink. This presumably facilitates an 
early release of oxygen in plasma and thereby lowers the 
efficacy of this molecule as “nano oxygen-pump” even 
though the lower molecular mass and lower plasma viscosity 
with P5K2 αα-Hb as compared to EAF P3K6 Hb should 
increases its efficacy as ‘nano oxygen pump’. Accordingly, 
both structural aspects contribute to the efficacy of high oxy-
gen affinity PEG-Hbs to facilitate better tissue oxygenation. 
The slight increase in the oxygen affinity of Hb from that of 
P5K2 Hb to that of EAF P3K6 Hb may have contributed to 
the attenuation the microcirculatory benefits seen in extreme 
hemodilution with P5K2 Hb.

Accordingly, we need to ask a new question: (i) can we 
increase the packing density of the high oxygen affinity Hb 
by generating non-PEGylated high oxygen affinity Hb and 
(ii) then can we synergize the supra plasma expansion activ-
ity of EAF P5K6 Alb with a high oxygen affinity non- 
PEGylated Hb, for example αα-Hb modified at its Cys-93(β) 
with a maleimide or alternated oligomerized αα-Hb that has 
been generated using new oligomerization platform, exten-
sion arm facilitated short bis PEG-maleimide mediated 
oligomerization. The latter platform introduces only inter-
molecular crosslinks, on an average, one intermolecular 
crosslink per tetramer through Cys-93(β). This product has 
molecular dimensions comparable to EAF P5K6 Hb but has 
a compact packing density essentially same as Hb. The prod-
uct is a high oxygen affinity polymeric Hb with an oxygen 
affinity around 12 mm Hg; the lower oxygen affinity stem-
ming from the stabilization deoxy like structure of Hb by 
αα-fumaryl cross bridge and this could provide an insight 
into the lower efficacy of tissue oxygenation EAF P3K6 Hb 
as compared to P5K2 Hb. Similarly, αα-Hb could be dimer-
ized using Bis Mal-PEG-600 and the second Cys-93(β) mod-
ified with N-ethyl maleimide, this will have molecular 
dimensions and oxygen affinity comparable to P5K2 Hb. A 
study of tissue oxygenation by these can help us to map the 
relative roles of facilitated transport of oxygen and diffusion 
mediated transport of oxygen.

Finally, though both EAF P5K6 Alb and EAF P3K6 Hb 
are supra plasma expanders, the response of cerebral circula-
tion to these two supra plasma expander is very distinct as 
seen with wild type mice. EAF P3K6 Hb, does not show an 
increase in CBF, in fact a small decrease during early times 
and it reverses to higher values with longer times. In wild 
type mice the response to EAF P3K6 Hb is short lived as 
compared to EAF P5K6 Alb. We believe that this reflects the 
differential stability of these two semisynthetic proteins and 
coupled with high oxidative stress in transgenic sickle mice. 
Presumably, the subunit structure of Hb and the potential dis-
sociation of the tetrameric structure into αβ-dimes contrib-
utes to this instability. Alb is a single polypeptide chain even 
though molecular mass of the two proteins is essentially the 
same. Intramolecularly crosslinked αα-Hb could be used to 
generate EAF P3K6 Hb to overcome the limitations and then 
the therapeutic efficacy can be considered with P5K2 αα-Hb 
to see when the normalization effect could last longer with 
these molecular species. Transgenic sickle mice, particularly 
Berk is a good system to evaluate/establish many new con-
cepts delineated in this chapter for designing new class of 
oxygen therapeutics.

Key Points
High oxygen affinity oxygen therapeutic, EAF PEG-Hb, 
supra plasma expansion, Nano-oxygen pumps, on and off 
loading of oxygen to RBC, sickle cell disease, semisynthetic 
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supra plasma expanders, oxygen therapy, high oxygen affin-
ity RBC.
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Hemoglobin-Based Blood Substitute 
with Pharmacological Activities of ATP, 
Adenosine and Reduced Glutathione: 
A Review of Preclinical and Early Clinical 
Experience

Jan Simoni

 Background/Introduction

Despite decades of massive effort and hundreds of millions 
of dollars, the promised blood substitute is still far from frui-
tion. There is no FDA-approved HBOC that is urgently 
needed to alleviate the critical global shortages of blood 
needed for transfusion [1–3]. The FDA agency, however, was 
instrumental in blood substitutes development by providing 
all needed scientific support and regulatory directions [4, 5]. 
So what went wrong? Let’s mention some fundamental 
problems with early developments: (i) designing HBOCs 
without a full understanding of free Hb toxicity, (ii) inability 
to address and control of Hb intrinsic toxicity particularly its 
vasoactive and pro-oxidant/pro-inflammatory properties, 
(iii) lack of access to the modern biotechnological methods 
and tools, (iv) misaligned incentives, and (v) rushing the 
product to market, which led to numerous negative outcomes 
as focus shifts from safety to speed [1–3]. Therefore, it was 
not surprise that in the late phases of clinical development 
these products including: HemeAssist – diaspirin crosslinked 
human Hb (Baxter, Deerfield, IL), Hemolink – o-Raffinose 
polymerized human Hb (Hemosol, Inc., Mississauga, 
Canada), Polyheme – glutaraldehyde-polymerized pyridox-
ylated human Hb (Northfield Laboratories Inc., Evanston, 
IL), Optro, rHb1.1  – recombinant Hb expressed in 
Escherichia coli, (Somatogen; Eli Lilly; Baxter, Boulder, 
CO), Hemospan – human Hb conjugated to PEG (Sangart 
Inc., San Diego, CA), and PHP – pyridoxylated human Hb 
conjugated to PEG (Apex Bioscience, Inc., Chapel Hill, 
NC), have been rejected by the US FDA due to the safety 
and/or efficacy concerns [6, 7]. Besides HBOC-201  – 
glutaraldehyde- polymerized bovine Hb (Biopure 
Corporation; HbO2 Therapeutics LLC; OPK Biotech LLC, 
Cambridge, MA), which was approved by the health authori-

ties in South Africa and Russia for treatment of anemia, the 
commercial development of all other products have been dis-
continued [8].

There is reliable experimental and clinical evidence that 
the tested HBOCs trigger a complex array of pathologic 
reactions as a result of Hb’s natural feature [5, 9–17]. 
Physiologic clearance of plasma Hb via haptoglobin (Hp)-
>CD163 Hb scavenger receptor that is coupled with the 
heme oxygenase enzyme (HO-1) capable of transforming 
heme to biliverdin and carbon monoxide (CO), is required to 
prevent adverse effects [18–21]. This protective mechanism, 
however, is not effective after large rapid transfusions of 
HBOCs. Although chemically modified low-molecular 
weight Hbs can interact with CD163 via low affinity binding 
even in the absence of Hp, highly polymerized Hbs have no 
affinity to Hp and CD163, which totally impairs their physi-
ologic clearance [18–20]. Besides, the redox-active HBOCs 
might participate in the synthesis of 8-isoprostanes that are 
known to shed CD163; thus, paradoxically blocking Hb’s 
clearance [21]. The failure of Hb’s physiologic catabolism 
may cause its extravasation, non-enzymatic degradation, and 
oxidative transformation; negatively affecting a number of 
vital systems, including renal, cardiovascular, gastrointesti-
nal, neural, immunologic, coagulation, and many others [9, 
17]. In circulation, HBOCs are capable of removing NO 
before it can interact with guanylate cyclase, reducing the 
synthesis of cGMP, and subsequently increasing ionized 
intracellular calcium to promote vasoconstriction. The 
extravasation of Hb and its presence in the subendothelial 
space and/or scavenging of NO within the vascular space are 
required to interfere with NO-dependent vasorelaxation [9, 
16, 17, 22]. The observed changes in hemodynamics of the 
tested products can be related to their NO scavenging potency 
and ability to pass the transendothelial barrier. The transcap-
illary exchange of macromolecules is only minimally 
affected by molecular masses up to 300 kDa, but is depen-
dent on the charge of the molecule; therefore, native Hb as 
well as polymerized Hb without an altered isoelectric point 
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(pI), might extravasate [9, 16, 23, 24]. HBOCs in the blood-
stream autoxidize and may react with peroxides, leading to 
the generation of oxygen, heme, and globin based radicals, 
which in turn scavenge more NO while simultaneously oxi-
dizing cellular membranes [5, 9, 13, 16, 21]. With the oxida-
tion of arachidonic acid, 8-isoprostanes are produced, which 
have been implicated in Hb-mediated coronary, pulmonary 
and renal vasoconstriction [9, 16, 21, 25, 26]. Hb induced 
vasoconstriction could also be mediated by other factors. It 
was found that Hb activated with hydrogen peroxide, which 
can be present in plasma in micromolar concentrations [27], 
gains angiotensin converting enzyme (ACE)-like activity, 
being able to rapidly convert angiotensin (Ang)-I to active 
Ang-II; thus, becoming a contributor to the vasoconstrictive 
response observed immediately after HBOCs administration 
[28]. More recently, it was recognized that Hb itself could 
stimulate platelets to release serotonin (5 HT) [9, 29], which 
is known for the hypercontractile response of the injured 
arteries, particularly coronary arteries [30]. HBOCs by alter-
ing the cellular redox state may target signaling, transcrip-
tional and translational mechanisms [9, 16, 31–33].

Hb molecule was found to be a potent inducer of nuclear 
factor (NF)-kappa B that is involved in the induction of many 
genes, including those encoding pro-inflammatory cyto-
kines, cell adhesion molecules, selectins, tissue factor, col-
ony stimulating factors, regulators of apoptosis, acute phase 
proteins, etc [31, 32]. The activation of NF-kappa B is depen-
dent on Hb’s pro-oxidant potential and the extent of 
Hb-mediated cellular oxidative stress that shifts the equilib-
rium into the oxidation state; forming a bridge between 
Hb-induced oxidative stress and Hb-mediated inflammatory 
responses [31, 32]. Therefore, redox-active HBOCs can be 
considered as a potent stimulator of the inflammatory 
cascade.

The respiratory function of Hb influences hypoxia induc-
ible factor (HIF)-1 and HIF-2, that are responsible for induc-
tion of genes involved in erythropoiesis (erythropoietin, 
EPO), angiogenesis (vascular endothelial growth factor, 
VEGF), vascular remodeling (HO-1, nitric oxide synthase), 
etc. [9, 33]. Since HIF-1 and HIF-2 under normoxic condi-
tions are hydroxylated and rapidly degradated, HBOCs with 
a strong hyperoxic effects (low affinity for oxygen) can par-
ticipate in their degradation, unless they are stabilized via 
Hb-mediated oxidative phosphorylation [9, 33]. On the other 
hand, HBOCs with strong pressor effects or high affinity for 
oxygen (low P50) that promotes hypoxia, can stabilize HIF, 
inducing erythropoiesis [9, 33]. Assuming, that efficacious 
HBOCs must counteract the hypoxic and oxidant environ-
ments, the stabilization of HIF by prolonging hypoxia or oxi-
dative phosphorylation is clinically questionable [33]. 
Another possible unwanted side effect of HBOCs, which has 
received little or no attention, is their impact on RBC- 
regulated vascular tone, independent from the “SNO-Hb” 

and “nitrite reductase activity of deoxygenated Hb” mecha-
nisms [34]. It has been known for some time that RBC 
besides acting as oxygen carriers tightly control vascular 
tone [35]. RBCs exposed to increased shear stress, low pO2 
or acidic pH can release ATP that regulates blood flow by 
stimulating the P2Y-purinergic receptor that is linked to the 
production of vasorelaxing factors such as NO and prostacy-
clin (PGI2). It was found that the proposed mechanism of the 
reduction of nitrite back to NO by deoxygenated Hb [34] is 
not responsible for the observed vasodilatory effect, but in 
fact is RBC->ATP-mediated [36]. It was established that 
nitrite enhances the release of ATP from RBCs that are the 
major intravascular storage of nitrites in human blood [37], 
via increased binding of nitrite-modified Hb to the RBC 
membrane that displaces glycolytic enzymes from the mem-
brane; resulting in the formation of a pool of ATP that is 
released from RBC and acts as vasodilator. In other words, 
nitrites enhance RBC hypoxic ATP synthesis and the release 
of ATP into the vasculature producing P2Y->NO/PGI2- 
dependent vasorelaxation. This new vasodilatory mechanism 
does not require the release of NO from the RBCs. Although 
a few

details need to be ironed out, it is obvious that HBOCs 
may affect the vasodilatory function of RBCs with or with-
out the presence of nitrites. It seems that the products with a 
high affinity for oxygen (low P50) and elevated viscosity 
(high shear stress) may stimulate RBCs to release vasodila-
tory ATP [38]. However, high-affinity products with P50 of 
only 5–6 mmHg may impair optimum oxygen delivery. On 
the other hand, HBOCs with a low affinity for oxygen (i.e., 
38–40 mm Hg) may over-saturate the blood; thus blocking 
the release of ATP from RBCs, causing vasoconstriction. 
The blockage of ATP release by these products can be poten-
tiated by decreased viscosity that lowers the shear stress. The 
present knowledge on Hb intrinsic toxicity could assure suc-
cessful development of an effective HBOC. It is important to 
have all the documented intrinsic Hb toxic mechanisms 
under control, particularly the oxidative, inflammatory and 
vasoconstrictive pathways, before considering any HBOC as 
safe and efficacious.

 Main Body of the Chapter

 Realization Principle of HemoTech 
Pharmacologic Cross-linking

In order to eradicate Hb intrinsic toxicity, we have created 
the concept of "pharmacologic cross-linking" [39, 40]. This 
chemical modification technology does not interfere with Hb 
respiratory function, but provides Hb molecules with new 
medicinal properties. It addresses problems such as vasocon-
striction, oxidative stress, and inflammation. The resulting 
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product, HemoTech, is a pure bovine Hb intramolecularly 
cross-linked with open ring (o)-ATP and intermolecularly 
with open ring (o)-adenosine, and decorated with reduced 
glutathione (GSH). This chemical modification procedure in 
addition to stabilizing polymeric structure provides the 
desired pharmacologic activities of ATP, adenosine and GSH 
(Fig. 21.1). The Hb cross-linking reagents besides possess-
ing the desired pharmacologic activities are classified as 
“affinity directed” beta-beta cross-linkers. The chemical 
modification done with these cross-linkers can produce a 
“steering effect” and acceleration of the preferential reaction 
at the beta-beta interface [39, 40]. In this product, the reac-
tion with o-ATP stabilizes the Hb tetramer and prevents its 
dimerization, and the reaction with o-adenosine allows the 
creation of Hb-oligomers, avoiding the formation of toxic 
high molecular weight polymers (Fig. 21.1).

In the HemoTech polymeric structure, ATP besides tetra-
mer stabilization produces the vasodilatory effect through 
stimulation of the P2Y receptors that are linked to NO and 
PGI2 production (Fig. 21.2a). This action of ATP on P2Y is 
autonomous and not linked with the induction of ATP release 
from RBCs by HBOCs with high oxygen affinity and viscos-
ity [38]. Therefore, ATP in HemoTech is an

independent regulator of vascular tone, not affected by 
P50, pH or shear stress/viscosity (Fig. 21.2a). The adenosine 
is used to counteract the vasoconstrictive and pro- 
inflammatory properties of Hb with the activation of adenos-
ine A2A&B receptors, which produce vasodilatation, 

moderation of inflammatory reactions and prevention of 
platelet aggregation. While the activation of adenosine A3 
receptor provides cytoprotection, induction of adenosine A1 
receptor results in neuroprotection (Fig. 21.2b). The conju-
gation of Hb with an anionic peptide – GSH shields heme 
from the reactive oxygen species (ROS), thus lowering Hb’s 
pro- oxidant potential and by blocking NO access and form-
ing S-Nitrosoglutathione (SNO) attenuates Hb’s vasocon-
strictive potential. At the same time, GSH that has antioxidant 
properties introduces more electronegative charge onto the 
surface of the Hb molecule that blocks Hb's transglomerular 
and transendothelial passage, and make it less visible to 
phagocytes (Fig. 21.2c). The alteration of surface charge of 
HemoTech polymers and tetramers to the same extent is one 
of the essential features of this novel modification procedure. 
The electrophoretic mobility study demonstrated that all Hb 
polymers have a uniform electronegative surface charge with 
a pI of 6.1–6.3. This new electrostatic property of Hb mole-
cules has blocked their transglomerular and transendothelial 
passage, thus attenuating endothelial pathological responses 
and nephrotoxic reactions [16, 31, 32, 41–44].

 HemoTech Production Under the Concurent 
Good Manufacturing Practice (cGMP) 
Regulations

HemoTech manufacturing includes a novel, validated 
orthogonal technology platform for an effective clearance of 
prions that cause bovine spongiform encephalopathy (BSE) 
and Creutzfels-Jakob disease (CJD)) and non-enveloped and 
enveloped viruses: BVDV, BCoV, XMuLv, EMCV, IRB and 
BPV [45, 46]. The clearance validation tests performed in 
compliance with the Good Laboratory Practice (GLP) stan-
dards at BioReliance/Invitrogen Corp. (Rockville, MD), 
confirmed that HemoTech production technology is 
extremely effective in the elimination of prions and viruses. 
While the clearance of enveloped and non-enveloped viruses 
was in average 1–4 additive log reduction values (LRV’s) 
above the FDA limits, the prion elimination was more than 
10 LRV’s, exceeding by 5 LRV’s the FDA requirements [44–
46]. HemoTech manufacturing technology also includes the 
elimination of endotoxin and steps to ensure product sterility 
[39, 40]. HemoTech is formulated as a 6.5 g/dL solution, 
enriched with electrolytes and mannitol. The final formula-
tion is isotonic (300–325 mOsm/L) and is free of bacterial, 
viral and prion pathogens and endotoxin. This product does 
not contain polymers above 500 kDa and contains a trace of 
tetramers and less that 5% of met-Hb. HemoTech has a uni-
formed electronegative charge, and P50 that maintains a 
proper oxygen delivery index [39, 40]. HemoTech could be 
formulated in oxy-or CO-form. The typical physico- chemical 
characteristics of this product are listed below:

Fig. 21.1 Graphic Representation of the HemoTech Molecule. 
HemoTech is composed of pure bovine Hb, cross-linked intramolecu-
larly with o-ATP and intermolecularly with o-adenosine, and conju-
gated with reduced glutathione (GSH)
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• Hb (g/dL): 6.5
• Oxy-Hb (%): >95
• Met-Hb % of oxy-Hb: <5
• CO-Hb % of oxy-Hb: <5 (HemoTech in CO-form: 

CO-Hb%: >95)
• pH U: 7.8–8.1 (THAM 20 mM)
• Sodium: 140 mmol/L
• Potassium: 4 mmol/L
• Chloride: 100 mmol/L
• Sodium Lactate: 27 mmol/L
• Calcium: 1.3 mmol/L
• Mannitol: 0.8 mg/mL
• Colloid Oncotic Pressure mmHg: 20–23

• Osmolarity: mOsm/kg: 300–325 (after adding of electro-
lytes and mannitol)

• Oxygen Affinity (P50) mmHg: 20–26 (dependent on Cl 
concentration)

• Polymeric profile: tetramers: <5%, polymers: <500,000 
daltons 95%

• Isoelectric Point (pI): 6.1–6.3

As a part the Chemistry Manufacturing and Controls 
Information (CMC), HemoTech was subjected for stability 
testing at different temperatures (-90 °C, -20 °C, +4 °C, +22 
°C, +37 °C and +42 °C) and time intervals (ranging from 
days to years). The stability tests performed on HemoTech 

a

b

c

Fig. 21.2 HemoTech 
Physiological and 
Pharmacological Effects. (a) 
Schematic Diagram of ATP’s 
Role in HemoTech. ATP 
stabilizes Hb tetramers and 
produces the vasodilatory 
effect via stimulation of the 
P2Y receptors linked to NO 
and PGI2 synthesis. (b) 
Graphic Representation of 
Adenosine’s Role in 
HemoTech. Adenosine 
stimulates A1 receptors 
involved in neuroprotection, 
A2 receptors responsible for 
vasodilation, moderation of 
inflammatory reactions and 
inhibition of platelet 
aggregation, and A3 receptors 
that provide cytoprotection. 
(c) Schematic Diagram of 
Reduced Glutathione (GSH) 
role in HemoTech. GSH 
introduces electronegative 
charges onto HemoTech 
surface (pI 6.1–6.3), shields 
heme from the reactive 
oxygen species (ROS) thus 
lowering Hb’s pro-oxidant 
potential, and by blocking NO 
access to heme and forming 
S-Nitrosoglutathione (SNO) 
attenuates Hb’s 
vasoconstrictive potential
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included: (i) heme oxidation, (ii) polymeric structure integ-
rity, (iii) surface charge changes. The tests showed that 
HemoTech stored in its reduced, oxy-form resists oxidation 
at -90 °C up to 5 years; at +4 °C up to 6 months; at +37 °C 
up to 2 days; and at +42 °C up to 1 day; and did not change 
with respect to charge and polymer composition when stored 
at -90 °C up to 5 years; at +4 °C up to 12 months; at +37 °C 
and +42 °C up to 3 days. HemoTech in CO-form at -90 °C 
can be stores up to 10 years and up to 1 year at +4 °C.

 HemoTech Preclinical Studies

The regulatory mandated requirements have been met 
including CMC and non-clinical pharmacology, toxicology, 
genotoxicity and efficacy studies.

The pharmacology models (Pharm) used to evaluate 
HemoTech included: Pharm 1: Hemodynamics and tissue 
oxygen delivery in a hemorrhagic shock model [47], Pharm 
2: Ability to raise cAMP, prostacyclin (PGI2) (stimulation of 
the adenosine and purinergic P2Y receptors) and its reactiv-
ity with endothelial NO [16,31,32,41,44, In-house report], 
Pharm 3: Effects on human blood components [48], Pharm 
4: Anti-inflammatory, anti-oxidant and anti-apoptotic activi-
ties toward human endothelial cells [16, 31, 32, 44, 48, 49], 
Pharm 5: Effects on human brain astrocytes and neurons 
[43], Pharm 6: Reactivity with hydrogen peroxide and its 
ability to participate in the synthesis of vasoconstrictive 
8-isoprostane and endothelin-1 [13, 16, 21, 26, 31, 41, 48, 
50], and Pharm 7: Transcriptional, translational and erythro-
poietic potential [16, 31–33, 41, 44, 51].

The pharmacokinetics models (PK) included: PK 1: 
Determination of PK/PD in Coebus monkeys [in-house 
report], PK 2: Determination of circulatory half-life and 
renal clearance in Sprague-Dawley rats [42], PK 3: 
Determination of circulatory half-life and renal and hepatic 
clearance in New Zealand rabbits [in-house report], PK 4: 
Human monocyte/macrophage clearance [15, 48, 51], and 
PK 5: Determination of endothelial clearance and permeabil-
ity in human coronary artery and brain microvascular endo-
thelial cells [16, 32, 41, 49].

The toxicological profile of HemoTech has been deter-
mined in: (i) acute toxicity studies in Sprague-Dawley 
rats, domestic crossbred pigs, New Zealand rabbits, 
Capuchin monkeys, Beagle dogs, (ii) 7-day repeat dose 
studies in Sprague-Dawley rats and Beagle dogs, (iii) 
Guinea pig multi dose and dermal sensitization study, and 
(v) standard battery of genotoxicity assays: (a) reverse 
mutation in Salmonella typhimurium, (b) chromosome 
aberration in human lymphocytes in vitro, (c) gene muta-
tion in Chinese hamster V79 cells, (d) unscheduled DNA 
synthesis in primary rat hepatocytes,(e) in vitro mamma-
lian bone marrow cytogenetic test, and (f) immunogenic-
ity studies.

These preclinical tests were conducted in-house and at the 
RTC Research Toxicology Centre S.p.A. (Pompesia, Rome, 
Italy) in accordance with GLP regulations of the US FDA 
(21 CFR Part 58) and the principles of GLP relating to the 
conduct of non-clinical laboratory studies and other regula-
tions [52]. In addition effects of HemoTech on appropriate 
physiological measures in human cell systems (coronary 
artery endothelial cells, brain capillary endothelial cells, 
lung microvascular endothelial cells, monocytes, macro-
phages, astrocytes, neurons, RBC, platelets) normal animals 
and disease models have been also determined [44].

HemoTech was found to reduce the peripheral vascular 
resistance, an action mediated by the adenosine A2 receptor. 
HemoTech also produced vasodilation by activation of a P2Y 
receptor with ATP, which serves as a intramolecular cross-
linker. The vasodilatory effect was accelerated by reaction of 
the endothelial NO with the molecules of GSH, which are 
chemically attached to the HemoTech surface, presumably 
producing S-nitroso-GSH. This conclusion is based on indi-
rect evidence provided by the following two observations, 
one associated with lower oxidation rate of NO in the pres-
ence of HemoTech as compared to unmodified Hb, the other 
with very low oxidation rate of heme in the presence of 
NO.  Therefore, it can be concluded that the GSH shield 
besides preserving NO also prevented the NO-induced oxida-
tion of heme. HemoTech did not appear to aggravate cellular 
oxidative stress, or to activate inflammatory responses. 
Selective targeting amino acid residues of Hb beta chains 
with adenosine, and incorporation of GSH achieved reduction 
of the natural pro-oxidative potential of Hb . HemoTech when 
reacted with hydrogen peroxide did not oxidatively modify 
LDLs or cross-link apo B. It seems that "steering effect" and 
acceleration of the preferential reaction at the beta-beta inter-
face makes tyrosine unavailable for reaction with hydrogen 
peroxide, thus preventing the formation of heme globin radi-
cals. This chemical/pharmacological modification procedure 
also significantly decreased the formation of heme ferryl iron.

HemoTech did not change the cellular redox equilibrium 
nor did it activate apoptotic responses. This product was 
found to eliminate NF-kappa B-induction. Even in GSH 
depleted cells; this blood substitute did not activate the 
inflammatory responses. Another element that contributed to 
its anti-inflammatory action was low endothelial calcium 
flux and low formation of 8-isoprostanes, well known activa-
tors of protein kinases that destabilize NF-kappa 
B.  HemoTech also stimulates the adenosine A3 receptor, 
responsible for cytoprotection]. It was demonstrated that 
stimulation of this receptor activates the cellular anti-oxidant 
enzyme system, thus stabilizing the redox state. In the study, 
using GSH depleted human brain capillary and coronary 
artery endothelial cells, HemoTech prevented NF-kappa B 
induction and facilitated HIF-1/2 stabilization and DNA 
binding to the EPO gene under normoxia. HemoTech pos-
sesses a unique erythropoietic potential. Using an in  vitro 
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cellular model, we investigated the molecular mechanisms of 
erythropoietic action of HemoTech.

While unmodified tetrameric Hb suppresses erythropoie-
sis by increasing the cytoplasmic degradation of hypoxia 
HIF-1/2 and decreasing binding to the EPO gene while 
inducing NF-kappa B-dependent anti-erythropoietic genes, 
HemoTech accelerates erythropoiesis by downregulating 
NF-kappa B, stabilizing and facilitating HIF-1/2 binding to 
the EPO gene, under both oxygen conditions. ATP and ade-
nosine contribute to normoxic stabilization of HIF-1/2 and, 
with GSH, inhibit the NF-kappa B pathway that is involved 
in the suppression of erythroid-specific genes. The erythro-
poietic effect of HemoTech was observed in rats, rabbits, 
monkeys and humans [33, 40, 52].

The toxicological profile of HemoTech, which has been 
determined in acute and 7-day repeat dose studies in rats and 
dogs, in guinea pig dermal sensitivity assays and in the stan-
dard battery of genotoxicity assays, as well as in appropriate 
physiological measures in cell systems, normal animals and 
disease models, demonstrates that this product is non-toxic 
and effective under these experimental conditions [52]. In 
acute studies in rats, pigs, monkeys and dogs, HemoTech was 
shown to be free of toxicity. There were no notable differences 
between the control and treated animals throughout the 7-day 
observation period or at necropsy. The 7-day repeat dose stud-
ies performed in rats and dogs, daily treatment with up to 
1,300 mg/kg/day did not result in any significant toxicity [52]. 
Multi-dose Guinea pig dermal sensitization studies and tests 
for foreign proteins indicated that HemoTech is not antigenic 
in this species [52]. HemoTech did not induce increases in 
chromosomal aberrations compared to controls, either in the 
presence or absence of S9 activation [52]. Also this product 
did not induce gene mutations in Chinese hamster V79 cells 
either in the presence or absence of S9 activation [52]. In vitro 
unscheduled DNA synthesis (UDS) in primary rat hepatocytes 
and in  vivo mouse micronucleus tests provided further evi-
dence that HemoTech lacks genotoxicity [52].

The HemoTech circulatory half-life is approximately 24 
hours. While in the circulation, the structure of HemoTech is 
unchanged for up to 3 hours. After that HemoTech’s poly-
mers with molecular mass similar to Hb-Hp complex are 
slowly removed from the circulation. At the 24 hour interval, 
modified tetramers, octamers, decamers and larger molecu-
lar structures are still present in the circulation. Although 
HemoTech-Hp binding has not been investigated, a signifi-
cant increase in total bilirubin level and the lack of HemoTech 
renal excretion, suggest its hepatic clearance. The spectral 
analysis at the 24 hour interval showed that HemoTech 
remained in its reduced form.

The results of these pre-clinical studies are favorable, 
indicating that HemoTech has vasodilatory activity and can 
reduce vasoconstriction that follows hemorrhage, has eryth-
ropoietic activity, and produces no adverse nephrotoxic, neu-
rotoxic, oxidative and inflammatory reactions.

 HemoTech Clinical Studies

HemoTech’s clinical proof-of-concept was performed at the 
Centre se l’Anemie S.  S. (Kinshasa, Zaire) by the Instituto 
Sierovaccinogeno Italiano  – ISI (S.  Antimo-Napoli, Italy) 
after obtaining approval by the Ethics Committee of the 
Institut de la Recherche en Sciences de la Sante’ (Kinshasa, 
DRC). HemoTech’s was clinically investigated in children 
with sickle cell anemia who suffered from an “aplastic crisis” 
manifested by a sudden decrease in Hb concentration associ-
ated with absence of reticulocytes and “vaso-occlusive epi-
sodes.” After infusion of HemoTech in a volume corresponding 
to 25% of TBV no adverse reactions were noted. To the con-
trary, in children with aplastic crisis, HemoTech stimulated the 
bone marrow to a significant erythropoietic effect, whereby 
the number of reticulocytes increased from zero to 47±7%. In 
children with vaso-occlusive crises, pain was quickly relieved. 
HemoTech showed beneficial therapeutic effects in all patients. 
In fact, HemoTech did not only alleviate the inflammatory 
reactions in sickle cell anemia patients, but also produced an 
effective erythropoietic response [53].

More recently HemoTech was tested ex  vivo on human 
platelets obtained from percutaneous coronary intervention 
(PCI) patients. It was found that HemoTech decreased platelet 
aggregability in response to platelet aggregation agonists, par-
ticularly collagen, and blocked the release of serotonin (5-HT) 
[54]. Based on this observation and previous studies that 
proved the ability of HemoTech to optimize oxygen delivery 
and induce vasodilation, alleviation of oxidative reactions and 
reduction of the endothelial inflammatory responses, this 
HBOC is considered to be therapeutically useful as a perfu-
sion fluid for PCI procedures. It is believed that HemoTech 
may have the potential to mitigate myocardial ischemia and 
thrombotic events associated with PCI.  Other therapeutic 
applications for HemoTech are under investigation [55].

 Summary

The results of preclinical and clinical studies indicate that 
HemoTech, a bovine Hb cross-linked intramolecularly with 
ATP and intermolecularly with adenosine, and conjugated 
with GSH, has the following properties: (i) can work as a 
physiological oxygen carrier and produces no adverse neph-
rotoxic, neurotoxic, oxidative, or inflammatory reactions, (ii) 
vasodilatory activity and can reduce the vasoconstriction that 
follows hemorrhage, (iii) prolong intravascular persistence 
and can sustain plasma volume, and (iv) erythropoietic activi-
ties. It seems that pharmacologic cross-linking of Hb with 
ATP, adenosine and GSH provides the desired pharmacologic 
activities of counteracting vasoconstrictive, pro- oxidative and 
pro-inflammatory properties of Hb. Based on the preclinical 
and clinical testing, it can be concluded that this novel phar-
macological modification method has allowed the prepara-
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tion of a non-toxic and efficacious solution, which promises 
to be an effective HBOC for various clinical indications.

Key Points
• A novel concept of “pharmacologic cross-linking” of the 

Hb molecule with ATP, adenosine and GSH proved to be 
feasible and useful for designing an effective blood sub-
stitute, HemoTech.

• The “pharmacologic cross-linking” does not interfere 
with Hb respiratory function, but eradicates Hb’s intrinsic 
toxicity and provides Hb molecule with new medicinal 
properties of ATP, adenosine and GSH.

• The results of preclinical and clinical studies indicate that 
HemoTech in non-toxic and works as physiologic oxygen 
carrier with prolonged intravascular persistence.

• HemoTech is vasodilatory and can reduce vasoconstric-
tion that follows hemorrhage, has antioxidant and anti-
inflammatory activities, and erythropoietic properties.

• HemoTech promises to be an effective blood substitute 
for various clinical indications.
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of Hemoglobin Vesicles as an  
Artificial Oxygen Carrier and Carbon 
Monoxide Carrier

Hiromi Sakai, Naoko Kobayashi, Tomoko Kure, 
and Hiroshi Azuma

 Introduction

Blood donation and transfusion systems have contributed 
considerably to human healthcare. However, even in these 
modern days, blood is unavailable for patients in some situa-
tions, for example, in a prehospital situation after a traffic 
accident or obstetric hemorrhage, in remote rural areas, after 
natural disasters, and after terrorist attacks. It is therefore 
necessary to consider blood supply systems for such emer-
gency situations. Moreover, the progressing aging society 
and the present COVID-19 epidemic strongly influence the 
collection of sufficient numbers of blood donors [1]. To 
resolve such blood-related problems, research and develop-
ment of artificial red cells (hemoglobin vesicles, Hb-V) is 
going on in Japan, aimed at the realization of a transfusion 
alternative for clinical use [2]. Outdated donated RBCs can 
be regenerated as storable artificial red cells that are free 
from contamination by pathogens and blood type antigens. 
Immediate injection of Hb-V on site is expected to be able to 
save lives when blood is unavailable. Our academic consor-
tium has clarified the safety and efficacy of HbV as a transfu-
sion alternative. Moreover, some benefits of HbV compared 
to RBCs such as small size, stability, and handling suggest 
other potential clinical applications such as organ preserva-
tion fluid, photosensitizer, and CO carriers [3].

Why is encapsulation of Hb necessary? Actually, although 
Hb is the most abundant protein in blood, Hb is compartmen-
talized in RBCs with intracellular concentration of about 
35 g/dL. In spite of such abundance in blood as a binding site 
of oxygen, Hb induces various toxicities once it is released 
from RBCs during blood circulation, such as dissociation 
into dimers for extravasation [4], renal and neurological tox-

icities, and vasoconstriction because of high reactivity of Hb 
with NO as endothelium derived vasorelaxation factor [5]. 
Moreover, the degraded compounds of heme can be expected 
to facilitate Fenton reactions to induce peroxidation of unsat-
urated lipids in cell membranes [6]. These potential toxici-
ties imply the physiological importance of cellular 
membranes of RBCs for encapsulation. They also show a 
capability of mimicking the cellular structure for producing 
Hb-based oxygen carriers (HBOCs). Ultrathin membranes 
of synthetic polymer and cross-linked protein membrane 
artificial red blood cells containing Hb and enzymes were 
prepared in 1950s by Thomas Chang of McGill Univ., and by 
other groups. Studies of encapsulation of functional mole-
cules with phospholipids started after the discovery of lipo-
somes by Bangham in the 1960s. Djordjevici and Miller in 
1977 first reported liposome encapsulated Hb (LEH). Many 
research groups have since used different lipid species and 
compositions as attempts to encapsulate Hb using liposomes 
and to improve their encapsulation efficiency, biocompatibil-
ity, stability during storage, and oxygen-carrying capacity 
[7]. Because of the difficulty in resolving the issues pre-
sented above, most groups eventually terminated their devel-
opment. However, we have continued the research and 
development of hemoglobin vesicles (HbV) and have clari-
fied their safety and efficacy through abundant preclinical 
studies. After having full consultation with Pharmaceuticals 
and Medical Devices Agency (PMDA) and achieving GLP 
preclinical studies, our academic consortium initiated a 
phase 1 (first-in-human) study of HbV in 2020.

 Preparation of Encapsulated Hb Using 
Liposomes

The research and development of HBOCs in Japan began in 
the 1980s with the concept of recycling of unused donated 
blood. Pyridoxalated Hb polyoxyethylene conjugate (PHP) 
produced by Ajinomoto Co. Inc. and Neo Red Cells (NRC) 
produced by Terumo Corp. were developed at that time. 

22

H. Sakai (*) · N. Kobayashi · T. Kure 
Department of Chemistry, Nara Medical University,  
Kashihara, Japan
e-mail: hirosakai@naramed-u.ac.jp 

H. Azuma 
Department of Pediatrics, Asahikawa Medical University, 
Asahikawa, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95975-3_22&domain=pdf
https://doi.org/10.1007/978-3-030-95975-3_22
mailto:hirosakai@naramed-u.ac.jp


236

Because the intraerythrocytic components are not only Hb 
but also glycolytic enzymes, carbonic anhydrase, metHb 
reducing enzymes, catalase, superoxide dismutase, etc., 
some groups tried to preserve such enzymes. However, these 
enzymes are generally unstable. The enzymatic activities 
cannot be preserved during an Hb purification process and 
during a long storage period. Our present concept is to elimi-
nate such unstable enzymes during virus inactivation/
removal processes for the utmost safety from infection, even 
though the donated blood was confirmed as virus-free 
through specific nucleic acid amplification tests [7]. The pro-
cesses of Hb purification from outdated donated human 
blood includes procedures of pasteurization (60  °C, 12  h) 
and nanofiltration [8], respectively, for virus inactivation and 
removal. For such purposes, carbonylation of Hb in advance 
to produce carbonylhemoglobin (HbCO) is effective. HbCO 
is thermally stable for pasteurization. It can be stored for a 
long time as a starting material of HBOC production.

We have so many selections of lipids as amphiphiles for 
Hb encapsulation, such as phospholipids (with various polar 
head groups, and esterified with various length of saturated 
or unsaturated fatty acids), cholesterol, and surface modifiers 
(polymers, charges), as natural or synthetic products, but the 
lipids should be selected carefully in terms of the encapsula-
tion efficiency, stability during storage and blood circulation, 
and biocompatibility after intravenous administration. Even 
though encapsulation can shield the toxicity of molecular 
Hb, one must be careful about the biocompatibility of the 
materials for encapsulation. Actually, encapsulated Hb 
using polymerized phospholipid showed enormous stability 
during storage, but it did not decompose in reticuloendothe-
lial system (RES) for a long time. Encapsulated Hbs with 
liposomes containing negatively charged phosphatidyl glyc-
erol or fatty acid induced complement and platelet activa-
tion [7]. For Hb encapsulation, we selected a mixture of four 
lipids: 1,2-dipalmitoyl-sn-glycero-3- phosphatidylcholine 
(DPPC), cholesterol, 1,5-O-dihexadecyl-L-glutamate, and 
1,2-distearoyl-sn- glycero-3-phosphatidylethanolamine-N-
PEG5000 [6]. The oxygen affinity (P50) of HbV is adjusted, if 
necessary, by co- encapsulation of an allosteric effector, pyri-
doxal 5′-phosphate (PLP), to 9–30 Torr, depending on the 
usage. Currently, we produce HbV with P50 = 15 mmHg by 
co-encapsulating equimolar PLP to Hb. Therefore, the oxy-
gen dissociation curve is left-shifted in comparison to human 
RBCs. This formulation is effective for targeted oxygen 
delivery to tissues where oxygen is needed. The particle size 
is adjusted to 250–280 nm by extrusion or kneading [9]. The 
spherical unilamellar structure encapsulating a concentrated 
Hb solution is confirmed by small-angle X-ray scattering 
[10]. Actually, HbCO can be converted to HbO2 by illumina-
tion with visible light under an aerobic atmosphere [11]. 
Finally, the deoxygenated HbV is purged with nitrogen in 

vials or in plastic bags sealed in aluminum bags for long-
term storage. Recent studies have clarified that HbV is useful 
as a CO carrier for anti-inflammatory and anti-oxidative 
effects in some pathological conditions. For such uses, car-
bonyl state CO-HbV without the processes of decarbonyl-
ation and deoxygenation is purged with CO gas (Fig. 22.1). 
A considerable difference exists in colloid osmotic pressure 
(COP), across the liposomal membrane, between outer saline 
medium (COP = 0 Torr) and inner concentrated Hb solution 
(COP  =  ca. 254  Torr). That pressure difference slightly 
affects the liposomal membrane fluidity. However, the spher-
ical structure is preserved for a long time without causing 
hemolysis [12]. The Hb concentration is adjusted to 10 g/dL, 
which is slightly lower than that of human blood (12–15 g/
dL), but much higher than the transfusion threshold, which is 
known to be 6–7 g/dL in critical patient blood [13]. Usually, 
HbV is suspended in a physiological saline solution. The 
outstanding difference of HbV in comparison to chemically 
modified Hb solutions is the absence of colloid osmotic pres-
sure. These are the same characteristics of RBCs. Some 
chemically modified Hb solutions exceed the physiological 
colloid osmotic pressure (20–25 Torr), limiting their Hb con-
centration. HbV can be suspended in or co-injected with col-
loidal solutions such as human serum albumin, HES, or 
modified fluid gelatin solutions to adjust the colloid osmotic 
pressure [14]. The percentage of the occupied volume of the 
HbV particles corresponds to about 40–45% (cf., hematocrit 
of blood is about 40–55%). Therefore, the suspension is a 
concentrated particle dispersion, similar to RBCs in blood. A 
certain level of viscosity is expected to be important for 
inducing shear stress on the vascular wall to facilitate vaso-
relaxation and blood flow [15].

 Potential Clinical Applications of HbV 
as a Transfusion Alternative

The first distinguished animal experiment of HbV was test-
ing extreme hemodilution up to 90% blood exchange (hema-
tocrit reduction from 50% to 5%) using rats by repeated 
1  mL blood withdrawal and 1  mL injection of HbV sus-
pended in 5% albumin, which showed stable hemodynamic 
and blood gas parameters and tissue oxygenation [16, 17]. 
These results assured the sufficient oxygen carrying capacity 
of HbV and became the driving force for HbV R&D.

The ultimate usage of HbV will be to save lives of patients 
suffering from massive hemorrhage where blood is not avail-
able. We conducted various studies of resuscitation from 
hemorrhagic shock using rodents, rabbits, and beagle dogs 
by injection of HbV suspended in 5% albumin [3]. The bea-
gle dogs survived for over 1 year and the rats for over 14 days 
after resuscitation from hemorrhagic shock without major 
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side effects except the transient splenomegaly, with an 
increase in plasma cholesterol levels attributable to the RES 
trap of HbV and succeeding degradation [18].

Recent studies showed that one-year-stored HbV showed 
effective resuscitation without showing acute lung injury 
[19]. Continuous injection of HbV into rats with hemor-
rhagic shock and uncontrolled hemorrhage, mimicking a 
condition of prehospital treatment, showed survival even 
after the hematocrit decreased to less than 2% [20]. 
Hemorrhagic-shocked rabbits with thrombocytopenic coag-
ulopathy were resuscitated using HbV, with transfusion of 
platelet rich plasma or artificial platelets. The combination of 
the oxygen-carrying fluid and hemostatic agent showed 
effective resuscitative effects without disturbing hemostasis 
[21, 22]. The small HbV (250 nm) has been proven effective 
for urgent resuscitation through intraosseous injection when 
peripheral vessels are collapsed and inaccessible [23]. In 
addition, HbV infusion has been confirmed as effective for 
the initial management of massive obstetric hemorrhage in a 
pregnant rabbit model [24].

Assuming a peri-operational usage of HbV, a pneumonec-
tomy model with hemorrhage of about 30–40% blood vol-
ume was prepared using mice and rats; HbV with 5% albumin 
was injected intravenously [25, 26]. The oxygen-carrying 
capability of HbV was comparable to that of rodent RBCs, 
even under impaired lung function after pneumonectomy. In 
fact, HbV with a high oxygen affinity might have more ben-
eficial effects on oxygenation. Results show that HbV infu-
sion did not interfere with the recovery from surgical injury. 
Following these promising results, a similar study of pneu-
monectomy model using beagle dogs is underway by Kohno 
et al. of Tokai University.

Prolonged hypotension after hemorrhagic shock causes 
irreversible heart dysfunction called “shock heart syndrome,” 
which is associated with lethal arrhythmias. The standard 
protocol of hemorrhagic shock resuscitation is to inject crys-
talloid first, followed by colloid injection, such as HES, gela-
tin, and dextran, and finally by packed RBC transfusion. This 
protocol follows a strategy to avoid allogeneic transfusion. 
However, Takase et al. clarified that the initial resuscitation 

Fig. 22.1 Preparation of hemoglobin vesicles (HbVs) as oxygen and carbon monoxide carriers and a photosensitizer for various clinical 
applications
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with simply crystalloids or colloids, without O2 carrying 
capacity, shows higher incidence of lethal arrhythmias than 
either RBC transfusion or HbV injection. The results indi-
cate that resuscitation with O2-carrying HbV injection ini-
tially should be of primary importance for avoiding shock 
heart syndrome and for improving the survival rate by pre-
venting electrical remodeling while preserving myocardial 
structures [27].

 Potential Clinical Applications of HbV 
for Oxygen and Carbon Monoxide 
Therapeutics

The COVID-19 epidemic has caused grievous damage to 
pulmonary alveolar structure and subsequent respiratory 
failure in many patients. Extracorporeal membrane oxygen-
ation (ECMO) has been proven to be an effective therapy for 
such condition [28]. ECMO requires a fluid to prime the cir-
cuit, resulting in dilution of blood. The hemodilution effect 
increases with smaller body weight. In the case of cardiac 
surgery using ECMO, the effect on the neurological function 
of newborn patients is considerable because the decreased 
oxygen supply during surgery affects brain function. Damage 
appears after the newborns are grown up. However, observa-
tion of a rat model confirmed that ECMO primed with HbV 
suspended in 5% HSA showed sustained oxygenation and 
prevented neurocognitive decline, as confirmed with water- 
maze testing [29]. Moreover, HbV is proven to be effective 
as an extracorporeal perfusion fluid to carry oxygen for 
organs for ex vivo experimental purpose to observe intestinal 
peristaltic motion [30]. It is effective for preservation of an 
amputated rat leg by perfusion with HbV for several hours 
and then re-implantation to the rat [31]. It is also effective for 
subnormothermic machine perfusion of pig livers for preser-
vation [32]. HbV is useful as a carrier of 15O2 for positron 
emission tomography (PET). Actually, injection of 15O2-HbV 
into a stroke rat model visualized the lowered oxygen metab-
olism in the infarcted area in PET images [33].

Because of the smaller size of HbV than of RBCs, the 
injected HbV particles are distributed homogeneously in the 
plasma phase. In the microscopic view of microcirculation, 
plasma skimming is readily observed at a branch of a small 
artery or arterioles where the hematocrit values of daughter 
branches differ because of the different blood flow rate in 
each branch. This condition induces plasma skimming. The 
branch of a slower blood flow rate shows a lower hematocrit. 
In such a condition, HbV distributes homogeneously in the 
plasma phase and distributes more in the branch of a slower 
blood flow rate. HbV can carry oxygen where RBC flow is 
limited in the ischemic tissues. It has been demonstrated that 
intravenous administration of HbV after occlusion of the 
middle cerebral artery can attenuate the infarction volume 

[34]. Moreover, HbV can rescue placental hypoxia in a rat 
pre-eclampsia model [35]. Because of the same mechanism 
HbV increases the oxygen tension of tumor tissue where the 
capillary structure is abnormal and RBC flow is considerably 
limited [36].

HbV is useful not only as an oxygen carrier, but also as a 
photosensitizer for laser irradiation therapy. Rikihisa et  al. 
reported the utilization of HbV as a photosensitizer, a target 
of laser treatment of port-wine stain (capillary malforma-
tion) [37, 38] because injection of small HbV distributes 
between the RBCs in capillaries and increases capillary Hb 
levels effectively, thereby producing more heat and 
photocoagulation.

Various kinds of CO-releasing molecules (CORM) have 
been reported: not only metal complexes but also organic 
compounds [39–41]. They show beneficial cytoprotective 
effects in animal models of septic shock and ischemia reper-
fusion injury, and inflammatory diseases. These results were 
the driving force to test the CO-bound HbV (CO-HbV) as 
another type of CORM. In fact, CO-HbV was first tested for 
resuscitation from hemorrhagic shock in a rat model [42]. 
The blood HbCO increased to about 30% immediately after 
injection, but it decreased in 3 h. Also, the dissociated CO 
appeared in the exhaled air simultaneously. Plasma enzyme 
levels, AST and ALT, were lower than those associated with 
O2-HbV injection, indicating that CO ameliorated reperfu-
sion injury. Taguchi et  al. applied CO-HbV for models of 
bleomycin-induced pulmonary fibrosis [43], dextran sulfate 
sodium-induced colitis [44], and acute pancreatitis [45]. 
Liberated CO showed marked anti-inflammatory and anti- 
oxidative properties, probably because of the interaction of 
CO with hemeproteins related to the production of reactive 
oxygen and nitrogen species in the body under pathological 
conditions.

From the viewpoint of production, CO-bound HbV can be 
produced more easily than deoxygenated HbV because the 
processes of decarbonylation and deoxygenation are not nec-
essary. After releasing CO in blood circulation, HbV revers-
ibly binds O2. It thereby becomes an oxygen carrier. CO-HbV 
is expected to provide unique opportunities for the clinical 
treatment of various pathological conditions. However, addi-
tional studies must be conducted to confirm the absence of 
the chronic neurological toxicity of CO because CO is known 
fundamentally as a toxic gas. Its neurological effects are 
known to manifest later.

 Safety Evaluations of HbV

Encapsulation of Hb can shield the toxic effects of Hb. 
Nevertheless, one must be careful about the toxicity of the 
capsules and of the liposomal lipid composition. One out-
standing advantage of HbV in comparison to conventional 
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liposome-encapsulated Hb is the absence of complement 
activation and anaphylactoid reaction, as confirmed through 
a pig study [46]. Even though the conventional liposomes 
showed a considerable increase in the pulmonary vascular 
resistance at repeated injections, HbV with optimized lipid 
composition showed no such reaction. Preclinical studies of 
HbV show no significant effect on the complement system, 
immunological response, blood coagulation, platelet func-
tion, kallikrein–kinin, hematopoiesis, etc. [47]. The HbV 
particles are finally captured by the RES or mononuclear 
phagocytic system (MPS). Therefore, transient hepato-
splenomegaly is observed depending on the HbV dosage 
[18]. However, the HbV components are degraded com-
pletely in RES, and are eliminated and excreted through 
urine and feces [48]. Our studies using rodent models showed 
that the macrophages capturing the liposomes become simi-
lar to myeloid-derived suppressor cells (MDSCs) which 
cause suppression of splenic T cell proliferation [49, 50], 
though the response is transiently observed and its effect is 
minimal. Reportedly recent studies of PEGylated liposomes 
for cancer therapy and other PEGylated materials clarified 
that the presence of anti-PEG antibody is frequently observed 
in humans. It might change the pharmacokinetics of the 
agents (ABC phenomenon) [48] or induce immunological 
reactions [51]. This point is expected to demand some atten-
tion in the ongoing clinical research and development of 
HbV.

 Summary

Including liposome-encapsulated Hb, recent trends in the 
development of HBOCs are to make them larger [52–60] to 
prevent extravasation, to retard reactions with NO [61], and 
to lower the colloid osmotic pressure [62]. However, not 
only the particle design, but also the design of its suspension 
in terms of physicochemical properties such as Hb concen-
tration, colloid osmotic pressure, and viscosity are important 
factors that must be examined to make the fluid function as a 
blood substitute. As described in this chapter, we summa-
rized potential clinical applications of HbV evidenced using 
various animal experimental models. Of course, other 
HBOCs have some potential to be used in the same manner.

An ultimate and optimal usage of HBOCs, taking the 
advantages of their characteristics superior to packed RBCs, 
should be for saving lives of lethal patients of massive bleed-
ing and trauma when blood for transfusion is not available. 
However, it is difficult to obtain an informed consent from a 
lethal patient. Accordingly, clinical studies in the next stage 
would be limited to injections to patients with peri- 
operational bleeding at elective surgeries or patients with 
post-operational anemia. A success of such study will even-
tually enable various usage of HBOCs for any purposes.

Key Points
• Encapsulated Hbs, including HbV, have been designed to 

mimic the cellular structure of RBCs for eliminating the 
toxic effect of molecular Hbs.

• However, it is important to consider the capsule material 
safety as well, especially on the absence of complement 
activation, dispersibility in blood, and degradation in RES.

• Safety and efficacy of HbV as a transfusion alternative 
have been evaluated in hemorrhagic shock-resuscitation 
preclinical studies.

• HbV has been tested not only as a transfusion alternative, 
but also as a new agent for oxygen therapeutics, a perfus-
ate for organ preservation, and a photosensitizer for laser 
therapy.

• CO-HbV liberates CO in blood circulation and shows 
anti-oxidative and anti-inflammatory effects. CO-HbV 
will be a new promising agent though its neurological 
effect has to be examined carefully.
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 Introduction

Noncompressible hemorrhage continues to be the leading 
cause of preventable death for warfighters. During the U.S. 
conflicts between Afghanistan and Iraq from 2001 to 2011, 
90 percent of combat casualties died before reaching appro-
priate surgical care, and 90 percent of those deaths that were 
survivable were due to uncontrolled hemorrhage [1]. In addi-
tion, a significant number of deaths due to hemorrhagic 
shock occur within the first hour of injury [2]. Recognizing 
that early intervention is critical to saving lives, the Joint 
Trauma System and Tactical Combat Casualty Care have 
focused on point-of-injury hemostasis, early medical evacu-
ation, and damage control resuscitation (DCR) to stabilize 
casualties prior to definitive surgical care [3].

Advancements in the resuscitation of traumatic hemor-
rhagic shock have coincided with times of increased armed 
conflict: the first blood banks were established during WWI, 
the first use of lyophilized plasma occurred during WWII, 
the lethal triad of trauma began to take root as a cornerstone 
of resuscitation during the Vietnam War, and, finally, DCR 
became the gold standard of early hemorrhage management 
following the conflicts in Afghanistan and Iraq [4]. As the 
management of traumatic hemorrhage has evolved over the 
decades, the paradigm of resuscitation has also shifted from 
simple volume replacement to a more targeted correction of 
the physiologic derangements associated with shock.

Running in parallel with advancements in the paradigm of 
trauma resuscitation are the changes in specific fluid resusci-
tative strategy, particularly with regards to the type, quantity, 
and timing of fluid therapy. Traditional resuscitation fluids 
include the broad categories of crystalloids and colloids. 
These were the mainstay of traumatic resuscitation for many 
years in large part due to low cost of production, long-shelf 
life, lack of need for refrigeration, and generally safe profile. 
Despite these advantages, complications involving extravas-
cular migration of the fluids into interstitial tissues and dilu-
tional coagulopathy, in concert with the advent of whole 
blood transfusion, has led to transfusion of whole blood or 
blood components as the gold standard in DCR [5]. Whole 
blood transfusion not only provides repletion of intravascu-
lar circulating volume, but also provides vital oxygen- 
carrying capability, clotting factors, and platelets that are 
crucial for the maintenance of end organ perfusion during 
life-threatening traumatic hemorrhage.

However, blood transfusion is not without significant 
risks that must be considered. Transfusion of allogenic blood 
products can cause immune dysregulation, and issues with 
immunologic incompatibility can cause a myriad of poten-
tially life-threatening transfusion reactions. Additionally, the 
logistical and practical challenges of storage, transport, and 
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supply of blood products limit the ability of forward- 
deployed combat medics to administer blood products in 
austere environments [6].

Given these limitations, there has been recent interest in 
the development of small-volume, artificial oxygen carriers 
(AOC) that have the ability to adequately resuscitate warf-
ighters in addition to oxygenating tissues. The ideal AOC 
would approximate colloidal resuscitative fluids of the past 
such as 5% albumin, and would be able to provide small- 
volume resuscitation with minimal concern for extravasation 
from the intravascular space. The wide variety of currently 
accepted methods for fluid resuscitation and the manage-
ment of hemorrhagic shock indicates that no single resusci-
tation strategy is ideal, and there is space in this field for 
optimization of currently existing resuscitative technologies. 
Among various AOC molecules developed for use in trauma 
resuscitation, Polynitroxylated PEGylated Hemoglobin (aka 
PNPH or SanFlow) is a novel AOC with promising preclini-
cal data suggesting it is an optimal resuscitation fluid. This 
review aims to provide a critical review of currently devel-
oped AOCs with particular emphasis on PNPH including its 
mechanism of action and the research supporting its poten-
tial value for the forward deployed medic responsible for 
remote DCR.

 The Development of Artificial Oxygen 
Carriers and Hemoglobin Based Oxygen 
Carriers

 Artificial Oxygen Carriers

For more than a century, investigators have sought to pro-
duce the ideal resuscitative fluid: a blood substitute that 
retains all the properties of whole blood without all the 
inherent dangers and immunologic side effects. Although 
there has not been a product that has been able to emulate 
all properties of whole blood, there are compounds that 
show promising results in two major functional realms: 
oxygenating tissues and augmenting blood volume. These 
artificial oxygen carriers (AOC) have been created to 
reduce whole blood side effects and augment oxygenation 
of tissues while reducing the volume of fluid required for 
appropriate resuscitation. To date, there are three main cat-
egories of AOC to include Perfluorocarbon Oxygen Carriers 
(PFOC), stem cells, and Hemoglobin-Based Oxygen 
Carriers (HBOC), all with varying degrees of in vitro and 
biochemical research [7].

The first potential AOC, PFOC, are fully halogenated 
molecules that exhibit twice the rate of oxygen unloading as 
erythrocytes, three times the oxygen extraction rate, and 
release greater than 90% of the loaded oxygen into tissues. 

Described side effects of this therapy include lung toxicity, 
thrombocytopenia, and hypotension. Given these side 
effects, research has been limited to small biochemical and 
in vitro studies with mixed results [8, 9].

Induced pluripotent stem cells (iPSC), discovered by 
Shinya Yamanaka in 2006, opened the door for many poten-
tial applications for medicine including differentiation into 
blood components to be stored and used for resuscitation. 
Two major pathways of differentiation have been consid-
ered: differentiation of iPSC to red blood cells and differen-
tiation of iPSC to various target cells in an oxygenated 
environment. Both avenues have the capability to theoreti-
cally reduce the risk of allogenic immunoreactions due to 
patient-specific production of progenitor cells. However, to 
date in vitro studies have shown issues with retention of 
erythrocytes, cell deformability, and immunoreactions in 
allogenic iPSC transfusions [10, 11].

Lastly, Hemoglobin Based Oxygen Carriers (HBOC) are 
the AOC that have been studied the most extensively. In 
1933, Amberson et  al. performed studies in cats in which 
they completely exchanged their blood with cell-free hemo-
globin in Lactated Ringer’s solution and showed the solution 
could sustain life. However, the benefit was short lived and 
the animals experienced significant renal damage [12]. 
Despite this, human trials commenced which resulted in sig-
nificant renal toxicity and vascular hypertension in 5 of 14 
patients. In the 1950s, the U.S. Navy attempted to treat 47 
anemic and febrile patients with cell-free hemoglobin solu-
tions, which again resulted in significant renal toxicity. Renal 
toxicity during these studies was likely due to a combination 
of renal tubular obstruction by hemoglobin, renal cell dys-
function due to heme pigment deposition, and hemoglobin- 
induced vasoconstriction [13].

These pitfalls were eventually resolved through ultra- 
purification techniques that allowed for removal of cellular 
debris and stroma. However, a new problem emerged when 
native tetrameric hemoglobin would breakdown into dimers 
and be renally extracted, resulting in a vastly reduced half- 
life of the HBOC.  Investigators have since attempted to 
solve this problem via attaching stabilizing molecules 
including bis (N-maleimidomethyl) ether (BME), and glu-
taraldehyde [14].

 Limitations of Cell-Free Hemoglobin

Hemoglobin-based oxygen carriers (HBOCs) developed 
during the past half century and tested in humans have done 
more harm than good by increasing risk of death and myo-
cardial infarction. This abysmal history, and the resulting 
negative views of HBOCs held by the medical, regulatory, 
and investment communities, means that a paradigm shift is 
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required. The 2008 FDA/NIH co-sponsored HBOC work-
shop set the view that in order to be successful, an HBOC 
would have to comply with safety standards in addition to 
achieving an efficacious therapeutic index [15].

Conventional wisdom concerning the etiology of adverse 
events related to HBOC stems primarily from nitric oxide 
(NO) scavenging at the endothelium, which paradoxically 
leads to vasoconstriction and decreased tissue oxygenation. 
Following unsuccessful phase II clinical trials for diaspirin 
cross-linked hemoglobin by Baxter, a number of developers 
sought hemoglobin derivatives modified to either reduce or 
compensate for NO binding. These strategies included: (1) 
increasing molecular weight of hemoglobin to prevent 
extravasation, (2) glutaraldehyde polymerization, (3) 
O-raffinose cross-linking human hemoglobin with unpo-
lymerized tetramers, or (4) genetic modification. 
Unfortunately, advanced clinical trials of these modified 
hemoglobin did not yield promising results [16].

Analysis of these modified hemoglobin molecules noted 
another set of toxicities in addition to NO scavenging that 
would preclude safety and efficacy. These toxicities are 
related to pro-oxidant activity, a side effect not addressed by 
the aforementioned modifications. Cell-free hemoglobin, in 
the absence of the anti-oxidant enzymes found in the red 
blood cell, combines with oxygen to form free radicals such 
as superoxide, hydrogen peroxide, hydroxyl radical, and 
oxoferryl porphyrin among others [17]. Thus, the reduction 
in oxygen delivery resulting from hemoglobin’s NO scav-
enging and vasoconstriction is further exacerbated by oxida-
tive stress through a burst of superoxide generation from 
heme iron auto oxidation in the transfused HBOCs. In turn, 
cell-free hemoglobin without appropriate regulation adds to 
the inflammatory insult of ischemia and reperfusion, adding 
to the underlying pathology in the very clinical situations 
where a blood substitute would be most useful [18].

Strategies to address both the vasoconstrictive and pro- 
oxidant activity of cell-free hemoglobin have included: (1) 
co-polymerizing the HBOC with the antioxidant enzymes 
SOD and catalase, (2) pharmacological cross-linking the 
HBOC with ATP, adenosine and reduced glutathione, (3) 
hemoglobin modification to reduce P50, (4) S-Nitrosylating 
and PEGylating the HBOC, (5) adjunct therapies of nitric 
oxide inhalation or sodium nitrite. Detailed reviews of other 
HBOCs for use in military medicine were recently published 
[19–21]. The ideal HBOC would not only expand intravas-
cular volume and increase oxygen delivery but do so in a 
manner that manages the oxidative insult of ischemia and 
reperfusion. A novel macromolecule developed by Carleton 
Hsia and co-workers is Polynitroxylated PEGylated 
Hemoglobin (PNPH; aka, SanFlow), a bovine hemoglobin 
stabilized by polyethylene glycol with added catalytic 
polynitroxyl groups that is poised to address both these prob-
lems and usher in a new paradigm in resuscitative medicine.

 The Development of Polynitroxylated 
PEGylated Hemoglobin (SanFlow)

The precursor to PNPH was polynitroxylated albumin (PNA; 
aka VACNO or vascular albumin with caged nitric oxide) 
which has been shown to undergo reversible reduction and 
oxidation to function as a mimetic of superoxide dismutase 
and catalase. Interestingly, PNA is currently being developed 
for use in cancer following the demonstration that it has anti- 
metastatic effects in triple negative breast cancer animal 
models [22]. By adding polynitroxyl groups to pegylated 
hemoglobin, PNPH theoretically provides optimal resuscita-
tion by attacking various dysregulations that are present in 
patients undergoing traumatic shock. PNPH (Fig.  23.1) is 
a ~ 8 nm nano particle with multifunctional catalytic anti- 
oxidative and hemodynamic colloid activities, has a single 
core Hb, which is shielded by an inner superoxide dismutase 
(SOD) mimetic nitroxide shell and an outer hydrated poly-
ethylene glycol. PNPH’s five structural and functional com-
ponents are: (1) bovine hemoglobin as the protein center 
provides oxygen carrier capability but is carboxylated to pro-
vide thermo-stability and added anti-inflammatory activity, 
(2) the hydrated polyethylene glycol moieties of PNPH pro-
vide hyper-colloid properties important to stabilizing hemo-
dynamics during hypotension and hypovolemia, (3) the 
nitroxide moieties of PNPH not only improve the safety of 
cell-free hemoglobin but also provide anti-oxidant/anti- 
inflammatory and neuroprotective activities, (4) desirable 
redox coupling of heme iron with the nitroxide is promoted 
in the stoichiometry, and (5) further redox coupling of the 
nitroxide/heme iron complex with endogenous plasma anti- 
oxidants such as ascorbate provides additional anti-oxidant 
activities [18]. The molecular focus on optimizing redox 

Fig. 23.1 Schematic of PNPH. Polynitroxide (yellow) and polyethyl-
ene glycol (blue) moieties decorate the Hb surface. Pegylation yields 
super colloid effects. The nitroxides mitigate reactive oxygen species, 
attenuating nitric oxide (NO) consumption, and oxidative injury to the 
microcirculation and the Hb molecule itself. PNPH has 12–14 nitrox-
ides per Hb
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potential, minimizing oxidative stress, and providing colloi-
dal support for increase circulatory volume (instead of the 
traditional focus of oxygen delivery and NO supplementa-
tion) represents a paradigm shift in the development of an 
optimal blood substitute. The development of PNPH thus 
addresses key recommendations of the 2011 NIH/FDA/DoD 
Working Group on Oxygen Therapeutics (https://www.nhlbi.
nih.gov/events/2011/oxygen- therapeutics). PNPH is cur-
rently classified by the military as a Technology Readiness 
Level 4 product. In PIND meetings with FDA, the FDA 
agreed that PNPH is more than an oxygen carrier, that it is a 
“therapeutic” with efficacies in multiple medical conditions 
such as TBI, hemorrhagic shock, stroke and sickle cell 
disease.

In order to support the paradigm shift that PNPH affords, 
this review will detail published data on the efficacy of 
PNPH in oxidative stress models of traumatic brain injury 
combined with hemorrhagic shock. The review of current 
published data will address the following novel therapeutic 
functions: (1) The new molecular design of PNPH greatly 
decreases the natural tendency of heme iron to auto oxidize 
and generate superoxide, thus preventing vasoconstriction 
and correcting inadequate blood flow, (2) PNPH is a potent 
neurovascular protectant through redox coupling of nitrox-
ide moieties with heme, mimicking superoxide dismutase 
(SOD), (3) this redox coupling is augmented via interactions 
with plasma ascorbate, and (4) PNPH contains up to 14 
nitroxyl groups shielded by a hydrated polyethylene glycol 
shell providing both stabilization and colloidal properties.

 PNPH in Traumatic Brain Injury 
and Hemorrhagic Shock

A series of four preclinical papers have described PNPH as 
an efficacious, novel, anti-oxidative hyper-colloid neuropro-
tective small volume resuscitative fluid for TBI + HS when 
compared to standard therapy in a model simulating the pre- 
hospital setting [23–26]. Early work from Patrick Kochanek’s 
lab at University of Pittsburgh [23] showed PNPH requires 
the least volume to restore and maintain mean arterial blood 
pressure (MAP) when compared to Lactated Ringer’s (LR), 
(standard civilian therapy), or Hextend (HEX), (prior stan-
dard military therapy), and confers neuroprotection in a rel-
evant mouse model of TBI  +  HS.  Mice resuscitated with 
PNPH had fewer Fluoro-Jade C+ identified dying neurons in 
CA1 vs. HEX and LR. PNPH was also shown not only to be 
non-toxic but also to be neuroprotective against injury (glu-
tamate/glycine exposure and neuronal stretch) in rat primary 
cortical neuron cultures (p < 0.01). PNPH also maintained 
cerebral oxygenation better that LR and HEX as measured 
by implanted direct oxygen electrodes [23]. A subsequent 
study from Patrick Kochanek’s group [24] expounded on 

PNPH as a neuroprotective pre-hospital resuscitative thera-
peutic. Mice underwent controlled cortical impact followed 
by induced severe hemorrhagic shock where MAP of 
25–27 mmHg was maintained for 35 minutes in the initial 
shock phase. Mice were then resuscitated with 20  mL/kg 
bolus of 4% PNPH or LR followed by 10 mL/kg boluses tar-
geting MAP greater than 70 mmHg for 90 minutes in the pre- 
hospital phase. Afterwards, the blood shed was then 
re-infused in the hospital phase. Mice resuscitated with 
PNPH vs LR required less fluid (26.0 vs 167.0  mL/kg, 
P  <  0.001) and had a higher MAP (79.4 vs 59.7  mmHg, 
P < 0.001). The PNPH-treated mice had lower peak intracra-
nial pressures (ICP) (14.5 vs 19.7, P = 0.002) and required 
only 20 mL/kg of PNPH while LR-resuscitate mice required 
multiple crystalloid boluses [24].

In 2017, Patrick Kochanek’s group went on to compare 
PNPH with (1) whole blood and (2) Lactated Ringer’s in a 
small volume therapeutic TBI + HS resuscitation model, and 
found that PNPH eliminated the need for fluid administra-
tion, and reduced both intracranial pressure and brain edema 
[25]. Figure 23.2 shows the MAP time-course. Following an 
initial shock and bleeding to 35 min, MAP fell to 25 mm Hg. 
The target was to resuscitate to 70  mm Hg. The LR mice 
received 3 separate boluses every 5 min to complete resusci-
tation vs. whole blood and PNPH receiving a single bolus at 
the initiation of the resuscitation phase. Figure 23.2 shows 
that MAP restoration with PNPH exceeds 70 mmm Hg and 
is greater than with whole blood and, importantly, remains 
constant over the entire 90 min window. Whole blood MAP 
in contrast, following an initial peak above 60 mm Hg, sub-
sequently declined throughout the 90 min observation period. 
With PNPH, there was no significant difference in MAP after 
resuscitation in the first 15  min compared with the final 
15 min, but both the LR and whole blood groups experienced 
a progressive decline in MAP and had significantly lower 
MAPs (P < 0.001) in the final 15 min of the model. In dose 
response studies, mice were resuscitated with PNPH with 
doses between 2 and 100  mL/kg. PNPH-resuscitated mice 
had higher MAP and lower HR post-resuscitation versus LR 
(p  <  0.01). PNPH-resuscitated mice, versus those resusci-
tated with blood or LR, also had higher pH and lower serum 
potassium (p < 0.05). PNPH was well tolerated and dramati-
cally reduced fluid requirements across all dose ranges, even 
at the lowest doses of 2 or 5 mL/kg (p < 0.001). The two low-
est doses of PNPH tested (2 mL/kg and 5 mL/kg) produced 
significant 1.5 and 3.2-fold reduction in total fluid require-
ments (Fig.  23.3). Resuscitation with PNPH proved to 
improve MAP, heart rate, intracranial pressure, reduced aci-
dosis, reduced hyperkalemia, and was superior over whole 
blood or LR.

More recently, Raymond Koehlers’ lab at Johns Hopkins 
reported in 2020 that PNPH afforded similar neuroprotective 
and vascular therapeutic benefits in a new guinea pig model 
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Fig. 23.2 Mean arterial blood pressure following traumatic brain 
injury accompanied by hemorrhagic shock in a “Pre- 
Hospital” + “Hospital” model in mice. MAPs were significantly differ-
ent between all groups during the “Pre-Hospital” and “Hospital” phase 

(*P  <  0.001). PNPH polynitroxylated pegylated hemoglobin, LR 
Lactated Ringers. PNPH, whole blood or LR were infused at the begin-
ning of the Pre-Hospital phase. (From Brockman et al. 2017)
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of TBI + HS [26]. The reason guinea pigs were studied was 
that guinea pigs, like humans, do not synthesize ascorbic 
acid. Ascorbic acid is ordinarily required for the reduction of 
metHb which is important because of the increased forma-
tion of highly reactive ferryl Hb and the oxidative damage 
that occurs when metHb and peroxide accumulate. This has 
been an important toxicity concern in using of Hb-based 
oxygen carriers in humans. Mice however do synthesize 
ascorbic acid and this in principle could have confounded 
earlier studies in mice. Testing of guinea pigs served to fur-
ther test translatability to humans. It should also be men-
tioned that in the PNPH molecule, ascorbate participates in 
the redox cycling of the covalently labeled nitroxides on 
PNPH through an unusual redox-catalytic mechanism 
whereby reduction of H2O2 is achieved at the expense of 
reducing equivalents of ascorbate converted into reduced 
nitroxides [27]. TBI in the study by Seno et al. [26] was pro-
duced by controlled cortical impact and was followed by 
20  mL/kg hemorrhage to a mean arterial pressure (MAP)  
of 40  mmHg. At 90  min, animals were resuscitated with 
20  mL/kg lactated Ringer’s solution or 10  mL/kg PNPH. 
Resuscitation with PNPH significantly augmented the early 
recovery of MAP after hemorrhagic shock by 10–18 mmHg. 
At 9 days of recovery, unbiased stereology analysis revealed 
that, compared to animals resuscitated with lactated Ringer’s 
solution, those treated with PNPH had significantly more 
viable neurons in the hippocampus CA1 + 2 region (59 ± 10% 
versus 87 ± 18% of sham and naïve mean value) and in the 
dentate gyrus (70 ± 21% versus 96 ± 24%; n = 12 per group). 
The study evaluated recovery for up to 9 days, which is of 
high importance to combat casualty care, whereas earlier 
studies in mice evaluated resuscitation/ recovery for 90 min-
utes. The study provided detailed toxicological analyses sup-
porting translatability of PNPH to humans. To further 
establish the translatability of PNPH to humans, PNPH in 
ongoing current work is being evaluated in two large animal 
models: (1) TBI + HS model in swine, (2) GLP toxicity stud-
ies in cynolmolgus monkeys, where studies to date indicate 
PNPH has a therapeutic index of >10 and is safe (unpub-
lished data). Progression to clinical trials is expected within 
12–18 months at time of writing.

 Remote Pre-hospital Medicine Beyond 
the ‘Golden Hour’

The term “Golden Hour” was coined by R Adams Cowley in 
1957. Cowley was a former military surgeon who established 
the first state-wide medevac system for U.S. civilian medi-
cine to promote the urgency of minimizing the time between 
trauma injury and definitive care in civilian medicine. In 
2009, U.S. Secretary of Defense Robert M. Gates mandated 

a standard of 60 minutes or less for the evacuation time by 
helicopter of critically injured military personnel to a surgi-
cal team at a medical facility, which resulted in major 
declines in morbidity and mortality [28]. Today, however, the 
paradigm has shifted dramatically. The nature of military 
operations requires that medical capability be available 
remotely - in the next twenty-first century near peer battle-
field, where communications and secure medevac will not be 
available, military medicine will need to maintain medical 
capabilities in isolated and widely distributed environments 
without the ability for resupply or the possibility of timely 
evacuation. Military mass casualty incidents also pose 
unique challenges, exemplified by the Navy case study by 
Day et al. [29] of the use of warm fresh whole blood (WFWB) 
in hemostatic resuscitations afloat. Despite the benefits of 
volume augmentation and oxygenation, blood products have 
some drawbacks including transfusion reaction, blood-borne 
illness, and immune dysregulation as well as unique logisti-
cal and practical constraints in the forward-deployed and 
contested air space environment.

Prolonged Field Care (PFC) has developed as a new para-
digm and is currently the top priority capability gap across 
the US Army [30, 31]. PFC refers to medical care applied 
‘beyond doctrinal planning’, and has much in common with 
medical care needed in wilderness environments and in 
disaster emergencies with limited resources, where evacua-
tion of patients to needed medical infrastructure is greatly 
delayed or not possible. Space travel is now regarded as the 
ultimate example of PFC, and is of interest to NASA [32]. 
Closely related to PFC is the area of Remote Damage Control 
Resuscitation (RDCR) in the military and its current 
approved practices [33].

The gold standard of traumatic resuscitation in the for-
ward deployed military setting remains stored whole blood 
or blood components, but logistical and practical constraints 
with storage, refrigeration, and maintenance make this a pre-
cious, limited resource. The use of fresh whole blood (FWB) 
or low-titer group O whole blood (LTOWB) are the top two 
methods of treatment in the remote setting, while crystal-
loids or Hextend are therapies of last resort and can worsen 
coagulopathy and bleeding [33].

If blood products are not immediately available, the 
Department of Defense Committee on Tactical Combat 
Casualty Care (TCCC) recommends a half-liter bolus of 
HEX for initial resuscitation of combat casualties. Colloids 
such as HEX are preferred over crystalloids for fluid resusci-
tation in the military according to the 2019 TCCC Guidelines. 
The initial benefit to HEX was the potential for significant 
volume expansion with a smaller volume, having obvious 
logistical and practical benefits in the austere medical envi-
ronment with limited resources. The recommendation for 
HEX still holds despite a June 2013 US Food and Drug 
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Administration (FDA) warning for HEX increasing  mortality 
and acute kidney injury after large volume civilian resuscita-
tions [2].

What would be the ideal resuscitation agent for use in 
PFC/RDCR? The ability to adequately volume-resuscitate a 
patient is paramount, and the use of a low-volume, shelf- 
stable, colloid resuscitative fluid that would afford the bene-
fit of providing oxygen-carrying capacity to the patient’s 
organs would be transformative in resuscitative medicine. 
For use in austere environments and PFC, this ideal agent 
would need to be stable for prolonged periods without refrig-
eration. Currently, in far-forward deployed teams, there is 
difficulty storing and transporting blood components in a 
safe and effective manner. A key issue in the stability of any 
hemoglobin-based product is catabolism that releases heme 
and leads to iron toxicity - this is a key toxicity seen in cell- 
free hemoglobins and limits their usefulness. Other toxicities 
addressed by PNPH, including hemoglobin’s NO scaveng-
ing, vasoconstriction, and pro-oxidant activity were reviewed 
previously [18].

In PNPH, the heme is CO ligated, the result of which is 
that the heme undergoes little or no autooxidation, but only 
as long as CO remains ligated. CO ligation is also a feature 
of other HBOCs such as Sanguinate [34] and is not unique to 
PNPH. Where PNPH is unique among all HBOCs is that it is 
the only agent that employs nitroxylation chemistry, which 
gives it unique benefits. Redox coupling due to nitroxide 
moieties stabilizes heme in PNPH; one demonstrated effect 
of this is loss of iron toxicity compared other cell-free hemo-
globins in neuronal cell assays [20]. Nitroxylation also con-
fers antioxidant properties, which is central to its unique 
efficacies seen in multiple medical conditions - PNPH is a 
superoxide dismutase (SOD) mimetic, catalase mimetic, and 
has NO scavenging activity [18]. With regard to shelf-life, 
PNPH is pasteurized at 70 °C during manufacturing and has 
shown stability for up to 2 years (unpublished data). Thus, 
PNPH may be unique among HBOCs in its suitability for use 
in the field for prolonged periods. We envision that PNPH 
(SanFlow) could be administered at Point of Injury by mini-
mally trained personnel using technologies such as FAST1™ 
Intraosseous Infusion.

 Summary

A growing body of preclinical evidence suggests that 
SanFlow represents a paradigm shift in HBOC development 
toward a new focus on correcting inadequate blood flow due 
to oxidative stress and attenuating ischemia/reperfusion/
inflammation injury. Also, if this holds up in clinical trials, 
SanFlow appears likely to meet the FDA mandate for an 
HBOC with a meaningful increase in therapeutic index. The 

multifunctional, molecular mechanism of SanFlow suggests 
that it may have significant value in the forward deployed 
and pre-hospital setting. The unique logistical and practical 
constraints in the austere medical environment in addition to 
2019 TCCC Guidelines HEX highlights a gap that SanFlow 
is poised to address. SanFlow should be further studied to 
better define the contribution to favorable outcome of each of 
the rich array of potential mechanistic effects of this multi-
functional therapeutic. SanFlow has the potential to address 
major healthcare concerns and unmet medical needs in mili-
tary and resuscitative medicine, in both pre-hospital and in- 
hospital settings.

Key Points
• PNPH (SanFlow) as a resuscitation agent is an effective 

alternative to whole blood and provides better improve-
ment in MAP and heart rate in TBI + HS animal models, 
plus decreases intracranial pressure/edema, acidosis and 
hyperkalemia.

• PNPH is effective at low volumes and addresses the dilu-
tional coagulopathy seen with other resuscitation agents.

• As a result of its nitroxylation chemistry, PNPH does not 
show the rapid irreversible conversion to methemoglobin 
found in earlier HBOCs and the nitric oxide scavenging 
activity of cell-free hemoglobin is inhibited.

• PNPH provides organ protection in the brain, and 
addresses cardiovascular and renal dysfunction toxicities 
seen with prior HBOCs.

• PNPH is stable, does not require refrigeration and would 
be suitable for use in the field in military deployments and 
disaster emergencies.
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Erythromer (EM), a Nanoscale  
Bio-Synthetic Artificial Red Cell 

Nivesh Mittal, Stephen Rogers, Shannon Dougherty, 
Qihong Wang, Parikshit Moitra, Mary Brummet, 
Elyse M. Cornett, Alan D. Kaye, Sahar Shekoohi, Paul Buehler, 
Philip Spinella, Dipanjan Pan, and Allan Doctor

 Introduction

Unmet Need There is need for an artificial oxygen (O2) carrier 
for use when banked blood is unavailable or undesirable. To 
address this need, we developed ErythroMer (EM), a first-in-
class, bio-synthetic, nano-cyte blood substitute. EM is a 
deformable, hybrid peptidic-lipid nanoparticle that incorpo-
rates high per particle payloads of hemoglobin (Hb) in a fash-
ion that both (a) confers context-responsive control of O2 
capture and release and (b) limits adverse reaction between Hb 
and nitric oxide (NO). Our ‘artificial cell’ design has yielded a 
prototype that emulates key RBC physiology and represents a 
potentially disruptive introduction into Transfusion Medicine. 
To date, efforts to develop Hb-based oxygen carriers (HBOCs) 

have failed, because of design flaws which do not preserve 
physiologic interactions of Hb: (1) HBOCs capture O2 in 
lungs, but do not release O2 effectively to tissue, and (2) 
HBOCs trap nitric oxide (NO), causing vasoconstriction. The 
EM design (Fig.  24.1) surmounts these weaknesses by: (1) 
encapsulating Hb in a nanoparticle with novel (toroid) geom-
etry (optimized surface area to volume ratio), (2) controlling 
O2 capture/release with a novel shuttle for a small-molecule 
designed to lower Hb O2 affinity (RSR-13, efaproxiral [1–6]), 
(3) attenuating NO uptake through shell properties, and (4) 
retarding metHb formation by co-packaging a reduction sys-
tem. Moreover, EM is designed for sterile lyophilization and 
so, is amenable to facile reconstitution after extended, ambient 
dry storage. EM offers a pragmatic approach to a complex 
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Fig. 24.1 ErythroMer Bioinspired Design: The novel  amphiphi-
lic peptidic-lipid precursor comprises: pH responsive groups that con-
trol availability of the allosteric effector (RSR13), enabling 
context-responsive control of O2 binding and a negatively charged 
‘head,’ facilitating biocompatibility of the exofascial surface. The shell 

is designed to retard NO consumption by Hb that is sequestered as 
within-particle payload. The precursor construct mimics endogenous 
biomolecules and is subject to enzymatic digestion and complete degra-
dation in vivo to end-products identical that of ‘natural’ peptides and 
lipids

need and is designed for cost-effective production at scale. 
Our prototype has passed rigorous initial ex vivo and in vivo 
“proof of concept” testing. 

 Historical Context 

Two major approaches have been pursued to date: perfluoro-
carbon emulsions (PFCs) and modified Hb agents (HBOCs) 
[7–9]. Despite promising preclinical data, neither has been 
successfully translated to clinical use [10, 11], possibly 
because designs do not emulate normal RBC physiology – 
resulting in interactions with NO and O2 that disrupt homeo-
static controls (particularly, controls matching vascular tone 
to tissue metabolism, e.g. hypoxic vasodilation (HVD) [12–
14]. Normally, O2 ligation by Hb initiates conformational 
shifts that result in a co-operative increase in affinity for addi-
tional O2 [15, 16]. Consequently, Hb loads/unloads signifi-
cant O2, even across shallow O2 gradients. This effect is 

amplified in RBCs by interaction between Hb and allosteric 
effectors (H+, Cl−, CO2, and 2,3-DPG) [17]. However, when 
de-compartmentalized from the intra-erythrocytic milieu, (1) 
Hb loses allosteric controls and exhibits abnormally high O2 
affinity and (2) globin-chain crosslinking (required to stabi-
lize HBOC tetramers) interferes with normal cooperativity. 
Both changes impair O2 delivery. Moreover, lacking a mem-
brane barrier to NO diffusion, decompartmentalized Hb dis-
turbs vasoregulation due to avid intravascular NO trapping/
consumption; this is further worsened by the propensity for 
free tetrameric Hb products to extravasate, binding NO in 
vessel walls, as well [18–22]. Such impaired vasoregulation 
by blood substitutes is a critical problem; because this effect 
reduces microcirculatory blood flow, O2 delivery even by 
native RBCs is prevented [23] (and moreso, to hypoxic tissue, 
by impairing HVD). Chemically modified cell-free Hbs 
(designed to blunt this effect) have also suffered poor transla-
tion, due to an unfavorable risk-benefit profile: an HBOC 
meta-analysis demonstrated a significant increase in hyper-
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tension, myocardial damage and mortality in surgical patients 
[24]; this finding has been recently reviewed, experimentally 
examined and reanalyzed, corroborating the concern [25–32]. 
Alternatively, perfluorocarbon-based O2 carriers exhibit few 
side effects. However, for any given pO2, Hb binds signifi-
cantly more O2 than can be dissolved in PFCs, and in contrast 
to the Hb sigmoidal binding/release curve, PFCs demonstrate 
a flat O2 solubility curve. As a result, most of the O2 carried by 
PFCs is prematurely released [33, 34], limiting tissue delivery 
[35]. Finally, neither PFCs nor most HBOCs can be lyophi-
lized for prolonged storage  at ambient conditions. At this 
time, the majority of products under active development are 
RBC-imitating vesicles or nanoparticles; these continue to 
struggle with: (1) complement activation by liposomal shells, 
(2) static O2 affinity, (3) NO trapping, (4) complex metHb 
reduction systems, (5) inadequate shelf- life stability and (6) 
designs not amenable to lyophilization [36–42].

 Bioinspired Design and Preclinical Results

 Design Strategy

EM [43] has been designed with five major innovations 
(Table 24.1), including unique shape, morphology and bio-
compatibility, resembling RBCs. EM is a first-in-class, bio- 
synthetic, nanocyte that modulates O2 affinity to context 
during circulation (lungs ↔ tissue), slows NO trapping 

while permitting O2 diffusion, recycles oxidized Hb via 
simple reduction and allows lyophilization, facile reconsti-
tution, and extended shelf life (Fig.  24.2). EM is a self-
assembled, deformable, peptidic-lipid amphiphile-based 
nanoparticle that incorporates a high hemoglobin (Hb) pay-
load. The EM shell is composed of an amphiphilic precur-
sor with pH- responsive peptidic groups that serve as 
‘wetware’ by linking availability of the allosteric effector 
RSR13 [44–49] to biochemical cues of perfusion suffi-
ciency. This design recapitulates context-responsive con-
trol of O2 binding in RBCs. Also, the construct’s 
phosphatidylcholine ‘head’ group facilitates biocompati-
bility of the exofacial surface, mimicking surface features 
of endogenous biomolecules and is subject to enzymatic 
digestion and degradation in vivo to end-products identical 
to that of ‘natural’ amino acids, lipids, and endogenous 
biomolecules. 

 Fabrication and Morphology 

EM represents a new class of Hb-encapsulated, vascular 
constrained nanoparticle  that is formulated by self- 
assembly of amphiphilic peptidic-lipid hybrid precursor. 
EMV2 (final formulation) has been designed with biocom-
patible novel lipid- amphiphile across the surface, produc-
ing a net negative zeta potential, excellent payload 
retention and differential gas diffusivity. Moreover, unlike 
phospholipid bilayers in liposomal-based HBOCs, EM has 
a tunable membrane offering greater integrity due to coun-
terionic Hb and precursor interaction and pH responsive 
electrostatic interaction with a small molecule allosteric 
effector (RSR13). EM can be classified as a hybrid-vesicle 
resulting from the combined  self- assembly of amphiphilic 
lipid  mixtures- into an advanced vesicular structure. To 
afford such a design, the different parameters controlling 
both self-assembly and membrane structure have been 
optimized. The lipid- amphiphiles used in EM are mostly 
natural components of the cell membrane. Optimization 
studies revealed that hybrid vesicular structures can be 
obtained according to the molar composition and thermo-
dynamic phase of the phospholipids and precursor mix-
ture. In a typical procedure, EM vesicles are assembled in 
three steps. First, a thin film is prepared from the mixture 
of the novel hybrid peptidic-lipid precursor molecule (KC-
1003), cholesterol and PEG2000-PE by dissolving in anhy-
drous chloroform, which is then slowly evaporated under 
reduced pressure by rotary evaporator and dried. Hb is 
transferred to the dried film, RSR-13 (5:1, RSR-13: Hb), 
cryoprotectant (0.1% PEG400) and lyoprotectant (1% 
Trehalose) are added to the Hb before transferring to the 
thin film, which is then immediately subjected to reverse 
phase solvent evaporation for particle self-assembly via 
microfluidization, after which contents are loaded into a 

Table 24.1 Analysis of ‘bio-inspired’ design solutions to challenges 
to HBOC efficacy, safety and pragmatic translation to clinical use

HBOC flaw EM solution
Oxygen (O2) transport from lungs to tissue
Design issue O2 affinity is fixed,

Not 
context-responsive

pH-responsive
RSR-13 shuttle

Consequence Adequate
O2 capture (lungs),
Poor O2 release 
(tissue)

O2 affinity shifts during transit 
(lungs ↔ tissue), links
O2 release to tissue need

Interference with normal regulation of blood vessel caliber
Design issue Traps the 

endogenous
Vasodilator NO

Novel, ‘tuneable’
Peptidic-lipid shell

Consequence Vasoconstriction,
Tissue ischemia

Permits O2 diffusion,
Retards NO trapping,
Vascular tone unaltered

Maintenance of hemoglobin (Hb) function during circulation
Design issue Hb auto-oxidizes,

Generating metHb
Leuko-MB packaged
In particle payload

Consequence Limits
Effective circulation 
time

Simple reduction system
Re-generates oxidized Hb

Storage and ease of use
Design issue Incompatible

With dry storage
Particle can be lyophilized

Consequence Limits shelf life
And versatility

Extends shelf life, facile use
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Table 24.2 ErythroMer release specifications

Assay Requirement Instrument
Wet 
(pre- 
lyophilized)

P50 (O2 affinity) (pH: P50)
7.2: 30 Torr
7.4: 22 Torr
7.6: 19 Torr

HemeOx analyzer

Hill n 
(cooperativity)

2.5 HemeOx analyzer

Hb ligation 
(HbCO)

> 98%  Co-oximetry

NO trapping Equal to 
fresh RBC

Chemi- 
luminescence

Vasoactivity Equal to 
fresh RBC

Vascular
Ring Array

Particle size 180 nm Dynamic light 
scattering (DLS)

Polydispersity 0.25 DLS
Zeta potential −20 mV Electrophoretic
Hb payload 
retention

> 98% ICP-MS
Encapsulation 
assay

pH 7.4  pH meter
Endotoxin < 0.1 EU/mL Gel clot PLUS_

SPI chromogenic
Dry % heme 0.3 M Energy

Dispersive XRay
% mass polymer 80% Elemental analysis
% mass 
cryoprotectant

0.1–0.5 M GC/LC-MS

Endotoxin < 0.125 EU/
mL

See above
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Fig. 24.2 NO sequestration. We adapted a validated NO consumption 
assay, linking a special reaction cell to our chemiluminescent NO ana-
lyzer. Spermine NONOate is injected into the reaction cell purged with 
Argon, carrying evolved NO to the analyzer and establishing baseline 
signal (e.g., voltage from photoelectric cell). Intact RBCs, free Hb, or 
EM (all equimolar for Hb) are then injected into the reaction cell; a 
decrease in signal is observed, which represents NO consumption by 
heme. The rate and total consumption for samples is determined as 
AUC. We examined this property in EM prototypes as a function of 
[Hb] payload and membrane features to achieve minimal NO sequestra-

tion rates. (a) Raw traces and (b) mean initial NO scavenging rates from 
the four EM preps, and from RBCs, free Hb, and the least & most prom-
ising EM preps (F3 & F4), all equimolar for Hb. Inset: Initial 10s. Free 
Hb sequesters NO more than RBCs; all EM formulations sequester NO 
less than RBCs. Initial scavenging rate; all EM preps differ from RBC 
& Hb excepting F3 (equivalent). *p < 0.05; n = 5; ANOVA. The physi-
ologic relevance of these biochemical findings are affirmed by similar 
results from a vascular ring array (c), in which the degree to which 
exogenously added RBCs, freeHb, or EM abrogates an Ach-induced 
vasodilation (an NO mediated response)

Tangential Flow Filtration (TFF) System for cleanup and 
the formulation is checked against release specifications 
(Table  24.2). At the end of cleanup, supplemental cryo- 

and lyo-protectants are added to the suspension fluid (0.1% 
and 4% respectively) and EM is then freeze dried in vials 
using a shelf lyophilizer.

Self-assembly of the shell components in the presence 
of purified Hb results in a bilayer structure (hydrated state 
size measurements with dynamic light scatter-
ing = 120 ± 5 nm (w/o Hb) and 130 ± 10 nm (with Hb)); 
with polydispersity: 0.15 ± 0.01 and 0.21 ± 0.01, respec-
tively, and zeta potential: −34 ± 4 mV), as described [50]. 
In the anhydrous state,  tapping mode atomic force micros-
copy (AFM) and transmission electron microscopy (TEM) 
revealed slightly diminished particle height 
(Hav  =  100  ±  20  nm) and diameter (Dav  =  87  ±  12  nm). 
Preliminary evaluation of EM shelf-life stability (3  m, 
25 °C) is established for both lyophilized and non-lyophi-
lized particles. EM was tested for variation using particle 
diameter (solution state dynamic light scattering, DLS), 
zeta potential and polydispersity changes as initial criteria. 
Nominal change (<10%) in hydrodynamic diameter, zeta 
potential, or polydispersity was observed. 

 Inhibition of Hb Auto-oxidation 

To address occasional superoxide (O2
−) release and heme 

auto-oxidation (metHb formation) [51], RBCs recycle 
metHb by an NADH-powered enzymatic reduction system 
[52, 53]. As such, metHb accrual during circulatory tran-
sit is inevitable for any HBOC. Since oxidized hemes can-
not bind O2, this process progressively diminishes O2 
transport, limiting functional circulation time, possibly 
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prior to physical clearance [9, 54–57]. Complex approaches 
to this problem have been introduced [58–62], but challenge 
translation and realistic scale-up. EM uniquely incorporates 
leucomethylene blue (LMB) to inhibit metHb formation 
during formulation, storage, and use. LMB is the physiolog-
ically activated agent that reduces heme in treatment of met-
hemoglobinemia [63–66]. It is FDA-approved and 
encapsulated in the EM payload. 

Control of NO Sequestration 

Vasoconstriction arising from NO sequestration is a chal-
lenge to HBOC safety [10, 67–69], particularly in the setting 
of endothelial dysfunction and physiologic stress [69–71]. 
Attempts to mitigate this with co-administered NO donors 
[72–74] or NO-donor adduction to Hb [75–78] have failed, 
largely because these approaches disrupt endogenous control 
of NO distribution and flux that are central to the physiologic 
vascular reflexes that dynamically govern blood flow distri-
bution during shock/resuscitation [35, 79–82]. This endoge-
nous physiologic control system involves context-responsive 
NO-based signaling between RBCs and endothelium that 
links vascular tone (and blood flow) to O2 availability in the 
lung [83–86] and to O2 consumption in the periphery [14, 
87–91]. Under normal physiological conditions, RBCs either 
sequester or export NO, as they traverse ascending (lung) or 
descending (periphery) O2 gradients, respectively [14, 92]. 
In normal RBCs, NO sequestration by Hb is abrogated by 
membrane properties, cell morphology, and rheology  – 
which limit interaction between heme-Fe and endothelial- 
derived NO [14, 93–99]. EM emulates this physiology by 
similarly enveloping Hb in the nanoparticle shell; our find-
ings indicate that EM does not sequester NO, permitting un- 
biased evolution of the vascular reflexes that dynamically 
link regional blood flow to tissue need, a critical advance 
over prior HBOCs. 

 Intelligent Control System (e.g., ‘Wetware’) 
for Modulation of EM O2 Affinity 

EM design enables true physiologic linkage between O2 
affinity and tissue respiration via a novel shuttle-reservoir of 
a small molecule Hb heterotropic effector. Conventional 
HBOC or PFC emulsions increase arterial O2 content; how-
ever, release of O2 in synchrony with endogenous physio-
logic control systems is difficult to emulate effectively in 
vivo, (i.e., along a physiological O2 dissociation curve), due 
to lack of normal allosteric control of O2 affinity (for Hb, 
expressed as P50, the PO2 at which Hb O2 saturation (SHbO2) 

is 50%). In RBCs, P50 is modulated along two timescales, 
subacute (whole-(RBC)-population adaptation of all circu-
lating RBCs to overall hypoxia or anemia) and real- 
time,  acute (within-(RBC)-supbpopulation adjustment of 
RBCs P50 to moment-specific conditions of individual vascu-
lar beds). Subacute P50 adaptation is regulated by 
2,3-Diphosphoglycerate (2,3-DPG), a product of O2- 
responsive glycolytic flux in RBCs and the major hetero-
tropic effector modulating P50. 2,3-DPG stabilizes deoxyHb 
conformation, diminishing O2 affinity (higher P50). During 
hypoxia, RBC 2,3-DPG rises slowly, over days, increasing 
O2 offloading. Acute (real-time) P50 adaptation in RBC sub- 
populations is regulated by H+, Cl− and CO2 which lower O2 
binding affinity (e.g. raise P50) in proportion to their levels in 
RBCs. This phenomenon, called the Bohr effect, arises from 
interactions among the above heterotropic effectors bound to 
different sites on hemoglobin, all of which serve to stabilize 
the low energy, low affinity, T-state Hb conformation. The 
Bohr effect is achieved by complex interactions between car-
bonic anhydrase (CA) and the anion exchange protein 1 
(AE1) (also known as the band 3 (B3) membrane protein) 
which link P50 to context (by ‘transducing’ the immediately 
proximal biochemical milieu) during circulatory transit (low 
P50 in lung, high in periphery). In sum, this physiology vastly 
improves O2 transport efficiency by enhancing O2 capture in 
the lung and release to tissue and does so in proportion to 
perfusion sufficiency (in the setting of impaired perfusion, 
acidosis and hypercapnea improve O2 release). This relation-
ship is highly relevant to transfusion efficacy, in which O2 
content is depressed by anemia PLUS_SPI /− hypoxemia. 
As such, facile P50 control is essential to robust HBOC 
design, affording ability to tailor high or low P50 formula-
tions to clinical context. Unlike other HBOCs, EM employs 
an innovative shuttle-reservoir to modulate interaction 
between Hb and RSR13, a small molecule allosteric effector 
of Hb ~ O2 affinity. Specifically, the pH-responsive nature of 
the amines in the novel peptidic-lipid amphile component of 
the EM shell (pKa values of 1°, 2° and 3° amines are approx-
imately 9, 8 and 6–7, respectively) exhibit buffering centered 
upon physiologic pH. As pH falls below 7.4, as in respiring 
tissue, amine protonation increases, displacing RSR13 from 
the inner shell, resulting in RSR13 ~ Hb binding in the EM 
cavity, raising P50 and facilitating O2 release, particularly in 
tissues with aerobic insufficiency. As circulatory transit is 
completed in the lung (or, as hypoxia abates) and pH rises, 
RSR13 re-associates with increasingly available ionized pre-
cursor amines, thereby: (1) facilitating O2 loading in the lung 
and (2) linking EM P50 to tissue O2 need (Fig. 24.3). This 
physiologically responsive RSR13 shuttle-reservoir differ-
entiates EM from all previously explored HBOC designs 
[100, 101]. 
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Fig. 24.3 O2 Dissociation Curve (ODC) We measured Hb ~ O2 equi-
librium curves, for RBCs and EM (in Krebs, n = 5), (HEMOX ana-
lyzer). Relative to that for free Hb (black reference line) we observed 
near concordance between RBCs and EM for P50 at pH (a) 7.2, (b) 7.4 
and (c) 7.6, illustrating physiologic pH responsive variation in O2 affin-
ity for EM. Moreover, by increasing the molar ratio of RSR13:Hb to 5:1 
(lavender line), the ODC is right shifted relative to that for RBCs (tan 
line) resulting in more efficient release of O2 in response to reduced 

pO2. Importantly, the dynamic range for pH based variation in P50 was 
~140% greater for RSR13:Hb @ 5:1 (Δ 10.85 Torr), than for RBCs (Δ 
7.64 Torr), indicating: (1) that on a per gm Hb basis, ~ 140% more O2 
will flux via EM-based transit across any given O2 gradient. Additionally, 
since EM is right-shifted relative to RBCs, EM may serve as an intra-
vascular O2 ‘shuttle’ – facilitating O2 flux from endogenous RBCs to 
respiring tissues, effectively using circulating RBCs as an in situ ‘lung’ 
in the microcirculation

 Initial Biocompatibility (Complement) 

In vitro analysis of EM-dependent activation of the human 
complement (C) system was tested. Total complement activ-
ity was measured using the CH50/hemolysis assay [102]. 
EM was incubated in human plasma and the degree of C acti-
vation is reflected by the hemolytic activity arising from gen-
eration of C3a and C5a fragments in the plasma supernatant. 
Attribution of hemolysis to C activation was confirmed by 
assay for C3a and C5a fragments by western blot and 
ELISA. These experiments were conducted across a range of 
EM:human serum ratios (1:8–1:64). The CH50 values were 

found to be: 2 ± 1; 5 ± 1; 2 ± 1; 8 ± 1; 9 ± 1 and 2 ± 1 for 
amines, non-cross-linked EM, cross-linked EM (at 60% col-
loidal suspension), fatty acid control, and for positive and 
negative controls, respectively. Importantly, EM lacks sur-
face antigens and thus is a universal product that eliminates 
the need for donor/recipient compatibility testing. 

 Rheology 

These properties of an O2 carrier are critically important 
since the volume administered may alter blood viscosity and 

N. Mittal et al.



259

hydrodynamics [103, 104]. EM influence upon plasma rhe-
ology was studied after suspension in NZW rabbit plasma, 
revealing only a minor reduction in suspension viscosity 
related to the dilution of the plasma by the aqueous media of 
the nanoparticles. The absence of viscosity increase by EM 
suggests that the nanoparticles do not aggregate in the pres-
ence of plasma proteins and will exert minimal influence on 
the rheological parameters of plasma. 

 Exploratory Pharmacokinetic (PK) Profiling 
in Rats and Rabbits 

Our lead prototype, EMV2, was first evaluated in rats using 
two compartment nonlinear modeling (elimination t1/2 of 
26.2 ± 3.6 min). Of note, nanoparticle PK and Bio-D exhibit 
significant species-dependent variation; PK is accelerated 
significantly in rats (via biliary excretion). The EM circula-
tory t1/2 in rats likely translates to a human t1/2 of ~3 h based 
on allometric scaling. To increase the duration of exposure 
to EM, the lead prototype has been modified by substituting 
the amphiphilic polymer lipid with an oxidized form 
(1-lyso- 2-acyl-sn-glycero-3-palimitoyl) and using probe 
sonication- facilitated self-assembly (4 °C), thereby increas-
ing EM diameter (~25%↑, 220 nm) and shell stability. This 
size modification is known to strongly influence nanopar-
ticle clearance [105–115], extended EM circulation in rats 
by ~135%, increasing the projected human t1/2 to ~7 h. PK 
analysis in rabbits, a species with similar biliary clearance 
as humans, does not exhibit significant ‘first-pass’  NP 
excretion  in bile [106]. The pharmacokinetic profile of 
EMV2 was determined in NZW rabbits (n  =  9) using 
IRDye800 labeled EM (10% blood volume replacement) 
and PK metrics were determined with both noncompart-
mental (NC) and two- phase nonlinear (NL) modeling 
[116]. PK analysis demonstrated the following NC metrics 
(based upon EM particle #): Dose: 1.6 × 1011 ± 1.5 × 1010; 
CMAX 1.3 × 109 ± 1.6 × 108; AUC(0-tlast) 3.9 × 109 ± 5.5 × 108; 
AUC(0-∝) 4.45 × 109 ± 7.4 × 108; CL(total) 36.2 ± 11.5 (mL/h); 
t1/2 2.1 ± 0.19, Vc 123.0 ± 16.9. In silico simulation based 
upon these NCA metrics identified the following dose 
interval requirements to maintain plasma EM [Hb] > 1 g/
dL: 5, 7 and 8 h for CMAX of 1, 2 or 3 × 1011 (EM particles/
mL), respectively; these dose intervals are extended by a 
factor of 1 (reference), 2 and 3, for EM payload [Hb] of 1, 
1.5, or 2 mM, respectively.

 O2 Delivery (in vivo) 

EM has been evaluated in three acute models: hemor-
rhagic shock/resuscitation in rats; normotensive hemodi-
lution in mice; and hemorrhagic shock in rabbits 

(Figs. 24.4 and 24.5). Results are encouraging and dem-
onstrate robust efficacy compared to hydroxyethyl starch 
(HES) in rats and mice and albumin in resuscitated rab-
bits. In all studies, autologous shed blood was equivalent 
in efficacy to that of EM. In addition to conventional per-
formance measures, a highly novel murine model, biolu-
minescence in HIF-1α (ODD)-luciferase mice [117–120], 
demonstrated integrated O2 delivery/consumption balance 
and revealed constraint in O2 delivery, regardless of step 
in this process (lung, heart, blood flow, HBOC or RBC 
loading/unloading). Demonstrating HIF-1α stabilization 
is the gold-standard measure of inadequate O2 delivery to 
tissue; as such, we exploit this model to demonstrate EM 
ability to maintain tissue O2 delivery during near- complete 
(70% volume) blood replacement. Exchange transfusion 
was selected (rather than hemorrhage/resuscitation) to 
avoid hypotension as a confounding cause for 
HIF-bioluminescence. 

 Envisioned Use 

Pre-hospital care for civilian trauma remains a challenge, 
even in developed countries. 47 million Americans live 
more than 1 hour from a trauma center and most ambulances 
do not carry blood. Notably, while ~20% of the US popula-
tion is rural, this group experiences 60% of trauma deaths. 
Trauma victims in hemorrhagic shock who do not receive 
blood until hospital arrival suffer mortality of 17–54% and 
mortality increases with time and distance to definitive care. 
The National Academy of Sciences has estimated that 
30,000 US civilian trauma deaths/year occur are prevent-
able, and that approximately 20,000 deaths that are prevent-
able occur due to hemorrhage in the prehospital phase of 
resuscitation. Additionally, in an urban civilian disaster, 
delays in blood product readiness arise despite medical cen-
ter proximity, further increasing mortality risk from hemor-
rhagic shock. As for military PFC settings, a field-deployable 
O2 carrier that is compatible with lyophilized plasma and 
platelets will enable composition of a balanced resuscitation 
fluid that treats both shock and coagulopathy  - and push 
advanced transfusion therapy for life-threatening civilian 
trauma to the field setting. A successful blood substitute, 
with easy in-field portability and administration may funda-
mentally change Resuscitation and Transfusion Medicine. 
Rather than replace/compete with human RBC transfusion, 
initial EM utilization is anticipated to be in pre-hospital, 
military and other austere environments, where conven-
tional transfusion is not possible. In addition, EM properties 
(lack of vasoconstriction and immune reactivity) offer 
advantage over RBCs in certain hospital settings: (1) prim-
ing bypass circuits for cardiac surgery and (2) emergency 
use in bleeding, acutely decompensating patients, for whom 

24 Erythromer (EM), a Nanoscale Bio-Synthetic Artificial Red Cell



260

100

80

60

40

20

0

10

8

6

4

2

0

0

20

40

60

0

0
Baseline Baseline1 hr 1 hr 3 hrs 6 hrs 24 hrs 3 d 7 d6 hr 24 hr 3 d 7 d

20

40

60

80 1.0

1.5

2.0

0.5

0.0

100

120

140

160

0 10 20 30 40 50 60

10

Hemorrhage / Saline (n=10)
Hemorrhage / NC (n=4)

20 30

Time (Minutes)

Time  After Hemodilution

Baseline

HES
Hemodilution

Hemodilution

Normalized Brain PO2 During Hemodilution  Brain PO2 Before and After Hemodilution

 15

 10

 5

0
Nanocrit00 10 20 30 40 50 60 10 20 30 40 50 60 HES

pre-hemodilution
Start hemodilution

End hemodilution

HES hemodilution
Nanocrit hemodilution

post-hemodilution

HemodilutionTime (mins)

 35 1.6

 1.4
 40

 30

 20

10

0

 1.2

 1.0

 0.8

 0.6

 0.4

 30

 25

 20

Blood

Exchange

Nanocrit

1 hour 3 hours 6 hours 24 hours

Time  After Hemodilution

Blood Exchange (n=6) Blood Exchange (n=6)
HES Hemodilution (n=7) HES Hemodilution (n=7)
Nanocrit Hemodilution (n=6) NC Hemodilution (n=6)* p<0.05 vs Baseline ## p<0.01, 2-way ANOVA

##

* * *

*
*

*

*

Time (Minutes)

40 50 60

L
ac

ta
te

 (
m

M
)

V
en

o
u

s 
O

2 S
at

u
ra

ti
o

n
 (

%
)

B
ra

in
 P

O
2 (

m
m

H
g

)

B
ra

in
 P

O
2 (

m
m

H
g

)

B
ra

in
 P

O
2 (

m
m

H
g

)

N
o

rm
al

iz
ed

 t
o

 p
re

-h
em

o
d

ilu
ti

on

0 10 20 30 40 50 60M
ea

n
 A

rt
er

ia
l P

re
ss

u
re

 (
m

m
H

g
) 

H
em

o
g

lo
b

in
 C

o
n

ce
n

tr
at

io
n

 (
g

/L
)

N
o

rm
al

iz
ed

 W
h

o
le

 B
o

d
y 

R
ad

ia
n

ce
 (

D
o

rs
al

)

* p<0.05 vs saline at 60 min
# p<0.05 vs 0 min

#  p<0.05 vs 0 min
*  p<0.05 vs saline at 60 min

Hemorrhage

Hemorrhage

Hemorrhage

Hemorrhage

Saline/NC

Saline/NC

Saline/NC

Saline/NC

# p<0.05 vs 0 min

Hemorrhage / Saline (n=10)
Hemorrhage / NC (n=4)

*

#

#

*

*
#

#

#

#

a

b

c

d
h i

g

e f

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

Color Bar

x10
6

Min = 2e+06
Max = 8e+06

Fig. 24.4 EM in vivo O2 delivery (A-D) rodent models: In fully instru-
mented SD Rats (400 g) 40% blood volume was removed; animals were 
then resuscitated with an equal volume of EM (n = 6) or normal saline 
(n = 6). EM was suspended at 40 wt/vol%, [Hb] = 4 mM. (a) EM infu-
sion rapidly stabilized hemodynamics. (b) During the first hour, resolu-
tion of lactic acidosis (8.2 ± 2.1 v 3.2 ± 1.5 mM) and (c) elevated AV O2 
difference (67 ± 23 v 24 ± 11% Torr for EM and NS, respectively) were 
observed, as well as (d) improved brain pO2 [p < 0.05, RMANOVA]. 
(e–g) Hemodilution model: Un-instrumented, HIF-1α (ODD) lucifer-
ase mice underwent hemodilution (70% v/v) with pentastarch, fresh 

blood (autotransfusion controls), or EM (n = 6); (e) Hb target nadir was 
reached (5  mg/dL). To detect whole body luciferase expression, 
D-luciferin (50 mg/kg, IP) was injected and serial images were obtained 
(IVIS, Living Image). (f–g) HIF-luc radiance was higher in the HES 
group than in blood exchange and EM groups, which did not differ 
(p  <  0.01, RMANOVA). (h, i) Finally, during murine hemodilution 
(70% v/v), O2 delivery by direct brain pO2 measurement was demon-
strated. In models of major bleeding/anemia, EM reconstitutes normal 
hemodynamics and O2 delivery, observed at the system, tissue, and cel-
lular level. NB: ErythroMer was formerly termed NanoCrit
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Table 24.3 Opportunities for ErythroMer use

Application Location / Setting
General 
transfusion

When stored RBCs are 
undesirable
Low-volume 
resuscitation
Limit alloimmunization
Limit transfusion 
immunomodulation
Limit risk of infectious 
transmission

Pre-hospital, ED, OR, 
ICU, military 
environments

Hemorrhagic 
shock

When stored RBCs are 
unavailable

Pre-hospital, civilian 
disasters, military 
environments, 
undeveloped countries, 
complex cross-matches, 
use in austere or remote 
locations

Perioperative 
Maintenance of 
O2 delivery

When stored RBCs can 
be avoided
Brief periods of 
controlled blood loss

OR, ICU

Improve 
regional O2 
delivery

Beyond conventional 
efficacy of stored RBCs
Target O2 affinity to 
context
Link pharmaceuticals to 
particle shell
Ex vivo organ perfusion
Nanoparticle perfusion 
through vascular 
obstruction (e.g. MI, 
stroke, PE, etc.)

Pre-hospital, ED, OR, 
ICU
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Fig. 24.5 Rabbit Model of Hemorrhagic Shock; resuscitation with 
whole blood, EM, or 5% Albumin. Hemorrhagic shock was induced by 
removal of 40% or 20% BV by wt, animals were allowed to stabilize for 
20 min, then resuscitated by infusion of removed volume, with: shed 
blood (black); 5% human albumin (blue); EM 50 × 109 particles/mL, 
final (red); or EM 60 × 109 particles/mL, final (burgundy). Both EM 

preparations contained Hb:RSR13 payload at a ratio of 1:5. The figure 
captures (right) liver tissue pO2, (middle) Lactate (mmol/L), and (left) 
mean arterial pressure (MAP), which demonstrate: (1) non-inferiority 
of EM-based resuscitation to re-infused shed blood (all parameters*) 
and (2) superiority of EM- to Albumin-based resuscitation

cross-matching would delay resuscitation. We also antici-
pate interest in stockpiling EM in large-scale civilian emer-
gency depots and developing world blood banks. See 
Table 24.3 for a more complete listing of envisioned oppor-
tunities of use. As noted above, an easily reconstituted blood 
substitute, amenable to extended ambient storage would 
have significant impact upon pre- hospital care for trauma 
victims in hemorrhagic shock, as well as enable creation of 
easily deployable ‘strategic reserves’ for blood bank sup-
port of disaster management. In addition, maintenance of a 
robust blood supply presents challenges in the developing 
world; specifically, creation and maintenance of processing 
and storage facilities for a decentralized blood bank system 
is not fiscally feasible. Moreover, in many countries, a 
pathogen-free donor pool is difficult to identify and main-
tain, and civil unrest leads to unpredictable surges in blood 
product requirements. For these reasons, a pathogen-free, 
lyophilized blood substitute would fulfill an unmet need in 
these areas as well. 

 Summary/Conclusion 

There is a commonly appreciated, critical unmet need for a 
safe, effective, and practical O2 transport agent to serve as an 
alternative to human RBCs. A successful artificial O2 carrier 
must demonstrate context-responsive O2 binding, without 
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NO sequestration. We have addressed this challenge by 
designing the only HBOC with highly novel, dynamic, 
context- responsive properties that imitate normal RBC phys-
iology and optimize efficient O2 transport during physiologic 
stress. As an Hb-encapsulating, toroidal-shaped nanoparticle 
formulated by self-assembly of amphiphilic polymer, EM 
will constitute a new class of formally engineered bio- 
synthetic hybrid ‘artificial cells’ (e.g., ‘cell-mers’). The 
RBC-emulating physiologic performance of EM is an emer-
gent property of biochemically encoded ‘wetware’; this 
(integrated shell and payload) design strategy has the poten-
tial to disrupt and fundamentally alter our approach to 
numerous complex therapeutic challenges. 

Key Points 

• ErythroMer a first-in-class, bio-synthetic, toroidal nano- 
cyte, red blood cell substitute 

• The EM shell ‘wetware’ modulates O2 affinity to context 
during circulation 

• EM exhibits limited NO trapping and vasoactivity 
• EM can be lyophilized enabling portability, facile recon-

stitution, and extended shelf life 
• PK modelling indicates that in prolonged field care sce-

narios, a dosing interval of ~8–10  hours may maintain 
adequate tissue oxygen delivery 

• In models of major bleeding/anemia, EM reconstitutes 
normal hemodynamics and O2 delivery, observed at the 
system, tissue, and cellular level
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OxyVita: History, Studies, and Future

Hanna Wollocko, Jacek Wollocko, Jonathan S. Jahr, 
and Kenneth Steier

 Background

OxyVita is one of the polymeric hemoglobin-based oxygen 
carriers (HBOC), it was invented by the team of Professor 
Enrico Bucci at the University of Maryland in 1999. OxyVita 
does not have blood type, just like other HBOCs. It is pres-
ently prepared from bovine hemoglobin; however, any mam-
malian hemoglobin could be used for this purpose. The raw 
materials are readily available and ubiquitously existing. The 
zero-link polymerization technology is a well-known tech-
nique in biochemistry and the pharmaceutical industry. 
However, prior to OxyVita, this technique has never been 
applied for hemoglobin polymerization. During the process 
of utilizing the zero-link polymerization technique, only 
activators are used to create a macropolymer of hemoglobin, 
rather than utilizing linking agents. Therefore, the Zero-link 
polymerization does not leave any residual chemicals/
polymerization agents/linking agents in the final molecule.

OxyVita is formulated to have an extended shelf life and 
it can be powderized. Its development and testing process 
have spanned over 20  years, with significant accomplish-
ments and accolades in the field. The key to the success of 
the OxyVita product is a well-controlled design and its man-
ufacturing process, allowing the product to be tailored to 

meet various needs in human and veterinary applications, 
such as a treatment in hemorrhage, traumatic brain injury, 
myocardial ischemia, sickle cell anemia, and many other 
clinical situations, as proposed further within this chapter.

The product has undergone a variety of investigations over 
the time of its life-span with a significant portion of studies 
being performed by third party researchers and not funded by 
the manufacturing company. The developmental evolution of 
the product has had significant influences of some prominent 
researchers. These previous research findings have laid the 
foundation to thoroughly assess the potential of the product 
and its potential future clinical applications.

 Preparation of OxyVita

Detailed description of the process and zero-link polymer-
ization technique can be found in literature [1, 2].

Briefly, the technique includes the following processes:

 1. Raw material: bovine blood, but any mammalian blood 
can be used.

 2. Preparation of raw material: centrifugation and lysis of 
red blood cells (RBC). This material is processed using 
several runs of centrifugation with 3000RPM - 4000RPM, 
to ensure the highest purity.

 3. The Hb obtained is thereafter β-β cross-linked 
[bis(3,5dibromosalicyl-adipate)] to stabilize the hemo-
globin tetramers.

 4. Polymerization is then initiated using the carbodiimide, 
EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide], 
which is responsible for the activation of the side chain 
carboxylate groups on the hemoglobin surface. A com-
plex is formed from the C- terminal on Glu and Asp glo-
bin side chain carboxylate groups. These activated species 
then react with the side chain of the lysyl residues of an 
adjacent hemoglobin tetrameric molecule to form a stable 
amide bond (covalent), referred to as a pseudo-peptide 
bond [3].
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Fig. 25.1 Scanning Electron Microscopy (SEM) of OxyVita powder

Table 25.1 OxyVita Solution vs OxyVita Reconstituted Powder

OxyVita®C 
Solution results Analysis

Reconstituted 
powder of 
OxyVita®C, results

6.35g% g% of Hb Ferric (Fe2+)a 6.30g%
0.35g% g% of Met Hb Ferrous (Fe3+)a 0.39g%
0.03g% g% of Ferryl (Fe4+)a 0.04g%
100% Size Exclusion 

Chromatography (SEC)b – % 
of POLYMER

100%

0.0 Size Exclusion 
Chromatography (SEC)b – % 
of Tetramer (64MDa)

0.0

0.0 Size Exclusion 
Chromatography (SEC)b – % 
of other sizes (below 
64MDa)

0.0

312 Osmolarityc mOsm/kg 335
1.013 Density of solutionsd g/mL 1.045
0.975 Spectral Radioa A576/A540 0.965
5.95
360

Oxygen Affinitye P50

Average Hydrodynamic 
Radiusf Ǻ

6.59
359

17.453 Average Molecular Weightf 
MDa

17.337

7.295 pH 7.353
N/A Reconstitution Time sec. <60

aUV/Vis HP Spectrophotometer, bLC with 600 mm × 15 mm column, 
cOsmometer –FLEX, dOswald densitometer, eHemox Analyzer (T-37°C, 
pH = 7.50), fDyna-Pro 801 (Protein Solution)

 5. N-hydroxysulfosuccinimide (sulfo-NHS) is introduced to 
the carbodiimide reaction, and results in the formation of 
an intermediate sulfo-NHS ester, which then reacts with 
the amino groups [4]. By altering the relative amounts of 
sulfo-NHS and EDC within the reaction mixture, the 
extent of the polymerization process can be manipulated, 
allowing for better control of the average molecular sizes 
during the manufacturing process.

 6. The powder form of OxyVita Hb (Fig. 25.1) is produced 
by either lyophilization or spray-drying of the liquid form 
of OxyVita. After re-constitution, the powder has almost 
identical characteristics to the solution from which it is 
derived. The comparison of the characteristics of both liq-
uid and powder forms of OxyVita is presented below 
(Table 25.1). The powder’s shelf -life is 5 years under a 
wide range of climatic conditions.

The original preparation contained a higher amount of het-
erogeneous distribution of high molecular weight (MW) spe-
cies with an average of 25  MDa [5, 6]. OXYVITA, Inc. 
acquired the license for commercial manufacturing from the 
University of Maryland, and, thereafter, refined the process, 
mostly to achieve higher homogeneity, as well as adjusting 
the average MW of polymer.

 The Properties of OxyVita

Understanding the relationship between the structure and the 
function of oxygen carriers was pivotal in the development 
of this product. OxyVita belongs to the newer generation of 
hemoglobin-derived oxygen carriers. Thus, during the devel-
opment of OxyVita, we have been able to benefit from the 
lessons learned from the development of earlier products. 
Specifically, we are more aware of, and paid more attention 
to, the potential side effects of extravasation, vasoconstric-
tion and oxidative events, which were prevalent in the previ-
ous generations of similar products. OxyVita was therefore 
specifically designed with the aim of avoiding these side 
effects.

The controlled process of zero-link polymerization allows 
for specific, pre-defined characteristics, such as a specific 
MW and hydrodynamic radius of the product, a negative sur-
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face charge, precise oxygen affinity (P50), as well as viscosity 
similar to plasma and a relatively long retention time 
(Table 25.1).

The characteristics of OxyVita are integral to the prod-
uct’s functional attributes. The polymer is very stable, due to 
its intramolecular and intermolecular bonds; strong amide 
bonds connect tetrameric, previously cross-linked hemoglo-
bin molecules into a polymer; on average, there are around 
1000 tetramers per polymer. The specific crosslinking on β-β 
lysines 82 further stabilizes secondary and tertiary structures 
of the natural bovine hemoglobin, which results in increased 
conformational stability with a resistance to unfolding. 
Thanks to this, the heme-iron moieties get increased protec-
tion against molecular unfolding, which would otherwise 
result in heme exposure and iron loss, and consequently the 
loss of the oxygen carrier’s effectiveness in its ability to carry 
oxygen. Previous studies on the structural integrity of 
OxyVita and several other natural hemoglobins, proved 
OxyVita’s reduced tendency to unfold. This was done 
through an investigation of changes in the Soret region (350–
450 nm), which is extremely sensitive to alterations within 
the heme [1, 7, 8].

The molecular size of OxyVita, consistently an average of 
17MD, with an average hemodynamic radius of 360 Å and its 
negative charge on the polymer’s surface, prevents extravasa-
tion by simply following the rules of physics, specifically, 
similar charges repel and size exclusion. The polymer is 
larger than any pores in the vasculature, therefore, it doesn’t 
extravasate. As the polymer stays within the vasculature upon 
the injection, it doesn’t scavenge NO from the external walls 
of blood vessels, in turn, causing no changes in mean arterial 
blood pressure (MAP). This has been shown through animal 
studies reporting the maintenance of the mean arterial pres-
sure, in exchange transfusion and top-load studies, amongst 
others, while oxygenation of tissue was achieved [9, 10].

The P50 of the product is low, at 4–6 mmHg, compared to 
RBCs and several other products. This design’s intent is 
facilitating oxygen release in microcirculation. Low P50 cor-
relates to high oxygen affinity, meaning oxygen release 
occurs only with the presence of oxygen debt in the tissue, 
so, not in the macro-circulation.

 Selected Studies

Years of in vitro and in-vivo studies with OxyVita brought 
significant insight into the mechanisms and potential physi-
ologic and pharmacological features of this product. The 
performed studies have served as an assessment of the safety 
profile of the product for the potential future application for 
human and veterinary usage.

Summarizing the published studies conducted, work was 
performed on assessment of vascular response to infusion of 

polymer [9], cerebral ischemia and blood flow [11, 12], resus-
citation [13], coagulation behavior [14] and redox behaviour 
[8], among other physiological effects of polymer action. 
We’ve learned that upon use of these large polymeric hemo-
globin molecules, no hemoglobin was evident in the hilar 
lymph of rats and no increase in MAP was observed within 
both anesthetized and awake cats [9]. The study by Mito et al. 
[11] showed a reduction of cerebral infarct size by 39% in the 
mouse brain when treated with OxyVita. This beneficial 
effect seems to be dependent upon the concentration of this 
high-affinity hemoglobin polymer (P50 = 4 mm Hg), with 6% 
being the ideal concentration, while lower than 3% having no 
beneficial effect, and the molecular size of the hemoglobin 
polymers, with intermediate size being the best. It is likely 
that the imtermediate size could be better adjusted to the 
mouse’s circulatory system [11]. In a DARPA small volume 
resuscitation study with a rat hemorrhagic shock model 
induced by bleeding 60% of total blood volume, an OxyVita-
augmented hypertonic “cocktail” was proven to be a viable 
treatment for improved survival and MAP support [13]. Jahr 
et al. [14] investigated the impact of OxyVita on blood coagu-
lation and found that minimal coagulopathic effects should be 
expected with the use of OxyVita at the anticipated effective 
dose of 10 g or 2-3 ml/kg. Bucci et al.[4]concluded that the 
extravasation and significant MAP increase were avoided 
when using the hemoglobin polymer with an average MW of 
25 MDa and P50 of 18-30 mmHg. Their study showed that 
OxyVita delivered oxygen to tissue, providing either vasodi-
lation or vasoconstriction according to oxygen needs in vivo. 
These studies also showed that cell free hemoglobins are 
potentially more efficient oxygen carrier than RBCs for deliv-
ering oxygen to tissue. Harrington et al. [7] conducted a redox 
behavior comparison study of OxyVita and natural acellular 
hemoglobin, Lumbricus terrestris Hb and Arenicola marina 
Hb, confirming that structural integrity in the reduced state 
(heme-Fe+2) of OxyVita Hb is evident by its greater resistance 
to molecular unfolding than either of these natural hemoglo-
bins; the reduction of met (heme-Fe+3) OxyVita Hb to oxyHb 
occurs slowly in the presence of either ascorbic acid (70% 
reduction in 560  minutes) or β-NADH (40% reduction in 
90 minutes). Wollocko et al. [8] studied the impact of oxida-
tive stress by comparing OxyVita to myoglobin and natural 
bovine Hb, when exposed to unfolding agents. Little or no 
change in the Soret Maxima, small decreases in absorbance 
signal and a high value of unfolding midpoints demonstrated 
the structural integrity and strong resistance to molecular 
unfolding, thus limiting OxyVita’s oxidation within the circu-
latory system. Song et al. [10] compared vasoactivity and tis-
sue oxygenation resulting from top-load infusions of high 
molecular weight polymers of OxyVita (oxygenated) and 
OxyVitaC (COform) using the rat model. Neither product 
caused vasoconstriction in the rat spinotrapezius muscle in 
the study, while maintaining tissue oxygenation.
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 Traumatic Brain Injury (TBI)

Abutarboush et al. [15] undertook the challenge of evaluating 
the effects of OxyVita on systemic blood pressure and cere-
bral pial arteriole diameters in healthy rats. The interest of 
looking into the effects on cerebral pial arterioles was driven 
by the search for a future therapeutic agent able to safely 
deliver oxygen to the brain tissue in patients with TBI. Four 
incremental dosing regiments were used in the study, 2 mg/
kg, 25 mg/kg, 50 mg/kg and 100 mg/kg. The control group 
received saline (0.9%NaCl) and Hextend as a treatment. The 
measurements of blood pressure were taken at planned inter-
vals, and the sizes of the pial arterioles were observed through 
intravital microscopy through a cranial window.

The heart rate (HR) did not change significantly during 
the experiment in the OxyVita group, and increased slightly 
in the saline group. The study was designed as four, 30- minute 
infusions, with 10  minute intervals between them. As 
OxyVita retention time in the circulation is 3 hours, as com-
pared to about an hour or less for saline, the short 10 minutes 
interval between infusions was not sufficient for the MAP to 
return to the base line in OxyVita treated animals, and there-
fore as a result of cumulative effect, the OxyVita group 
showed an increase in MAP. This is consistent with the pre-
vious findings in topload model when an increase in MAP 
was seen without vasoconstriction in skeletal muscle arteri-
oles [10].

The measurements with intravital microscopy were con-
ducted on small (<50um) and medium (50–100um) pial arte-
rioles, and no vasoconstriction was observed in either of the 
vessels as a result of injection of four doses/cumulative doses 
of OxyVita. The injection of vasoconstrictive aqueous bar-
ium chloride was performed at the end of the experimental 
work to confirm proper responsiveness of the arterioles dur-
ing the experiment.

This study unveiled a very promising future for an appli-
cation of OxyVita in patients with TBI.

 Whole Blood Approach

The main goal of developing oxygen therapeutics was to 
address the world’s critical need for blood transfusion alter-
natives. The hope of the industry is to develop an artificial 
blood product with the features of being donor independent, 
unaffected by contaminations to the blood supply and easy 
stockpiling for emergency or other clinical indications.

It is recognized that the OxyVita product improves oxy-
gen delivery capacity of blood in in-vitro and animal studies, 
potentially replacing the function of RBCs. OxyVita can be 
formulated into a powder form (Fig. 25.1), which is benefi-

cial because it will offer the product with a much longer 
shelf-life and no strict storage requirements. The powderiza-
tion process involves the following steps: washing in a buffer 
solution containing 1.5% of sucrose and trehalose, followed 
by a treatment with OXYVITA’s proprietary molecular pro-
tectant, and then lyophilization or spray-drying. The protec-
tant preserves the structural and functional integrity of the 
components of the powderized hemoglobin polymers, yet 
allowing for easy reconstitution. Figure 25.2 presents a com-
parison of the product’s Size Exclusion Chromatography 
before and after spray-drying.

Experimentation with the powderization technology led 
to its application to other blood components, plasma and 
platelets. There is an enormous demand for a much longer 
platelet shelf-life. Platelets generally have only 5 days shelf- 
life. Previously conducted experiments have shown that 
platelets collected from a donor and lyophilized on day 4 
after collection, using the same methodology as for lyophi-
lizing OxyVita, can be stored at room temperature for 
30 days. Thereafter, stored platelet activity was compared to 
fresh donor platelets, using an aggregometer, PAP-8, with 
two agonists for the analysis, ADP and collagen [16]. The 
reconstituted platelets, on day one after the powderization, 
presented the exact same activity as fresh platelets, and after 
30  days of storage at room temperature, their activity 
decreased by 7% compared to fresh donor platelets. The 
studies were repeated after 60 days of storage, a decrease of 
platelet activity by 14% was documented. This data may be 
extrapolated to lyophilized platelet activity of not less than 
58% of fresh platelets, after 6 months.

Previously conducted studies performed combining 
OxyVita with dried plasma and platelets, utilizing 
OXYVITA’s in-house prepared platelets [16], demonstrated 
that this coexistence is possible, with no interference, serv-
ing as a proof of concept for a possibility of complete blood 
transfusion alternative product in the future.

 Future Direction

Research on OxyVita continues, with many directions being 
contemplated or explored. Although the main purpose of this 
product is a safe and effective alternative for the blood trans-
fusion, through the years of research, many other potential 
applications have arisen. These include applications that are 
not currently considering a blood transfusion as a primary 
mode of treatment- such as myocardial infarction (MI), 
stroke, carbon monoxide poisoning, sickle cell anemia 
(SCD) - amongst others.

Some of the studies are presented below. Their scope is 
briefly described.
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Fig. 25.2 Size Exclusion Chromatography (SEC) analysis: OxyVita liquid and reconstituted powder

 Assessment of Effectiveness of OxyVita 
in the Treatment of Myocardial Infarction 
and Cardiac Arrest

Ischemic heart disease is the leading cause of death worldwide 
[17]. According to the statistics provided by the American 
Heart Association (2019), over 356,000 CAs occur outside the 
hospital annually, and nearly 90% results in patient mortality 
[18]. Over 750,000 of CAs occur in the hospital annually with 
a reported mortality as high as 78% [19, 20].

Based on the limitations of current protocols, specifically 
the lack of oxygen delivery in the metabolic phase(3rdphase) 

of CA, HBOCs can be a solution for this unmet need, as they 
are potentially able to address the ischemia, reperfusion 
injury, and organ damage resulting from CA.

OxyVita’s characteristics make it an ideal candidate. The 
high oxygen affinity, as noted by Jahr, et al. allows signifi-
cant oxygen offload to hypoxic tissue in low doses, such as 
2-3 ml/kg [21]. This makes it a low volume injection allow-
ing for an insignificant top load and avoiding fluid overload.

Based on the physico-chemical characteristics of the 
product and its in-vivo behavior [22], as well as the con-
ducted optimization of its parameters for this application, it 
is hypothesized that early administration of OxyVita during 
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the first stages of CA, alongside cardiopulmonary resuscita-
tion, can minimize the occurrence of tissue ischemia while 
avoiding reperfusion injury. The low P50 of OxyVita would 
allow the release of oxygen under conditions of hypoxia 
only, enabling oxygen delivery to sites vulnerable to isch-
emia before damage can occur. Tissue perfusion would be 
optimized, specifically in the metabolic phase, due to 
OxyVita’s ability to avoid vasoconstriction, while allowing 
for better oxygenation.

Evidence suggests that OxyVita, like other modified 
hemoglobins, does not lead to activation of complement, 
once it is introduced as an oxygen carrier, what has substan-
tial implications when considering reperfusion injury [23]. 
Currently studies are being conducted using Sandwich 
ELISA with monoclonal antibody to C3a neoepitope [24]. 
Without complement activation, one of the major pathways 
of this pathology is greatly hindered, broadening the usage 
of this treatment option under hypoxic conditions.

 Effectiveness of OxyVita in Treatment 
of Carbon Monoxide (CO) Poisoning

CO poisoning is one of the leading causes of death due to 
poisoning in the United States. While fire-related smoke 
inhalation is responsible for most of the cases, non-fire 
related CO poisoning is still responsible for up to 50,000 
emergency department (ED) visits and 1200 deaths per year 

[25]. CO diffuses rapidly across the pulmonary capillary 
membrane and binds to the heme moiety of hemoglobin (Hb) 
with approximately 240 times the affinity of oxygen, causing 
allosteric changes that significantly diminish the ability of 
Hb to bind and deliver oxygen to the tissues. Poorly treated 
CO poisoning can lead to rapidly deteriorating bodily condi-
tions that can result in organ failure and tissue death. 
Hyperbaric oxygen therapy (HBO) has been shown to have 
the potential of lowering the mortality rate and preventing 
late neurocognitive deficits. However, a significant impedi-
ment is the limited availability of hyperbaric chambers. 
Thus, the availability of other methods/products to support 
oxygen delivery to tissues within the body is essential for the 
effective treatment of CO poisoning. HBOCs can be a solu-
tion for this unmet medical need.

Initial proof-of-concept studies with OxyVita treatment in 
bench simulation of CO poisoning were already conducted 
and showed promising results. It is theorized that with the 
different tertiary and quaternary structure of the OxyVita 
polymer, its ability to exchange between the CO and oxygen 
ligands might be totally different than that of the RBCs [26].

OxyVita effectiveness in CO poisoning was investigated 
by evaluating its oxygen binding capacity and ability to 
exchange between CO and oxygen ligands over time, at dif-
ferent pH, in various combinations with human blood/tetra-
mers, using UV/Vis spectrophotometry.

As Fig. 25.3 shows, the exchange of CO-O2 ligands start 
to occur within the first 5–7 minutes after the addition of the 
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oxygenated OxyVita to the CO saturated blood/tetramer 
solution. The solution reaches a good oxygen saturation level 
at about 15–20 minutes. A combination of 70% blood/tetra-
mers with 30% OxyVita polymer was the most effective for 
the exchange of CO-O2 . The study indicated also that the 
rate of ligand exchange is affected by the pH of the solution 
(which would translate into the presence of acidosis or alka-
losis in human body).

Further experiments are clearly necessary.

 Organ Storage Solution

Organ transplantation is a clinically effective, life-saving mea-
sure. However, there is a large disparity between the number 
of donors’ organ and the number of individuals on the waiting 
list. In January 2019, 113,000 individuals were on the waiting 
list. Regretfully, it is estimated that 20 people will die daily 
while waiting for a transplant [27]. One of the largest limita-
tions of organ transplants extends from the maximum organ 
preservation times in which organs are viable from time of 
procurement to transplantation. This time allotment limits the 
geographical region for effective organ transplantation and 
time from organ removal to placement [28].

With the improvements in surgical techniques, aseptic 
and immunosupressive therapies, the main cause of failure in 
organ transplant procedures lies still in the condition of the 
transplanted organ. The longer is the procedure of transplant, 
including procurement, the worse the condition of the organ, 
as result of ischemia and hypothermia [29]. Improvement of 
the organ condition for transplant is seen as a space for 
improvement in the organ transplant field.

The most possible way to achieve this goal seems to be a 
formulation of an organ storage solution with an oxygen car-
rying capacity. This would allow the organ to maintain aero-
bic metabolism outside of the human body and prevent 
anaerobic metabolism, an eventuallity, which leads to cell 
dysfunction and death. The application of an organ storage/
preservation solution could allow for the extension of storage 
time outside the body, and therefore an extended time to 
match, transport, and expand the geographic limitation.The 
betterment of the organ’s condition would result in a greater 
successs of transplant surgeries.

It would seem to be essential to have an oxygen carreier 
as a component of the organ storage solution to maintain 
oxygen delivery. This contrasts previously attempted tech-
niques such as oxygenation of a perfusion solution/and or 
gaseous oxygen pillow over the transported organ. Excessive 
amounts of oxygen in the environment of the stored organ 
contributes to the formation of free oxygen, which creates an 
avalanche of oxygen radicals (ROS) [30]. These radicals can 
lead to deterioration of the cell walls, disruption of ion equi-
librium, changes of osmolarity, acidosis, and eventually, cell 

death. Only through delivery of the oxygen into microcircu-
lation, the aerobic metabolism can be maintained and stable 
organ conditions can be achieved, leading to a higher possi-
bility of survival of the transplanted organ tissue.

Proof of concept preliminary studies conducted at the 
UWM School of Medicine, in Olsztyn, Poland, evaluated the 
role of OxyVita as a component of an organ storage solution 
to preserve renal tissue in a rabbit model (material in prepa-
ration for publication).

Further studies are currently in progress on animal kid-
neys, aiming to assess the organ condition after 24–48 hours 
of storage in the storage solution with OxyVita, by analyzing 
serum chemistry and biomarkers, urine output and urine bio-
chemical analyses, sonographic techniques for a real-time 
assessment of condition of stored organ’s tissue and histopa-
thology analysis by sampling during and after the storage 
procedure.

 The Effect of OxyVita Hb on Erythrocytes 
Sickling in Patients with Sickle Cell Disease 
(SCD)

Millions of people worldwide are afflicted with SCD, a 
hereditary life-threatening genetic blood disorder, character-
ized by a point mutation in β-globin gene (HBB), leading to 
production of sickle hemoglobin (HbS). HbS polymerizes 
when deoxygenated [31, 32]. An HBOC which is capable of 
being used in a top-load application could serve as a mode of 
treatment when approaching/ or in the crisis state.

Due to the reduced oxygen-carrying capacity of HbS in 
SCD patients, preventing hypoxia by oxygen therapy has 
shown to be beneficial. Studies, both in  vitro and in  vivo, 
have shown that oxygen by itself may act as a potent anti- 
sickling agent, and works by preventing and reversing eryth-
rocytes sickling in SCD [33]. However, the use of oxygen 
therapy still remains controversial because high levels of 
oxygen are linked to the suppression of erythropoietin, a key 
cytokine secreted by the kidneys to promote erythrocyte pro-
duction. Oxygen therapy is, therefore, only recommended 
when oxygen levels drop below a critical threshold.

The analysis of Alayash et  all [34] points the specific 
requirements for the characteristics of the oxygen carrier to 
be able to function effectively as the treatment for 
SCD. OxyVita fits the pointed requirements, like lack of NO 
scavenging, low P50 and resistance to heme-mediated oxida-
tive reaction. Therefore, it should be a good fit for the treat-
ment of SCD and currently undertaken study aims to 
determine whether, and the dose at which, OxyVita Hb, is 
able to delay in  vitro HbS polymerization and decrease 
reversible sickled erythrocyte sickling.

In the current study, the focus is on the polymerization 
process of HbS itself. Previous studies have shown that the 
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amount of intracellular deoxygenated HbS polymer 
increases monotonically with decreasing oxygen saturation 
[35]. During the early stage of oxygen dependent HbS 
polymerization, the process of sickled red blood cell forma-
tion is reversible. The reversibly sickled erythrocytes (RSC) 
are able to return to the normal biconcave shape upon oxy-
gen binding and prevent subsequent progressing to irrevers-
ibly sickled erythrocytes (ISC). OxyVita, with its small 
molecular size (MW  =  17  MDa) and its oxygen-carrying 
capacity (P50 = 6.4 mmHg) is potentially capable of reach-
ing the microvasculature and delivering oxygen to reverse 
sickling [36].

Currently planned study aims to: (1) Measure the protec-
tive effect of various concentrations of OxyVita on in vitro 
polymerization. (2) Measure the ability of OxyVita to assist 
in the reversal of RBC sickling in vitro. (3) Test the hypoth-
esis that OxyVita slows down the creation of irreversible 
sickled RBCs.

After several circles of deoxygenation and HbS polymer-
ization, a fraction of circulating erythrocytes is permanently 
deformed into a sickle shape even after vigorous oxygen-
ation [35]; these are defined as irreversibly sickled cells 
(ISC). ISC are dense, dehydrated, and viscous with a low 
affinity for oxygen and a very short life span [37]. The short- 
lived, rigid ISCs make major contributions to the hemolytic 
events/vaso-occlusive crises in SCD patients. It therefore 
becomes a therapeutic interest to investigate approaches that 
may significantly slow down the progress of formation of 
ISC. The mechanisms proposed for the progress of RSC to 
ISC are due to the change of erythrocyte membrane proper-
ties. The decrease in blood oxygen partial pressure and the 
polymerized deoxygenated HbS activate a membrane chan-
nel called Psickle. Open Psickle channels allow the influx of Ca2+ 
and activation of the Gardos channels. The activation of 
Gardos channels eventually causes efflux of K+ and Cl−, fol-
lowed by water loss and RBC dehydration. OxyVita Hb as an 
oxygen carrier, is able to increases the oxygen saturation and 
partial pressure of the arterial blood and inhibit the activation 
of Psickle channels and Ca2+ influx. A protocol is in the works 
to test the effect of OxyVita on the ratio of RSC/ISC.

 ROS Induced Oxidative Stress: Blood 
Transfusion Versus Blood Substitutes

Overproduction of reactive oxygen species (ROS) such as 
superoxide anion, hydroxyl radical, and hydrogen peroxide, 
results in oxidative stress, which leads to cellular damage. 
RBCs have an inherent ability to combat oxidative stress 
through enzymatic (peroxiredoxin-2, catalase, superoxide 
dismutase, and glutathione peroxidase) and non-enzymatic 
(glutathione, vitamins C and E, and urate) antioxidant path-
ways. Previous studies provided evidence that donated 

RBCs, during blood processing and storage, will face the 
environmental challenges like lower temperature, differing 
pH and residual plasma, and imbalance between oxidants 
and antioxidants [38]. RBCs begin to accumulate oxidative 
lesions due to damages to its lipid and protein structures. 
Such alterations of RBC components may contribute to cell 
lysis with releasing vesicular microparticles including free 
hemoglobin, heme, and iron, which may contribute to the 
generation of additional ROS.  It has been suggested that 
since these microparticles are abundant in iron, the free radi-
cals are generated through iron dependent mechanisms - the 
Haber-Weiss and Fenton reactions [39].

Further, in diseases requiring chronic transfusions (like 
β-Thalassemia, myelodysplastic syndrome), significant iron 
loading leads to free iron exceeding the binding capacity of 
the plasma transferrin, and therefore, results in an increase in 
non-transferrin bound iron (NTBI). NTBI promotes the pro-
duction of free hydroxyl radicals and the accumulation of 
transfusion-associated iron in tissues causing organ damages 
[40]. In addition to causing parenchymal organ damage by 
ROS via upregulation of biological cellular processes that 
increase cellular apoptosis, iron overload by repeated blood 
transfusions also causes dysregulation of the hematopoietic 
system, most probably by the suppressive effect on hemato-
poiesis. This includes an increase in apoptosis of hematopoi-
etic progenitors, shortened life spans of mature RBCs, and 
inhibited differentiation of hematopoietic stem cells [41]. To 
alleviate this problem, iron chelating agents such as deferox-
amine are introduced in iron overloaded environments. 
Deferoxamine has been shown to partially reduce iron over-
load and injury and block certain ROS-related signaling 
pathways. It is believed that the iron chelating agent serves 
as an antioxidant by eliminating free-iron species [42].

In an effort directed towards a safe and efficacious 
replacement for blood transfusion/RBCs transfusion, the 
ROS generation during the storage of HBOCs has to be taken 
into consideration. This assessment will also serve as a safety 
characteristic for clinical use of the blood substitutes. 
Moreover, the research should be extended to investigation 
of the benefits of usage of oxygen carrier treatment in 
repeated blood transfusion with the addition of antioxidants, 
such as deferoxamine as an adjunct therapy.

Previous investigations also showed that OxyVita has a 
greater tendency to resist molecular unfolding when com-
pared to blood with tetramer hemoglobins, and therefore, 
OxyVita does not readily release free heme-iron into the cir-
culatory system [8]. In the current study, we compare the 
level of ROS formation in the stored OxyVita product with 
the one of stored RBCs, the ROS levels after the introduction 
of ROS formation promoting agents, as well as after the 
addition of antioxidants, to mitigate the ROS damage, in 
order to conclude on the possibility of limiting/controlling 
the ROS formation process.
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 Summary

OxyVita, as a new generation of hemoglobin-based oxygen 
carriers, has had the benefit of avoiding the shortcomings of 
previous generations of products. The polymer has proven 
both by in-vitro and in-vivo animal studies, to have promises 
in many different therapeutic areas – many of which have not 
been considered to be a potential area for blood use. The 
characteristics of the product, as well as the ability to cus-
tomize the molecule as necessary (size, P50, etc), have granted 
a unique product that can fit many different applications.

Over time, the product has been shaped by the teams of 
researchers that have worked with it, independently, as well 
as collaboratively, with its creators. The future of this prod-
uct is still being decided, as well as the direction that it will 
ultimately take. With potential for use in both human and 
animal markets, spanning from blood transfusion alternative 
to other unmet and previously unconsidered applications, 
there seems to be a multitude of avenues for the future. It is 
the hope of the teams that have worked with it that the prod-
uct will progress to take a position to support and improve 
the healthcare industry in the coming years.

Key Points
• OxyVita is a new generation oxygen carrier, a polymeric 

hemoglobin manufactured utilizing zero-link polymeriza-
tion technology, with very defined and specifically 
designed characteristics.

• Extensive in-vitro and in-vivo testing of OxyVita has 
brought significant insights into the physico-chemical 
characteristics of the product and its mechanisms of 
action, which translates into the product’s functional attri-
butes and potential physiologic applications.

• Research on the product continues to assess the full scope 
of the product’s safety profile in applications as a human 
and animal therapeutic.

• The product’s aim is to be a safe and effective alternative 
for the RBC/blood transfusion in the future.

• Other product applications are being considered for con-
ditions currently treated with blood transfusions as well 
as for these in which this type of treatment is not consid-
ered as a primary mode of therapeutic intervention.
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Lumbricus terrestris Erythrocruorin: A 
Novel Blood Substitute from a 
Terrestrial Earthworm

Sean Dowd and Jacob Elmer

 Introduction

While most mammals have hemoglobins inside of red blood 
cells (RBC), annelids have an especially unique type of 
hemoglobin that is called erythrocruorin (Ec). Ecs have sev-
eral attractive properties that make them attractive as RBC 
substitutes, including a relatively high molecular weight 
(MW) and a resistance to oxidation and NO scavenging [1–
3]. This chapter will describe studies on the Ec of the terres-
trial earthworm Lumbricus terrestris (LtEc), while Chap. 34 
is focused on the Ec of the marine lugworm, Arenicola 
marina (Hemarina).

 Macromolecular Structure of LtEc

 Assembly of the Hexagonal Bilayer

The relatively large size of LtEc (~3.6  MDa) has inspired 
over a century of research on its composition and assembly. 
Indeed, Ecs from earthworms were among the first proteins 
to be crystallized in 1840 and a key focus of Svedberg’s ini-
tial ultracentrifugation studies in 1933. LtEc was also one of 
the first proteins to be studied with electron microscopy [4–
8], but a high resolution (3.5 Å) crystal structure (PDB ID: 
2GTL) for LtEc was not available until 2006 [8].

The crystal structure of LtEc revealed that it is a macro-
molecular assembly of 144 globin units and 36 linker pro-
teins [8–10]. Unlike tetrameric mammalian hemoglobins 
(e.g., α2β2), LtEc may contain up to 6 different globin sub-
units (A, B, C, D1, D’1 and D2) [8, 9, 11, 12] that assemble 
into ABCD tetramers. It is worth noting that the three types 
of D subunits share a high degree of sequence similarity. 
Indeed, D’1 is only a slight variant of D1 with threonine 
instead of alanine at position 84, while D1 and D2 differ by 

28 amino acids [12]. Consequently, any of the D subunits 
may be used to form an ABCD tetramer, but D1 is more prev-
alent than D2 in ABCD tetramers [11, 12].

After the globins assemble into tetramers, three tetramers 
associate to form a dodecamer (A3B3C3D3). This dodecamer is 
then bound by a trimer of linker proteins (L1, L2, L3, and/or 
L4) to form a protomer. The stoichiometry of these linkers in 
native LtEc is roughly L1:L2:L3:L4 = 1:1:1:0.5 [9, 13], but the 
linker trimer can also be assembled in vitro with only a binary 
mixture of L1 + L3 or L2 + L4. Finally, 12 of the linker/globin 
protomers assemble through interactions between coiled-coil 
domains in the linker trimers to form a hexagonal bilayer 
(HBL; 6 protomers/layer) with D6 symmetry, a MW of 
approximately 3600  kDa, and a diameter of 30  nm (see 
Fig. 26.1 and Table 26.1) [8–10].

Some studies have reported molecular weights for native 
LtEc that are higher than 3.6 MDa. These higher MWs may 
be due to the presence of an additional dodecamer that binds 
to the linkers in the central toroid of the HBL, but this phe-
nomenon has only been observed with LtEc in a single study 
and only in a small fraction of HBLs under specific condi-
tions [15]. Alternatively, it has also been reported that LtEc 
HBLs can dimerize at high concentrations [17]. In either 
case, the MW of fully assembled LtEc is significantly larger 
than tetrameric human adult Hb (HbA), which has a MW of 
64 kDa and a diameter of 5 nm [9, 18].

 Structural Stability of LtEc

Close examination of the LtEc structure reveals that the pro-
tomers in each bilayer are “staggered,” thereby allowing the 
coiled-coils of the linker trimers to intercalate and form a 
more compact structure (also known as a Type I HBL) that 
maximizes subunit contacts to stabilize the HBL and prevent 
dissociation. This is in contrast to other Ecs with protomers 
that are “eclipsed” (i.e., Type II HBL), like the Ec of 
Arenicola marina (AmEc) (see Chap. 33) [19, 20].
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In addition to linker proteins, there are also several disul-
fide bonds in LtEc that increase its stability. For example, 
each globin has an intramolecular disulfide bond (high-
lighted red in Fig. 26.1) that contributes to the thermal stabil-
ity of each globin. Additional intermolecular disulfide bonds 
also form between the A and B subunits of each tetramer and 
between the A and C subunits of adjacent tetramers to pre-
vent dissociation of the dodecamers [9]. Furthermore, each 
linker subunit is also stabilized by up to 5 intramolecular 
disulfide bonds within their low density lipoprotein (LDL) 
receptor-like domains, which are responsible for binding the 
A3B3C3D3 dodecamer to form the protomer [8, 9].

In addition to disulfides, LtEc also has several Ca2+, Zn2+, 
and Cu2+ binding sites that contribute to its stability [21]. 
Interestingly, the Zn2+ and Cu2+ metal binding sites possess 
some limited superoxide dismutase (SOD) activity that may 
partially protect LtEc from oxidation [22, 23]. Meanwhile, 
Ca2+ is required for LtEc to properly fold and decreases its 
dissociation in alkaline environments [23–25]. Calcium also 

increases the oxygen-binding affinity and cooperativity of 
LtEc [23].

Overall, this combination of disulfide bonds, metal bind-
ing sites, and other structural features makes native LtEc 
much more resistant to subunit dissociation and denaturation 
than HbA, even at high temperatures or concentrations of 
urea [25–27]. This high stability is an attractive property for 
a RBC substitute since it prevents extravasation while also 
prolonging the circulation half-life of LtEc.

 Glycosylation

ESI-MS analysis of individual subunits isolated from native 
LtEc revealed that the A and L1 subunits can be glycosylated 
[11, 13]. Specifically, these subunits appear to be mannosyl-
ated with (GlcNAc)2(Man)n glycans, where n = 6–9 for the A 
subunit and n = 8–9 for the L1 subunit [11]. Similar glyco-
sylation patterns have also been observed in the hemoglobins 
of marine annelids (e.g., Perineries aibuhitensis, Riftia 
pachyptila, and Lamellibrachia satsuma) and it has been 
suggested that these glycans may contribute to the stability 
of the HBL [28–32].

The cDNA sequence for the L1 linker in Fig. 26.2 shows 
that glycosylation should occur at Asn118 (glycosylation 
site = N-X-S/T = NIT for L1). Another potential glycosyl-

Fig. 26.1 Structure of LtEc (PDB ID 2GTL). Left: Structure of the 
A3B3C3D3 dodecamer with ABCD tetramer interfaces denoted as yel-
low dashed lines, while intramolecular and intermolecular disulfide 
bonds are highlighted in red and yellow, respectively. (prepared with 

Swiss PDB Viewer) Right: Side and top views of the complete hexago-
nal bilayer (HBL) structure of LtEc (180 subunits, 3.6 MDa). Linkers in 
the central toroid are colored red and surrounded by multicolored glo-
bin subunits (prepared with NGL Viewer [14])

Table 26.1 Biophysical properties of LtEc and HbA [9, 15, 16]

MW 
(kDa)

Diameter 
(nm)

Globin 
Subunits

O2 Affinity 
(P50; mmHg)

Cooperativity
@ pH 7.4

HbA 64 5 4 11 2.7
LtEc 3600 30 144–156 28 3.7

MW molecular weight, kDa kilodalton, HbA adult hemoglobin
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Fig. 26.2 Amino acid sequences of LtEc subunits. Top: Alignment of 
LtEc and human hemoglobin globin sequences. Conserved amino acids 
are highlighted green, while proximal and distal histidines are high-

lighted red, and secretion tags are highlighted blue. Bottom: Alignment 
of LtEc linkers sequences, with potential glycosylation sites highlighted 
in purple. Alignments prepared with Clustal Omega [33]
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ation site also exists at Asn198 (NVT) in the L2 linker chain, 
but glycosylation of L2 has not yet been reported. The 
 glycosylation site on the A globin is unclear, since the cDNA 
sequence for the A and B globins has not yet been deter-
mined. The partial sequences of these globins have been esti-
mated with X-ray crystallography (see Fig. 26.2), but those 
sequences may be incomplete since they lack secretion tags 
(which are present on all other globins and linkers) and no 
potential glycosylation site is observed in the A subunit [12, 
24, 34–36]. However, while it was not mentioned by the 
authors that conducted the X-ray crystallography study, it is 
possible that there is a glycosylation site at position 85 in the 
native A subunit (e.g., NDT instead of DDT), but that aspara-
gine may have been converted to an aspartate in the process 
of removing glycans to in preparation for X-ray 
crystallography.

 Oxygen Transport and Interactions with NO

 Oxygen Affinity and Cooperativity

Another interesting difference between HbA and LtEc is the 
oxygen affinity of the two isolated hemoglobins. While 
human RBCs have a relatively low oxygen affinity 
(P50  =  26  mmHg), purification of HbA from the RBCs 
removes the allosteric cofactor 2,3-DPG and significantly 
increases the oxygen affinity of pure HbA (P50 = 11 mmHg) 
[9, 37]. In contrast, the oxygen affinity of purified LtEc 
(P50 = 28 mmHg) is similar to RBCs and it is not influenced 
by 2,3-DPG [9, 38]. Instead, the allosteric effector of LtEc is 
Ca2+, which is available in the bloodstream and increases the 
O2 affinity of LtEc. For example, the O2 affinity of LtEc dou-
bles in 170 mM Ca2+ compared to 12.4 mM Ca2+ [39]. Other 
divalent cations, like Ba2+, Sr2+, and Mg2+, also have a similar 
effect on the O2 affinity of LtEc [9].

It is also interesting to note that isolated dodecamers and 
ABCD tetramers have O2 affinities that are similar to native 
LtEc [9, 40]. The isolated ABC trimer and D monomer, how-
ever, have higher O2 affinities [9, 40]. Finally, while the Hill 
coefficient (a measure of cooperativity) of HbA and RBCs is 
approximately 2.5–2.7 under physiological conditions, it is 
slightly higher for LtEc (n = 3.7) [9, 41]. This increase in 
cooperativity reflects the increased number of subunit inter-
actions within the LtEc dodecamer [9].

The similarity in P50 and n values between LtEc and 
RBCs suggests that LtEc should transport O2 in a fashion 
similar to whole blood and effectively transport enough O2 
from the lungs to the tissues. Indeed, multiple studies have 
shown that exchange transfusions of LtEc can effectively 
oxygenate tissues in hamsters without any adverse effects 
[42–44].

 Heme Oxidation

Erythrocruorins, hemoglobins, and RBCs are all vulnerable 
to oxidation of the heme iron, a process that negates oxygen 
transport and generates harmful reactive oxygen species that 
can lead to significant oxidative stress in vivo [45]. 
Furthermore, even low levels of LtEc oxidation (e.g., 
15–25%) can also induce the dissociation of the D subunit 
from the ABC trimer [46].

However, LtEc has some unique properties that allow it to 
resist oxidation. First of all, the A, B, and D globins have 
bulky aromatic residues at position B10 that penetrate the 
heme pocket and stabilize the bound oxygen to prevent its 
escape as superoxide (O2

−) [47]. Indeed, mutating myoglo-
bin and human hemoglobin to introduce similar bulky resi-
dues at the same B10 position decreases oxidation rates 
relative to the wild type globins [48–50]. LtEc also has a 
positive redox potential (+112 mV), which means that it can 
be reduced with reducing agents like ascorbic acid [26]. In 
contrast, human hemoglobin and horse myoglobin have neg-
ative redox potentials (−50 mV and −157 mV, respectively) 
that reflect an increased susceptibility to oxidation [51, 52]. 
Indeed, while some mammalian HBOCs have been reported 
to rapidly oxidize [53], our preliminary pharmacokinetic 
studies with LtEc in hamsters have shown no increase in oxi-
dation up to 48 hours (Fig. 26.3) [43]. This resistance to oxi-
dation is very important for a RBC substitute since it prevents 
oxidative stress while ensuring oxygen delivery to the 
patient’s tissues.

Another important concern is the oxidation of LtEc dur-
ing storage at elevated temperatures [46, 54, 55]. Ideally, any 
HBOC should be able to resist oxidation at high tempera-
tures for an extended period to enable its use in remote areas 
and battlefield scenarios. Fortunately, our previous studies 
have shown that the oxidation rate of LtEc during storage 
can be significantly decreased or eliminated by dissolving it 
in a modified Ringer’s Lactate solution or deoxygenating the 
LtEc solution [54, 55]. However, if oxidation were to occur 
during storage, we have also shown that ascorbic acid can 
fully reduce oxidized LtEc [55]. Since ascorbic acid exists in 
human blood, oxidized LtEc may also be reduced following 
transfusion.

 Nitric Oxide

One of the most undesirable side effects observed with 
mammalian HBOCs is nitric oxide (NO) dioxygenation, a 
reaction in which NO in the bloodstream reacts with 
heme-bound oxygen to simultaneously form nitrate 
(NO3

−) and oxidize the heme iron (Fe2+ to Fe3+). Depletion 
of NO by this reaction causes severe adverse effects in 

S. Dowd and J. Elmer



281

vivo, including vasoconstriction, hypertension, and 
enhanced platelet aggregation [45]. These issues are nor-
mally prevented in vivo by the RBC membrane, which 
partitions HbA from the NO in the plasma, but no such 
protection exists when acellular HBOCs are transfused 
into the bloodstream.

Since earthworms lack RBCs, LtEc has been forced to 
adapt to prevent interactions between heme-bound O2 and 
other ligands like NO. First of all, it is worth noting that 
deoxygenated LtEc binds NO, but at a tenfold slower rate 

than deoxygenated HbA [45]. However, unlike HbA, oxy-
genated LtEc does not oxidize in the presence of NO in vitro 
[42]. Toploads of LtEc (e.g., 1.5 g LtEc/dL blood) into ham-
sters also did not appear to induce vasoconstriction or hyper-
tension in vivo (Fig. 26.4), while transfusions of polymerized 
bovine hemoglobins (PolybHbs) significantly increased 
mean arterial pressure [42]. In contrast, exchange transfu-
sions of LtEc into hamsters induced a slight but significant 
increase in blood vessel diameter relative to a plasma 
expander control (Dex70) [43].
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Altogether, these results suggest that LtEc can avoid NO 
dioxygenation while still maintaining an ability to bind O2 
or NO alone. One potential explanation for this unique abil-
ity is the molecular structure and small size of the heme 
pocket found in LtEc [10]. Indeed, the same bulky aromatic 
acids (Trp or Phe) at the B10 position that resist oxidation of 
the A, B, and D globins may also stabilize the bound oxygen 
to protect it from reactions with NO [47] . The heme pockets 
of each LtEc globin are also more tightly packed with resi-
dues than other hemoglobins [10], which may sterically pre-
vent NO and O2 from occupying the heme pocket at the 
same time. Both of these unique characteristics have also 
been observed in acellular hemoglobins from other organ-
isms (e.g., Lucina pectinata, [56, 57]) that have lower or 
negligible rates of reaction with NO. This steric hindrance 
to NO scavenging could motivate an important paradigm 
shift from mammalian Hbs to Ecs as RBC substitutes 
because they avoid the hypertensive effects observed with 
other HBOCs.

 Synthetically Modified LtEc

Although LtEc possesses many natural qualities that would 
make it an ideal RBC substitute, it might be possible to opti-
mize its properties with synthetic modifications. For exam-
ple, cross-linking LtEc may further increase its thermal 
stability, thereby prolonging its potential shelf-life and relax-
ing its storage requirements. Indeed, cross-linking LtEc with 
poly(acrylic acid) or glutaraldehyde (GA) significantly 
increases its thermal stability and protects it from alkaline 
environments [58, 59].

GA crosslinking has also been used to synthesize several 
polymerized HBOCs that have been used in clinical trials 
[60]. Crosslinking with GA has been shown to increase the 
oxygen affinity, decrease the redox potential, and increase 
the autoxidation kinetics of HbA [61, 62]. As a result, most 
studies have involved GA crosslinking of bovine Hb, ovine 
Hb, and human Hb [63–67]. Although there have been mixed 
results in regard to animal models, GA crosslinked Hbs have 
been shown to be more stable than their respective non- 
crosslinked Hbs [63–65, 67]. For more information on these 
crosslinked Hbs, please refer to Sect. 4.

In addition to cross-linking, LtEc has also been conju-
gated to polyethylene glycol (PEG). Transfusions of 
PEGylated LtEc into hamsters have demonstrated a signifi-
cant increase in circulation half-life from 18 ± 0.8 hours for 
native LtEc to 66  ±  1.8  hours for PEGylated LtEc [68]. 
Furthermore, PEGylation also increased O2 delivery and 
blood flow relative to native LtEc without any noticeable 
side effects [68].

 Summary

Overall, LtEc appears to be an attractive RBC substitute that 
has been shown to safely deliver O2 in mice and hamsters. It 
has many unique benefits, including a naturally high MW 
and stable structure that allows it to resist dissociation, 
extravasation, and clearance from the bloodstream. The 
unique structure of its heme pocket also prevents oxidative 
stress and NO scavenging. Manufacturing of LtEc is also 
relatively simple, since Canadian nightcrawlers are commer-
cially available in large amounts and high yields of LtEc can 
be rapidly purified with scalable techniques like tangential 
flow filtration (TFF) [9, 43, 68]. Nonetheless, additional 
experiments in higher mammals (e.g., pigs) and human clini-
cal trials must be completed to conclusively determine the 
efficacy and safety of LtEc as a potential RBC substitute.

Key Points
• Size: The MW of LtEc is high enough to simplify purifi-

cation and prevent extravasation (but PEG increases cir-
culation half-life further).

• Oxidation: LtEc does not appear to oxidize in vivo and 
can be easily reduced by ascorbic acid.

• NO scavenging: LtEc has a small heme pocket that pre-
vents reactions between O2 and NO.

• Storage: Deoxygenated LtEc can be stored at 37 °C for up 
to 7 days without any loss of function.

• Preclinical trials in mice and hamsters have been promis-
ing, but LtEc has not yet been tested in higher animals or 
humans.
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HemAssist: Development, Clinical Trials, 
Lessons Learned

Timothy N. Estep

 Introduction

HemAssist® development was initiated under the auspices 
of a contract between the United States Army Medical 
Research and Development Command (USAMRDC) and 
Baxter International Corporation from 1985 to 1988 [1]. 
This effort entailed a close collaboration between research-
ers at the Letterman Army Institute of Research (LAIR) and 
Baxter. During the course of this effort a mutual decision 
was made to focus on the production of a specific HBOC 
discovered at the University of Iowa [2]. The active princi-
ple was human hemoglobin crosslinked between the two 
alpha subunits by a fumarate crosslinker derived from the 
diaspirin reagent, bis (3,5 dibromosalicyl) fumarate (DBBF). 
Hence, this product was initially denoted as diaspirin cross-
linked hemoglobin (DCLHb). This particular derivative was 
chosen because a high yield was obtained of a specific 
hemoglobin derivative which was stabilized to enhance 
intravascular persistence and exhibited oxygen binding and 
release characteristics which closely mimicked those of 
fresh whole blood [2, 3].

Production scale up of DCLHb entailed the identification 
and implementation of purification procedures which could 
be performed at large scale, development of an improved 
method for the synthesis of large quantities of highly purified 
DBBF, development and validation of both in-process and 
final release assays, and the integration and validation of 
virus removal and inactivation steps [4]. The resulting pro-
cess consistently produced DCLHb from human red cells 
with an overall yield in excess of 50%, and which was sterile, 
highly crosslinked, and exhibited low levels of non- 
hemoglobin proteins and process residuals [4]. As a conse-
quence of these efforts, over 200 liters of 10 g/dl DCLHb 
solution was delivered to LAIR [1]. This material was used 
in a variety of preclinical assessments at LAIR [1, 5, 6] and 
laboratories receiving material from LAIR [7–9]. Ultimately, 

commercial scale production of DCLHb was demonstrated 
in a purpose built facility in Neuchatel, Switzerland, and 
validation studies demonstrated a total level of virus reduc-
tion of at least 100 billion fold for an array of virus chal-
lenges [10, 11].

In addition to the experiments performed at LAIR, a num-
ber of studies were performed at Baxter, as well as academic 
and contract laboratories collaborating with Baxter. Results 
were sufficiently encouraging that Baxter senior manage-
ment decided to invest considerable company resources into 
the further development of DCLHb after the conclusion of 
the contract with USAMRDC. The US ARMY also decided 
to pursue further assessment of DCLHb using material pro-
duced at LAIR and, subsequently, the Walter Reed Army 
Institute of Research [12, 13]. The production of DCLHb by 
the ARMY was initially based on the complete set of stan-
dard operating procedures which was conveyed to the ARMY 
as part of the Baxter/USAMRDC contract. However, both 
the ARMY and Baxter made subsequent changes to their 
respective manufacturing processes so that these diverged 
significantly [4, 12, 13]. On the basis of published data, the 
Baxter product was more highly crosslinked and contained 
lower levels of contaminating pyrogens and phospholipids 
(Table 27.1). The ARMY also changed the composition of 
their final formulation, replacing lactate with acetate [12, 
13]. Acetate has pharmacologic activities which have led to 
discontinuation of its use in dialysis due to myocardial 
depression, hypotension, hyopnea, and hypoxemia [14]. 

27

T. N. Estep (*) 
Chart Biotech Consulting, LLC, Erie, CO, USA

Table 27.1 Comparison of DCLHb (HemAssist) produced by Baxter 
and ααHb produced by the US Army

Parameter (Units) Armya Baxterb

Total hemoglobin (g/dL) 9.8–9.95 10.2
Methemoglobin (%) 3.2–7.5 3.2
Desired product (%)c 50–90+ 99.8
Endotoxin (EU/mL) 0.1–0.2 <0.06
Rabbit pyrogen test (% pass) 63–100 100
Phospholipid (ppm) 0.75–1.0 0.1

aData taken from references [12, 13]. bData taken from reference [4]. 
cDefined as the amount of desired alpha-alpha crosslinked hemoglobin
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Thus, it is not surprising that these two, ostensibly similar, 
HBOC formulations exhibit different physiologic properties, 
the most striking of which is the fact that the Baxter product 
causes significant blood volume expansion after infusion 
[15], whereas the ARMY product causes blood volume con-
traction [16, 17]. Unfortunately, the distribution of two dif-
ferent diaspirin crosslinked formulations amongst researchers 
has caused confusion in the field, especially since these have 
sometimes been identified by the same nomenclature (e.g. 
αα crosslinked hemoglobin). All subsequent observations 
discussed in this chapter are based on results obtained with 
the Baxter manufactured product which is denoted inter-
changeably as DCLHb or HemAssist.

 Preclinical Testing

The availability of large quantities of high quality product 
enabled extensive safety and efficacy testing. Efficacy was 
demonstrated in animal models of high volume blood 
replacement [18], resuscitation from hemorrhagic shock 
[19], resuscitation from cardiac arrest [20], treatment of 
cerebral [21] and spinal cord [22] ischemia, and support of 
cardiac function during balloon angioplasty [23]. DCLHb 
was also well tolerated during extensive whole animal and 
organ specific toxicity testing. Transient increases in some 
enzymes were observed, but these resolved rapidly. 
Centrolobular necrosis was detected in the liver, but this also 
resolved rapidly. Notably, DCLHb had little adverse effect 
on kidney pathology or function [3]. However, two other 
issues were identified during the preclinical testing of 
DCLHb which prompted further investigations.

The first of these was the fact that DCLHb was vasoac-
tive, resulting in elevations of blood pressure in excess of 
those explicable on the basis of blood volume replacement or 
expansion [24]. Subsequent characterization of this phenom-
enon demonstrated that consumption of nitric oxide (NO) by 
extravasated hemoglobin is the primary mechanism for this 
hypertension [25]. Physiologic measurements using radioac-
tive microspheres showed that vasoconstriction after DCLHb 
infusion varies significantly between organs and tissues, 
being pronounced in skeletal muscle, less in many other tis-
sues, and, importantly, nonexistent in heart vessels [26]. The 
pressor response to DCLHb is manifested at low infused 
concentrations and rises to a maximum of approximately 
40% of baseline at intermediate doses, with no further 
increase at higher DCLHb concentrations [24]. This increase 
could be mitigated by commonly used antihypertensive 
agents. Ultimately, the regulatory position on this issue was 
that patient risk was sufficiently low that clinical trials could 
proceed, albeit with close monitoring of hemodynamics.

A second finding of concern was the appearance of micro-
scopic cardiac lesions in certain species [27]. This finding 

prompted an extensive testing program to characterize 
pathology, explore potential mechanisms, and define conse-
quences. These studies ruled out coronary vasoconstriction 
and infarction as mechanisms, and demonstrated that the 
lesion resulted in no detectable adverse effect on cardiac 
electrophysiology or function, even in the most sensitive 
species. In light of these results the risk of significant harm 
to humans was deemed acceptable and clinical testing was 
initiated. During this time period DCLHb was trade named 
“HemAssist™”.

 Clinical Testing

Low doses of HemAssist infused into normal volunteers 
were well tolerated, with modest, but expected, increases in 
blood pressure and no evidence of adverse cardiac events 
[28]. On the basis of these results, as well as those of pre-
clinical evaluations, it was decided to focus subsequent clini-
cal trials on the indications of blood replacement and 
resuscitation from hemorrhagic shock.

HemAssist was evaluated as a replacement for blood 
transfusion in both cardiac [29] and noncardiac surgery 
patients [30, 31]. In cardiac surgery patients, the overall 
number of packed erythrocyte units (pRBCs) transfused did 
not differ between treated and control groups, but 19% of 
treated patients did avoid any pRBC infusion (versus 0% of 
controls) when up to 750 mL of HemAssist was utilized [29]. 
Treated patients experienced modest increases in mean arte-
rial and pulmonary artery pressures and a decrease in cardiac 
output, but these were not associated with clinical sequelae. 
Jaundice/hyperbilirubinemia, hematuria, and increased liver 
enzymes were expected observations in treated patients as a 
consequence of increased hemoglobin metabolism. There 
was no elevation in cardiac damage specific enzymes relative 
to controls, but some increase in lipase and pancreatic-spe-
cific amylase. No cases of pancreatitis were observed in this 
study.

In a small trial with noncardiac surgery patients, there 
was no evidence of cardiac ischemia, cardiac infarction, 
stroke, or pulmonary edema, although blood pressure was 
elevated for 24–30 hours after DCLHb infusion [30]. More 
(7/12) DCLHb treated patients were treated with antihyper-
tensives than controls (2/12). Jaundice, elevated bilirubin 
levels, and asymptomatic hematuria were again observed 
more frequently in treated patients, as were transient eleva-
tions in serum lactate dehydrogenase, aspartate transami-
nase, creatine kinase, and amylase. Renal function appeared 
to be well maintained, but three treated patients experienced 
ileus and one was diagnosed with mild pancreatitis.

The most rigorous assessment of DCLHb in the noncar-
diac surgical setting was a randomized, prospective, double- 
blinded Phase III trial by Schubert and coworkers [31]. 

T. N. Estep



289

Utilization of up to 750 mL of DCLHb solution in lieu of 
blood transfusion resulted in complete avoidance of the latter 
in 23% of treated patients after seven days. A statistically 
significant (p = 0.002) reduction in overall pRBC transfusion 
was also observed, with an average of two units required in 
treated patients versus three in controls. Out of the 181 
patients enrolled at 19 clinical sites, mortality (4% versus 
3%) and the incidence of adverse events (21% versus 15%) 
were similar between DCLHb treated patients and controls, 
respectively. However, the incidence of jaundice, urinary 
side effects, and pancreatitis was more frequent in patients 
infused with HemAssist. This study was terminated early 
due to safety concerns about pancreatitis and a mortality 
imbalance observed during initial patient enrollment in a 
contemporaneous study of DCLHb in trauma victims.

With respect to the latter, HemAssist was evaluated in 
three clinical trials in the treatment of hemorrhagic shock. In 
a Phase II safety study, patients with Class II-IV hemor-
rhagic in hypovolemic shock within were infused with 50, 
100 or 200 mL of a 10% DCLHb solution or normal saline, 
followed by standard of care [32]. Lower mortality was 
observed in the DCLHb versus control patients (13/71 versus 
16/68), but the difference was not statistically significant. 
The incidence of adverse events and serious adverse events 
was similar between groups. There was no evidence of renal 
insufficiency or cardiac ischemia in treated patients. At the 
200 mL dose there were greater increases in serum amylase, 
lactate dehydrogenase, and creatine kinase myocardial sub-
fraction levels in treated patients, but these were not consid-
ered to be clinically significant. On the basis of these results, 
two Phase III studies were initiated in the US and Europe 
[33, 34]. Although the same formulation was used in both 
studies, there were differences in the clinical protocols and 
clinical outcomes. The US study was halted after the infu-
sion of only 98 patients total, out of a planned 850, due to the 
fact that 24 treated patients had died, compared to 8 in the 
control arm of the study. This outcome ultimately resulted in 
the decision to terminate all DCLHb development. However, 
a subsequent analysis of patient deaths in the US trial pub-
lished 3 years later by the lead study investigators suggested 
that all but two of the 32 patient deaths would be expected on 
the basis of the type and severity of patient injuries, one in 
each group [35]. Interestingly, a substantial fraction of the 
mortality imbalance occurred in the initial patients treated at 
the 16 study sites that eventually enrolled at least one patient 
[36]. Also notable is the fact that mortality in the European 
trial after a comparable level of enrollment (121 patients) 
was not significantly different between treatment and control 
groups (42% and 38%, respectively) [34]. Nevertheless, the 
European trial was terminated as a consequence of the US 
trial experience. Further analysis of the US trial data sug-
gested that vasoactivity was not an important contributor to 
the mortality imbalance as the average blood pressure imme-

diately after resuscitation was quite similar between treated 
and control patients [37]. Moreover, DCLHb infusion did not 
result in higher lactate or base deficit levels, implying no 
adverse effects on organ perfusion [38].

Although the small number of patients enrolled in the 
Phase III resuscitation trials does not permit definitive 
conclusions, comparison of differences between the US 
and European protocols (Table 27.2) suggest several inter-
esting hypotheses [39]. One difference is that the US trial 
protocol permitted the enrollment of patients who had 
suffered cardiac arrest, while such patients were excluded 
from the European study. Experience has shown that such 
patients have a greater than 90% chance of mortality [40]. 
As it happened, 12 such patients were enrolled in the US 
study, but the majority of these (10 versus 2) were random-
ized to the treatment arm [35]. Another potentially impor-
tant difference was that treatment of patients was begun 
on-scene in the European study, but only after admission 
to the emergency room in the US. A third difference was 
that European patients were excluded from enrollment if 
they had received one liter or more of other fluids, while 
no such restriction was placed on US patients. As a conse-
quence, US patients may have received substantially more 
total fluid volume than their European counterparts [39]. 
This is particularly noteworthy in light of subsequent 
results obtained in sheep resuscitation protocols which 
showed that HemAssist was a much more potent vol-
ume expander than a comparable volume of oncotically 
matched albumin solution [41]. Thus, the combination of 
an unexpectedly large HemAssist volume expansion effect 
coupled with larger infused volumes of additional fluids 
could have resulted in over resuscitation of some treated 
patients in the US trial. Yet another potentially important 
difference is the fact that US patients suffered more pen-
etrating injuries. As noted by Kerner et al., such patients 
may be particularly susceptible to aggressive fluid resus-
citation [34]. Finally, it is notable that the mortality in 
both treated groups and the European control group were 
similar to the targeted patient mortality risk of 40%, but 
the mortality in the US control group was significantly 

Table 27.2 Comparison of protocols and outcomes in Phase III trials 
of HemAssist (DCLHb) in the US and Europea

Study Europe US
Site of treatment On-scene Trauma center
Volume DCLHb infused (mL) 250–1000 500–1000
Limitation on previous fluid volume
Infused

Yes No

Previous cardiac arrest as exclusion
Criteria

Yes No

28-day mortality:
Treated (deaths/n)(%) 22/52 (42%) 24/52 (46%)
Controls (deaths/n)(5) 22/58 (38%) 8/46 (17%)

aData taken from references [33, 34]
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lower, suggesting some confounding factors were present 
in the US trial [33]. A more comprehensive discussion of 
HemAssist clinical development has been presented by 
Przybelski [42].

 Subsequent Analyses – Myocardial Infarction

Although HemAssist development was terminated in 1999, 
data from clinical trials were included in a meta-analysis of 
HBOC toxicity [43]. This analysis suggested that HBOCs as 
a class increase the risk of mortality and myocardial infarc-
tion (MI) in treated patients. With respect to HemAssist, the 
mortality imbalance derives almost entirely from the US 
Phase III trauma study, which, as noted above, is signifi-
cantly confounded. Thus, the mortality risk associated with 
the use of this product is unclear.

More suggestive conclusions may be drawn with respect 
to myocardial infarction, assuming that the reported inci-
dence of MI in the HBOC clinical literature is positively 
correlated with the actual occurrence of MI [44]. This 
qualifier is prompted by the fact that hemoglobin and 
hemoglobin metabolites may interfere with the analysis of 
troponin, a primary marker of MI in contemporary cardiol-
ogy. With this reservation, additional comprehensive anal-
ysis of clinical trial results implies that HBOCs as a class 
probably do increase the risk of MI in certain patients 
because this risk is positively correlated with both HBOC 
dose and molecular weight [44]. Consideration of possible 
mechanisms suggests that vasoconstriction is unlikely, 
since HBOCs do not reduce coronary blood flow [44]. MI 
risk is also probably unrelated to the generation of micro-
scopic heart lesions, because these lesions were never 
found to be associated with areas of infarct [27]. 
Furthermore, the molecular weight dependency of MI risk 
between different HBOCs is exactly opposite that for 
microscopic lesion development [27, 44]. However, other 
mechanisms are possible, including the enhancement of 
intravascular thrombosis risk due to exacerbation of endo-
thelial dysfunction by heme released from oxidized hemo-
globin, platelet activation due to the consumption of nitric 
oxide and/or oxidative stress, and inhibition of the break-
down of ultralarge von Willebrand factor [45]. Intravascular 
etiology is supported by the positive correlation between 
HBOC molecular weight and MI incidence, since larger 
HBOCs are known to persist in the circulation longer [46], 
and therefore any untoward interactions within the vascu-
lar space or with endothelium are more likely to occur. 
Thus, HemAssist, like other chemically modified HBOCs, 
is probably associated with increased risk of MI, a risk 

which was not apparent during earlier analyses of individ-
ual clinical trial data.

 Summary and Lessons Learned

Highly purified solutions of DCLHb (HemAssist) were effi-
ciently produced at large scale and performed well in stan-
dard safety testing in healthy animals. In addition, efficacy 
was demonstrated in a variety of animal models of stroke and 
hemorrhagic shock. The safety profile also seemed accept-
able in Phase I and II human trials, but several issues were 
identified in more demanding Phase III studies. This sug-
gests that a more systematic progression into the latter is 
appropriate, because the learning curve is steep [36], particu-
larly with a totally new class of products. HBOCs are differ-
ent from both red cells and traditional intravenous solutions 
and it is unclear whether the protocols used for HemAssist 
were optimal, despite substantial efforts expended in their 
design and implementation [34, 35, 41]. Several clinicians 
have argued that higher doses may have been appropriate in 
the resuscitation of some patients [34]. Thus, future HBOC 
clinical trials should be designed with regard to posology, 
patient selection and concomitant therapies (e.g. intravenous 
fluids) in light of these results.

With respect to safety, it is remarkable that at doses which 
far exceed those of other pharmacological agents, HemAssist 
was generally well tolerated in a variety of animal models 
and human patients. Nevertheless, HemAssist was not devoid 
of risk, and it should not be surprising that a new finding 
would emerge as a larger body of patients was evaluated. The 
incidence of MI in control patients enrolled in HemAssist 
clinical trials averaged 1%, while in treated patients it was 
1.6%. With other HBOCs the incidence in treated patients 
was higher [44]. Thus, there is legitimate cause for clinical 
and regulatory concern with respect to the safety of these 
products. On the other hand, the fact that most treated 
patients do not experience MI, there is demonstrable blood 
sparing in some patient populations [31], and anecdotal evi-
dence that HBOCs can support cardiac function and sustain 
life in dire situations [47, 48], suggests that this class of ther-
apy merits further development. Aside from the continued 
development of HBOC derivatives with improved safety 
characteristics, better understanding of how to best use these 
products and more refined selection of those patients most 
likely to benefit from HBOC treatment are warranted.

Key Points
• HemAssist development demonstrated that a highly 

crosslinked, highly purified human HBOC formulation 

T. N. Estep



291

with extremely low risk of pathogen transmission could 
be efficiently produced at large scale.

• Different formulations of diaspirin crosslinked hemoglo-
bin produced in different facilities may elicit different 
physiologic responses.

• Preclinical testing demonstrated low toxicity when 
HemAssist was infused into healthy animals from a vari-
ety of species and the ability to reverse whole animal and 
specific organ ischemia in models of hemorrhagic shock, 
stroke, and organ perfusion.

• In human testing, HemAssist was well tolerated at low 
doses in normal human volunteers and moderate doses in 
most patients.

• Blood sparing was demonstrated in some, but not all, 
patient populations.

• The increase in systemic blood pressure as a consequence 
of the vasoactivity of HemAssist was generally well toler-
ated and manageable.

• Several safety concerns arose during later stage clinical 
testing suggesting that HemAssist infusion may be asso-
ciated with an increased risk of pancreatitis, myocardial 
infarction, and mortality in some patients.

• Comparison of the protocols and patient enrollment crite-
ria between US and European Phase III trials of HemAssist 
in the treatment of hemorrhagic shock suggest that higher 
treated patient mortality in the former was due to an 
imbalance with respect to risk between treated and con-
trol patients and, possibly, suboptimal fluid management.

• There is a substantial learning curve associated with the 
optimal use of HBOCs in extremely ill patients.
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Development of Recombinant 
Hemoglobin-Based Oxygen 
Carriers- Somatogen: Studies 
and Lessons Learned

Kenneth Burhop

 Background

Hemoglobin solutions have been investigated for their poten-
tial as blood substitutes for more than 70 years. Many of the 
very early experiments going back to those by Rabiner [1] 
and Amberson [2] demonstrated unwanted and unexpected 
side effects. The key side effects noted in these early experi-
ments that involved infusion of the native hemoglobin tetra-
mer included renal toxicity and hypertension [3]. In an effort 
to reduce, or ideally avoid these side effects, most of the 
early efforts focused their attention around new formulations 
that involved intermolecular linking of stroma-free hemoglo-
bin, increasing the apparent molecular size of the hemoglo-
bin products by such measures as chemical polymerization 
of the hemoglobin tetramer [4], PEGylation of the hemoglo-
bin tetramer, or a combination of all of the above. The key 
idea of these approaches was to avoid dissociation of the tet-
rameric molecule in dimers [5, 6].

In almost all cases, the raw material for these products 
was derived from either human sources (outdated human 
RBCs) or animals, most typically derived from bovine 
sources. In these cases, and considering the large volumes 
that were would be potentially required to meet the projected 
demand, supply (vs potential demand) was always a concern. 
In addition, there was a significant concern regarding blood 
borne pathogens such as HIV or CJD with human blood and 
prions with bovine derived blood.

As a result of these constraints, the Somatogen team set 
out to design and develop a recombinant hemoglobin prod-
uct (rHb1.1) that had three key features which were deemed 
desirable to function as a blood substitute or hemoglo-
bin based oxygen carrier (HBOC) [7]. The design criteria 
included ensuring that the oxygen binding parameters of the 
new molecule be at least comparable to that of native eryth-
rocyte associated hemoglobin and had a p50 in the range of 

28 mmHg and favorable Hill coefficient. The second design 
criteria were that the molecule would be stable in vivo and not 
undergo dimerization creating dimers that were the cause of 
the early hemoglobin nephrotoxicity. The final design criteria 
were that in an effort to avoid disease concerns and to provide 
theoretically unlimited supply, that the product be produced 
by recombinant technologies and could be recovered as a 
soluble, properly folded hemoglobin molecule. Of course, 
production capabilities and cost were also considered.

The basic concept of utilizing recombinant technologies 
to produce cell-free hemoglobin solutions is not new and 
human hemoglobin synthesized in Escherichia coli [8] and 
Saccharomyces cerevisiae [9] have been investigated as 
potential oxygen-carrying blood substitutes. However, while 
this approach seemed straightforward on the surface, it 
turned out that these particular products could not be used as 
effective blood substitutes because they did not offload 
enough oxygen to the tissues (ie, in the absence of 2, 
3-bisphosphoglycerate the oxygen affinity is too high) [10], 
they dissociated into alpha/beta dimers [11], and similar to 
other earlier hemoglobin solutions, they were rapidly cleared 
by the kidneys and caused renal toxicity [12, 13].

The breakthrough in this technological approach came 
when the team at Somatogen [7], successfully cloned, 
expressed and produced a human hemoglobin using an 
expression vector that contained one gene encoding a beta- 
globin with decreased oxygen affinity and one duplicated (2 
copies), tandemly fused alpha-globin gene by a single codon 
encoding a glycine residue. The glycine codon was inserted 
between the two alpha chains and was arranged in tandem in 
the pSGE1.1E4 vector. This modification resulted in the 
expression of a di-alpha polypeptide where the fusion region 
between the two alpha chains contained the sequence Arg 
(141α1)GlyVal (1α2). Basically, the two alpha globin chains 
were fused with a glycine bridge between the C-terminal 
amino acid of one alpha globin chain and the N-terminal 
amino acid of the other alpha globin chain and the amino 
acid located in position 108 of both beta globin chains had 
been changed from a lysine to an asparagine.
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In simple terms, Somatogen was the first ever to demon-
strate that both human Hb chains could be expressed simul-
taneously and that a functioning Hb tetramer could be 
assembled in E. coli. Prior to this discovery, researchers were 
trying to express individual chains and then assemble them 
in vitro and add the heme group. This was clearly very inef-
ficient. Until that time, the general consensus was that whole 
assembly could not be done.

As a result of the fusion of the two alpha-globin subunits, 
the product resulted in an in vivo decreased filtration by the 
kidney and a resultant increase in ½ life while not adversely 
affecting the protein (ie not affect the folding and assembly 
pathway of hemoglobin). Additional modifications were 
introduced to decrease the oxygen affinity (introduced an 
additional Asn-108β → Lys mutation mimicking the natural 
occurring Hb Presbyterian which had been previously 
reported to result in a hemoglobin with lower oxygen affinity 
in man). This substitution into rHb1.1 altered the oxygen- 
binding function in a manner that mimicked that of fresh 
blood and resulted in a right shift in the oxygen equilibrium 
curve such that approximately 30% more oxygen was 
released from rHb1.1 than from natural erythrocyte associ-
ated hemoglobin. The final modification to the molecule was 
a methionine substitution.

A number of experiments were conducted to characterize 
this new rHb1.1 engineered hemoglobin [14]. Xray crystal-
lographic studies to the deoxy form of rHb1.1 at the 
2- angstrom resolution level demonstrated that deoxy-rHb1.1 
displayed the T state quarternary structure that was similar to 
the structure of deoxy native hemoglobin [15]. The substitu-
tion at the β108 as well as additional modifications did not 
significantly alter the deoxy T state conformation of the 
rH1.1 molecule when compared to native hemoglobin.

In order to function as a safe and effective HBOC, the 
product selected had to meet a number of critical design cri-
teria including: favorable oxygen binding parameters, rea-
sonable colloid oncotic pressure, did not activate the 
complement cascade and was non-immunogenic, did not 
produce renal toxicity, had to have an adequate in vivo half- 
life, must be stable in-vivo (ie, not undergo significant oxida-
tion to methemoglobin or release heme or iron), and must not 
produce significant vasoconstriction.

As a result of the unique modifications in this genetically 
fused di-alpha hemoglobin this molecule (rHb1.1) could be 
produced in large amounts by simple microbial fermentation 
and purified without further modification in sufficient quan-
tities to begin preclinical testing.

As summarized in a variety of different publications [13, 
16, 17], the rH1.1 molecule met all of the original design cri-
teria. In order to address the questions around oxygen deliv-
ery and efficacy, a variety of different exchange transfusion 
and hemorrhagic shock models were conducted in small and 
large animals. In these models, oxygen delivery was demon-

strated by maintenance of high energy phosphates and intra-
cellular pH as evaluated by 31P NMR [18], by evaluation of 
oxygen maintenance and consumption in an ovine model of 
cardiopulmonary bypass and by repayment of oxygen debt.

Then to evaluate the questions around safety, studies were 
conducted in animals to assess a variety of different systems. 
To evaluate potential gastrointestinal effects of rHb1.1, 
experiments were conducted in a preclinical model designed 
to look at esophageal motility and the effects of rHb1.1 on 
lower esophageal sphincter (LES) function [13, 19, 20] as 
well as on the internal anal sphincter [21] and the sphincter 
of Oddi function in opossums since the anatomy and physi-
ology of the opossum esophageal, large bowel, and other 
portions of the GI tract closely resemble man [22]. These 
experiments demonstrated that rHb1.1 caused a significant 
inhibition in swallowing and in relaxation of the LES.

The results of these and other studies suggested that these 
effects of rHb1.1 were mediated primarily due to the ability 
of rHb1.1, as with other acellular HBOCs, to scavenge nitric 
oxide. Unfortunately, similar effects were observed on blood 
pressure, intestinal blood flow and gut oxygenation in a rat 
model of hemorrhagic shock [23]. In a fixed pressure model 
of hemorrhagic shock and resuscitation, rHb1.1 increased 
MAP to 27% above the baseline values. Additional studies 
demonstrated that rHb1.1 demonstrated additional vasocon-
strictive properties in vivo and in vitro that included increases 
in mean arterial pressure and systemic vascular resistance.

As a result of this extensive preclinical testing, the com-
pany was allowed to enter human clinical trials. From 1991 
through 1993, Somatogen performed a series of trials to 
evaluate the safety and pharmaco-kinetics of rHb1.1 in 103 
heathy, male volunteers (86 receiving rH1.1 and 17 receiving 
HSA as a control solution. The maximum dose reached in 
these early trials was 25 grams, and overall, the product was 
generally well tolerated [24].

In one early study, Optro (rHb1.1) was evaluated in 48 
healthy male volunteers that ranged in age from 18–35 years 
of age [25]. In this study, the subjects were randomized to 
receive either an IV infusion of 5% rHb1.1 or an equal vol-
ume of 5% human serum albumin (HSA) over a time period 
of 1 to 2 h. The actual dose of the rHb1.1 ranged from 0.015 
to 0.32 g/kg.

In this study, some of the subjects who received doses of 
0.15 g/kg or greater were also given terbutaline, nifedipine, 
naloxone, nitroglycerin or glucagon. One subject required 
administration of epinephrine and diphenhydramine because 
of a reaction to the 0.015 g/kg of rHb1.1.

Following infusion of rHb1.1, there was no significant 
change in the urinary N-acetyl-β-glucosaminidase activity 
and no significant change in the serum creatine levels from 
the pre-infusion values. However, urinary hemoglobin was 
detected by dipstick in 56% of the subjects that received 
rHb1.1 and 36% of those receiving HSA.
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There was an increase in mean arterial blood pressure and 
a decrease in heart rate observed in the subjects receiving 
rHb1.1. Systolic blood pressure increased immediately after 
the infusion of the rHb1.1 by approximately 5–50 mmHg, 
remained elevated until 6 to 8 h post infusion, and then ulti-
mately decreased to baseline levels. These changes did not 
appear to be dose dependent.

From a pharmacokinetic modeling perspective, rHb1.1 
concentration had a single compartment and the plasma 
clearance of rHb1.1 decreased and its half-life increased as 
the plasma concentration increased. The plasma clearance of 
rHb1.1 was dose related with a half-life of approximately 
12 h at plasma concentrations of 5 mg/ml.

Overall, thirty-four of the rHb1.1 subjects had adverse 
reactions of some kind, with gastrointestinal tract effects 
being the most prevalent at doses of 0.15  g/kg or higher. 
Other symptoms reported included increases in lipase and 
amylase values, flu-like syndrome that included fever, chills 
and myalgias that appeared 4–8  h after the infusion and 
resolved in 12–24 h, Urticaria and/or itching developed in 
rHb1.1 subject but resolved with administration of IV 
diphenhydramine or Ibuprofen therapy. It is important to 
note that these “flu-like” symptoms were subsequently elim-
inated by a change in the manufacturing process of rHb1.1 
which reduced all contaminating E. coli proteins and endo-
toxins to below detectable levels as measured by state-of- 
the-art analytical tools. Overall, there was no evidence of 
nephrotoxicity, immunogenicity, coagulation changes or any 
other significant clinical effects observed in these studies.

These early clinical trials demonstrated that rHb1.1 
administration to awake volunteers resulted in mild to mod-
erate upper gastrointestinal (GI) discomfort [25, 26]. 
Approximately half of the normal volunteers dosed with 
more than 5 g/kg of rHb1.1 experienced these transitory mild 
to moderate symptoms of dysphagia, vomiting and nausea. 
To better understand these effects and to translate what was 
learned in the preclinical studies, esophageal manometry 
studies were performed in male volunteers [27] that docu-
mented dysmotility.

The majority of these effects that included transient 
increases in blood pressure, dysphagia and amylase/lipase 
rise were all thought to be related to nitric oxide scavenging 
by the acellular hemoglobin product, which in turn, resulted 
in smooth muscle contraction in the vasculature as well as 
the smooth muscle of the esophagus.

rHb1.1 (Optro) was advanced into human clinical trials in 
patients. In a phase I/II trial, rHb1.1 was given to surgical 
patients for the first time in 1994 [28]. The study was a 
single- center, randomized, single-blind, dose-escalating, 
placebo-controlled trial in elective surgery patients. Surgeries 
were orthopedic, maxillofacial, plastic or urological and a 
total of 18 patients were enrolled (14 on rHb1.1 (Optro), and 
4 on saline control. The dose was escalated to 25.6 g and the 

product was given after induction of general anesthesia when 
the patient was stable. Infusion was not based on physiologi-
cal need.

There were no serious complications in this study and 
rHb1.1 was generally well tolerated. Most adverse events 
were similar in incidence and severity in both the rHb1.1 
treated group and the saline control group and were thought 
to be due to the effects of anesthesia and surgery.

Transient increases in blood pressure were observed in 
the rHb1.1 group and resolved by 7 h post-infusion. Blood 
pressure rises did not correlate with dose and in those patients 
where therapeutic intervention was used, standard antihyper-
tensive regimens were successful.

Five (36%) of 14 rHb1.1 and 1 (25%) of 4 saline-treated 
patients had elevations in serum amylase or lipase, but not 
both. Values generally peaked at 4–24 h and were normal at 
24 h. No typical cases of acute pancreatitis were noted, though 
patients did report mild to moderate gastrointestinal symp-
toms, including nausea, vomiting, diarrhea and/or abdominal 
pain. These symptoms were also common in the saline group. 
Of note was that the magnitude of the enzyme rises appeared 
lower in this study than in previous volunteer trials.

Esophageal symptoms of epigastric pain and dysphagia 
were also notably absent as compared to prior volunteer 
experience. It is likely that the anesthetic agents used pro-
vided a dilatory stimulus to smooth muscle which to some 
degree countered the constrictive effect caused by nitric 
oxide scavenging.

From 1995 through about 1997, Somatogen conducted a 
number of phase II trials of rHb1.1 for indications including 
intra-operative blood replacement in 38 patients (25 receiv-
ing rHb1.1 and 13 control patients) [29], acute normovole-
mic hemodilution (10 patients with 7 rHb1.1 and 3 control) 
[30], surgical patients during general anesthesia (18 patients) 
[31] and enhanced ANH in cardiac surgery. These studies 
had dose-escalation designs. Overall, these studies demon-
strated that rHb1.1 did result in some statistically significant 
changes including elevation in pancreatic enzymes, but the 
overall safety profile of the rHb1.1 appeared to be accept-
able. There was no evidence of nephrotoxicity, immunoge-
nicity or coagulation changes.

During this time of clinical investigation of rHb1.1, there 
were however multiple preclinical and clinical observations 
that all directed towards unwanted effects of the rHb1.1 with 
nitric oxide and the subsequent sequela. The “good news” 
was the as a result of the genetic engineering and recombi-
nant expression approach, it allowed the scientists at 
Somatogen in close collaboration with Dr. John Olsen at 
Rice University to carefully alter the protein molecules to 
impart physiochemical and pharmacological properties that 
would be more optimal for therapeutic effects (eg, remove 
some of the unwanted effects seen such as increases in blood 
pressure, GI effects, etc.).
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Molecular engineering was applied to further optimize 
the oxygen delivery of rHb1.1, modify the nitric oxide bind-
ing, increase the half-life/vascular retention, optimize the 
oncotic properties, and enhance the molecular stability. The 
most profound alterations were those that led to the develop-
ment of a recombinant hemoglobin molecule which carried 
oxygen efficiently but exhibited reduced nitric oxide scav-
enging pharmacology [32–35]. Via this reduction, a large 
number of observed clinical “side effects” were also reduced 
or eliminated.

In contrast to random crosslinking chemistry which can 
result in a heterogeneous mixture of polymers with different 
sizes and function (unless additional molecular weight cut- 
off filtration is utilized), genetic engineering techniques 
allow you to modify the recombinant hemoglobin and pro-
vide a wide spectrum of approaches for producing larger 
molecular constructs that are homogeneous and well 
characterized.

Simultaneous with this work, the Somatogen team in con-
junction with Dr. John Olson at Rice University also investi-
gated the concept that the oxidative reaction of nitric oxide 
with the bound oxygen of oxyhemoglobin may be of greater 
significance in nitric oxide scavenging than the simple bind-
ing of nitric oxide to the iron atom [32–35]. In order to inves-
tigate this, they made amino acid substitutions in the distal 
heme pocket of both subunits, thus lowering the reactivity of 
hemoglobin towards nitric oxide. They found that when 
larger, more bulky amino acids were inserted into the distal 
heme pocket, the reactivity of the resultant hemoglobin to 
nitric oxide was significantly reduced. Different modifica-
tions resulted in different molecules with different rate con-

stants for nitric oxide reactivity, and in addition, altered the 
mean arterial pressure responses by rHb1.1 in direct relation 
to nitric oxide scavenging (Figs. 28.1, 28.2, and 28.3).

These data clearly demonstrated that oxygen delivery to 
arteriolar smooth muscle or parenchymal tissue cannot be 
the mechanism of the observed pressor effects of hemoglo-
bin solutions as proposed by others [36]. The p50 of rHb 
Bethesda is low enough that this hemoglobin is basically 
incapable of delivering oxygen to tissues.

While a majority of side effects were reduced or elimi-
nated with this approach, early studies in primates revealed 
that the new recombinant hemoglobin molecules still resulted 
in the production of cardiac lesions in select species of ani-
mals. The immediate answer to this issue was not known at 
that time.

During this same period of time, Baxter became aware of 
these cardiac lesions and had focused a great deal of effort on 
means to minimize/eliminate this effect [37]. However, and 
in the end, Baxter found that while polymerization or 
pegylation of the hemoglobin molecule could reduce the 
incidence and severity of the cardiac lesions, these approaches 
could not eliminate the lesions in sensitive species (eg, pigs, 
rhesus monkeys, etc.). Preclinical evidence suggested that 
somehow, nitric oxide binding may be involved in the devel-
opment of the heart lesions and was likely responsible for the 
vasoactivity seen with DCLHb. Baxter realized early on that 
it would need to change the inherent properties of the native 
hemoglobin molecule via recombinant technology to ulti-
mately be successful.

Therefore in 1998 Baxter stopped all development of their 
first generation hemoglobin products (eg, DCLHb) and 
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acquired Somotagen for its recombinant hemoglobin tech-
nology. The purchase of Somatogen along with their strong 
intellectual property position provided Baxter the “freedom” 
to move forward with the development of a second genera-
tion recombinant hemoglobin technology.

 Second Generation Recombinant 
Hemoglobin Development

Significant progress was made in developing a safe and 
effective hemoglobin-based oxygen carrier (HBOC) for 
clinical use. Many of the issues encountered in the very 
early attempts to develop these products were addressed 
with the HBOC products being tested at that time (late 
1990s). Early “stroma reduced” hemoglobin solutions had 
primary safety concerns: short intravascular half-life, renal 
toxicity, residual red blood cell stroma and endotoxin con-
tamination. Each of these issues were resolved through sta-
bilization of the hemoglobin tetramer by chemical and/or 
recombinant means, enhancing the size of the hemoglobin 
product using polymerization and derivatization technolo-
gies, and using advanced techniques of protein purification 
and process engineering.

As discussed earlier, the strong interaction of nitric oxide 
(NO) with hemoglobin had been known for more than 
30 years. However, during the development of these different 
hemoglobin products for clinical use, nitric oxide was found 
to be a ubiquitous and potent chemical messenger through-
out the body. In the first-generation hemoglobin program at 
Baxter it was believed that the increase in arterial blood pres-
sure seen following infusion of DCLHb would not pose a 
significant problem. In fact, there was considerable evidence 
suggesting that this pressor effect could be used to a clinical 
advantage, and that HBOCs, could be used as pharmacologic 
agents. However, after review of Baxter’s clinical trial results 
and additional preclinical study results, it appeared that the 
interaction of hemoglobin with nitric oxide and the physio-
logic and pathophysiologic consequences of this interaction 
may have been responsible for many of the adverse effects 
observed with the first generation of purified and modified 
hemoglobin solutions that were investigated in the clinic in 
1990s.

Therefore, Baxter made a strategic program decision to 
stop development of its first generation hemoglobin products 
(ie, DCLHb) and Somatogen’s first generation product (ie, 
rHb1.1) which possessed significant nitric oxide reactivity 
similar to that of native hemoglobin, and to develop a second 
generation hemoglobin product with reduced nitric oxide 
scavenging.

At that time, Baxter formulated a list of “potential issues” 
that were associated with the first-generation hemoglobin- 
based oxygen carriers as part of its termination of the first- 

generation hemoglobin programs. This list included the 
following:

• Vasoactivity/increase in arterial blood pressure
• Extravasation of hemoglobin
• Relatively short half-life
• Cardiac lesions
• Gastrointestinal dysmotility
• Increase in serum enzymes
• Oxidant stress
• Effects on the pancreas
• Hb/endotoxin interaction

This list of “potential issues” formulated for first generation 
hemoglobin products was the primary tool utilized to develop 
the preclinical study plan for the final selected product.

A target product profile (TPP) was generated and formed 
the basis for making a decision when or if to enter into clini-
cal studies in man. Some other goals that were considered in 
the development of the preclinical study plan were to ensure 
that: (1) animal models utilized in the preclinical testing 
were relevant to the ultimate clinical use of the second gen-
eration product (attempt to maintain a strong preclinical- 
clinical linkage), (2) similar doses and protocols were 
utilized in a number of different animal species and models 
so that data could be more easily compared across all of the 
testing, (3) the new second generation molecule was tested in 
more than one animal species, (4) the most sensitive and 
appropriate models previously identified with first genera-
tion hemoglobin products tested were utilized, (5) key issues 
identified in the FDA “Points to Consider” document (CBER, 
1991) as well as discussions held during the pre-IND meet-
ings with the FDA were addressed, and (6) knowledge gained 
from the preclinical testing of first generation products was 
utilized to formulate rational and predictive testing plans for 
the new second generation product. Key safety studies were 
performed under strict GLP compliance. Simultaneously, a 
wide variety of other supportive safety and efficacy studies 
were either performed within the Hemoglobin Therapeutics 
Program at Baxter or at leading academic universities around 
the world with thought leaders identified in specific fields 
and with specific published models [38–41]. Taken together, 
these represented a comprehensive examination of the pre-
clinical safety and efficacy of the new second generation 
hemoglobin molecule.

Over the next several years, over 535 different hemoglo-
bin variants were produced utilizing site directed mutagene-
sis of the recombinant hemoglobin molecule. A variety of 
chemical cross-linking or ‘decoration” (eg, PEGs) agents 
were also examined. These various products were examined 
utilizing a tiered preclinical testing approach beginning with 
chemical testing, following a pre-defined series of in-vitro 
models and tests, followed by testing of the most promising 
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products in pre-defined small animal models specifically 
developed to assess the key “potential issues” list identified 
in the upfront process. Then those molecules that were the 
most promising and passed all of these hurdles were tested in 
another set of pre-defined, sensitive large animal models, 
with only a select few making it to the final primate testing 
program.

The final candidate molecule was designated as rHb2.0 
for Injection. It was a second-generation recombinant human 
hemoglobin solution that was expressed in E. coli. The 
monomer contained the following site directed mutations: 
aL29W, aH58Q, bV67W, and bT87Q. The final rHb2.0 for 
Injection product was then further polymerized and deriva-
tized using a bi-functional BMA-PEG. Similar to rHb1.1, the 
α chains were fused to prevent dissociation and serval amino 
acid substitution were made in the distal heme pocket by 
site-directed mutagenesis to reduce the rate of NO scaveng-
ing. The hemoglobin product was contained in a matrix of 
9 mM N-acetyl-L-cysteine, electrolytes and EDTA and for-
mulated at 100 g/l (Fig. 28.4).

The list of actual testing and outcomes is far to large to 
review in detail in this review, but included tests such as:

• Models of systemic and pulmonary vasoactivity (eg, 
assessment of CV parameters and measurement of 
regional blood flow in rat and swine models, tissue oxy-
genation models, microcirculatory studies in hamsters, 
isolated human vascular segments; isolated rat lungs)

• Gatrointestinal motility (eg, gastric emptying in rats)

• Oxygenation and effectiveness (eg, uncontrolled hemor-
rhage and resuscitation in rats and swine, ability to reverse 
oxygen supply dependence in rats, effects in isovolemic 
exchange models)

• ADME (eg, pK in rats and rhesus monkeys following 
single and repeat doses)

• Biodistribution (eg, pK, distribution and excretion of 
radioactivity following single IV dosing in rats; L/P ratio 
of extravasation in rats; inhibitory potential on human 
hepatic microsomal cytochrome p450 isoenzyme activi-
ties and in the rat)

• General toxicity (eg, single dose toxicity study in rats, 
Rhesus monkeys and repeat dose testing in rats and 
Rhesus monkeys)

• Immunology (eg, 15-week immunogenicity study of 
repeated IV infusion in Rhesus monkeys, 10 week study 
of repeated administration in mice)

• Organ specific toxicity (eg, evaluation of effect on serum 
pancreatic enzymes in rats and in Australian Possums; 
assessment of renal function in the rat)

• Body system specific toxicity (eg, toxicity in mice given 
rHb2.0 and lipopolysaccharide; in  vitro concentration- 
response on coagulation in human blood and on platelet 
aggregation in human blood, effect on complement acti-
vation in human plasma, effect on Rouleaux formation in 
human blood, red blood cell aggregation and regional 
ischemia/reperfusion injury in the cerebrum of the rat; 
effect on plasma isoprostanes and histopathology in dia-
betic BBZDR rats)

Reduced NO reactivity

Adjusted O2 dissociation

Reduced protein aggregation

Prevent dissociation

Fig. 28.4 Baxter’s rHb2.0 molecule was genetically engineered using recombinant technology
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In the end, no-effects dose tables were created for all of the 
various tests of rHb2.0. A key finding was that there was no 
increase in systemic arterial blood pressure and no change in 
systemic vascular resistance seen in any animal models. The 
vacuolation of histiocytes/macrophages was a consistent 
finding across all of the species studied. The cause of the 
cytoplasmic vacuolation is unknown, but the pattern of vacu-
olation in cells capable of phagocytosis suggested that the 
clearance or degradation of the rHb2.0 was involved, and 
therefore, it may have been due to the presence of the 
PEG. Notably the cytoplasmic vacuolation was not accom-
panied by evidence of inflammation or cellular degeneration 
and the changes were reversible. Thus, it was determined 
that this finding had few, if any, adverse consequences 
clinically.

Importantly, myocardial lesions related to rHb2.0 for 
Injection were not observed in either the primate studies or in 
the swine cardiovascular function studies. In the immunoge-
nicity studies in rhesus monkeys and mice, increased anti-
body levels reactive to rHb2.0 were observed. The fact that 
there were non-responders in every dose group suggested 
that rHb2.0 for Injection was only mildly to moderately 
immunogenic in these animal models. The antibodies were 
specific to rHb2.0 and did not cross-react with the monomer 
of rHb2.0 for Injection. Furthermore, these antibody 
responses were not associated with any toxicological find-
ings to indicate an immune mediated event, disorder or 
disease.

Therefore, and overall, the results of extensive preclinical 
testing demonstrated that rHb2.0 reduced or eliminated all of 
the issues found during the preclinical and clinical develop-
ment of first generation HBOCs. The toxicity studies sug-
gested that rHb2.0 for Injection was justified to move forward 
into clinical testing.

The rHb2.0 for Injection was then tested in April 2001 in 
a blinded, single dose escalation study in normal volunteers. 
Four subjects received 0.0066 g/kg of rHb2.0 and two sub-
jects received 0.0066 g/kg of HSA. A series of immunologic 
studies were conducted evaluating complement activation 
(C3a levels), cytokines (TNF-a, IL-1b, IL-6) and antibody 
response (IgG and IgM against ECP and rHb2.0).

There was no observed increase in blood pressure, but 
unfortunately, and within about 15–30  minutes following 
start of infusion of the lowest dose of the product, a physio-
logical reaction was observed that was associated with a 
tightness in the chest and dyspnea and was later confirmed to 
be a result of complement activation (ie, neutropenic 
response and a significant increase in plasma C3a that peaked 
at 30 minutes and returned to normal by 24 h post infusion). 
The phase 1 studies were halted by Baxter.

The next several years were spent trying to understand the 
cause of this immunologic reaction in humans and to deter-
mine if it was via the classical, alternative or lectin pathway.

IgM levels showed an increase at day 7, and remained 
elevated at 1, 3 and 6  months post-infusion. IgG levels 
increased at day 14, and remained elevated at 1, 3 and 
6 months post-infusion. The cause of complement activation 
and antibody response was unlikely due to a pyrogenic 
response since no elevation of cytokines levels were observed 
in the subjects. The presence of pre-existing antibodies sug-
gested complement activation via the classical pathway. 
Assessment of the lectin pathway and inhibition of various 
complement activation pathways was performed by Dr. Greg 
Stahl, at Harvard University. Dr. Stahl tested the clinical lot 
of rHb2.0 with and without specific monoclonal antibodies. 
C3 deposition was decreased with anti-C2 but not with anti- 
MBL and anti-factor D.

Detailed examination of the rHb2.0 lot with SEC of the 
rHb2.0 on a Superose 6 Column, did identify a high molecu-
lar weight peak of rHb2.0 in the clinical batch with about a 
16 min retention time. Immunological testing demonstrated 
cross-reactivity of IgM antibodies to the clinical lot of rHb2.0 
but not to rHb2.0 monomer or to stroma free hemoglobin. 
Cross-Reactivity of IgM antibodies to another lot of rHb2.0 
also showed cross-reactivity and this lot had NAC used in the 
quench and formulation but there was no high MW fraction. 
In contrast, when a different (new) lot of rHb2.0 was pre-
pared with no NAC used in the quench or formulation and 
with no high MW fraction there was no cross-reactivity of 
IgM antibodies. Therefore, these observations suggested that 
epitope for the pre-existing antibodies was to 
N-acetylcysteinyl succinimide (ring open form).

The overall conclusion from the investigational studies on 
rHb2.0 for Injection were that:

• Some percent of population of all species tested (ie, 
humans, sheep, mice, and monkeys) have pre-existing 
antibodies to something in the particular quench agent 
(NAC) that was used to prepare rHb2.0 NAC-(ie, likely 
Succinyl-PEG)

• This “may” relate back to some previous history of infec-
tion to agents like mycoplasma, strep, E. coli, Haemophilus 
influenzae, etc. [42]

• The complement activation in humans and in sheep was 
the result of the pre-existing antibodies forming a com-
plex with rHb2.0 (especially the larger MW components), 
and triggering the classical pathway

• Baxter didn’t know if there was another delayed response 
that was hidden or not, because it would have been 
masked by the first and stronger response seen in man

As a direct result of this extensive testing, improvements 
were made to the rHb2.0. These improvements included:

• Reducing the high MW component by ultrafiltration of 
the BMA-PEG
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• Changing the quench reagent used following BMA-PEG 
reactions with rHb2.0 monomer from N-Acetyl-L- 
cysteine (NAC) to 2-Mercaptoethylamine (MEA). MEA 
is also known as cysteamine. It is used as a therapeutic 
agent in the treatment of cystinosis. It functions to remove 
cystine from peripheral tissues, promote glutamine bio-
synthesis and retention of nitrogen in the amino acid res-
ervoir in vivo. Of all thiol agents evaluated, MEA reacted 
fastest with maleamic acid groups. Studies showed that 
the products formed by MEA quenching were not recog-
nized by pre-existing antibodies. The amount of residual 
cysteamine in a 2 L dose of recombinant hemoglobin was 
535-fold less than the intravenous LD50 in the rabbit, the 
most sensitive species

• Changed the formulation from 9  mM NAC to 2  mM 
ascorbate

This new product was designated rHb2.1. Endotoxin con-
tamination was ruled out as the product passed the LAL test 
and rabbit pyrogen tests. Additional downstream processing 
was also incorporated with the addition of lipid-removal 
agent to remove any residual lipids that might be present and 
below level of detection in the product. A more sensitive test 
was also developed utilizing isolated human macrophages 
and measurement of IL-6 and the new rHb2.1 product passed 
these tests.

Human population screening for pre-existing antibodies 
to rHb2.1 was conducted to examine the potential to gener-
ated IgG and IgM antibodies to the rHb molecules (ie, rHb2.0 
and rHb2.1). This testing was conducted utilizing approxi-
mately 500 sera samples of human serum from across the 
United States and collected from the four basic regions 
across the United States (eg, North, South, East and West 
regions). Approximately 80 samples were also tested for in 
the C3 deposition assay. 123 of 538 samples tested positive 
for pre-existing IgG antibodies to rHb2.0 and only 2 of 538 
samples tested positive for pre-existing antibodies to rHb2.1. 
253 of 539 samples tested positive for pre-existing IgM anti-
bodies to rHb2.0 and 3 of 539 human sera samples tested 
positive for pre-existing IgM antibodies to rHb2.1. None of 
the samples tested positive for pre-existing IgG or IgM anti-
bodies to rHb2.1 SFHb.

The rHb2.1 product was then tested in rhesus monkeys 
and no immunologic response could be detected. In this 
study, three monkeys were dosed with 2.7 g/kg HSA, five 
monkeys were dosed with 2 g/kg rHb2.0 and five monkeys 
were dosed initially with 2 g/kg with rHb2.1 and 4 days later 
dosed again with 2 g/kg of rHb2.0. There was no comple-
ment response (C3a) in the monkeys receiving HSA, there 
was an increase in C3a in monkeys dosed with rHb2.0 (as 
soon as 5 minutes post-injection), and there was no comple-
ment response in monkeys dosed with rHb2.1. In this cross- 
over study, 4 days later IgM antibody levels were again 

tested in the monkeys that had previously received rHb2.1. 
Levels were found to be at baseline levels. However, 4 h post 
subsequent dosing of rHb2.0 in these monkeys, there was a 
strong IgM response. Three additional studies were also con-
ducted to examine the complement response in Rhesus and 
Cynomologus monkeys. Overall, none of the 20 monkeys 
dosed with rHb2.1 elicited a C3a response after the first 
Dose. One out five (1/5) monkeys in the immunogenicity 
study (dosed every 2 weeks for 5 doses) elicited a comple-
ment response after the third dose. This monkey also elicited 
an antibody response (IgG after the first dose), however, the 
antibodies cross-reacted to SFHb. The antibodies did not 
cross-react to the PEG or PEG-NAC or PEG-MEA.  Two 
additional monkeys elicited an IgG antibody response after 
the fourth dose (endpoint titer 500). After a 3 month recovery 
period, the monkeys in the immunogenicity study were re- 
challenged (sixth dose) and none of the monkeys elicited a 
complement response.

The rHb2.1 product was also tested in an ovine model of 
complement activation with specific reagents developed to 
measure ovine C3a and ovine C5a and no complement reac-
tion was observed. After several expert panel meetings with 
experts from around the world, and after extensive testing by 
world experts in the lectin pathway, there was no evidence of 
complement activation via this pathway either.

Therefore, and after additional downstream process steps 
had been incorporated, and since all preclinical in vivo and in 
vitro tests appeared negative, in October 2002 Baxter 
approached the FDA with the data and were allowed to 
restart clinical testing in human volunteers at low doses of 
rHb2.1.

The phase 1 testing of the rHb2.1 was to include doses of 
0.005, 0.02, 0.05, 0.1, 0.25, 0.5 and 1 g/kg. There number of 
proposed subjects were n  =  4 for rHb2.1 and n  =  2 for 
HSA. Initially, very low dose administration was conducted 
to observe any serious, unexpected adverse outcomes (four 
fold increase in dose with the next dose group). Progressive 
dose escalation (2–2.5 fold increases) from 0.005 to 1.0 g/kg 
(with exception of what is noted previously). Dosing then 
progressed to the fourth dose group in the rHb2.1 Phase I 
clinical trial. Twenty-four subjects were dosed in the rHb2.1 
Phase I clinical trial (16 with rHb2.1, 8 with HSA). Eighteen 
subjects (12 rHb2.1, 6 HSA) were administered rHb2.1 
through dose Group #3 and the product was judged as safe 
and well tolerated.

In terms of general clinical outcomes, the team success-
fully achieved triple blinding (subject, investigator, monitor) 
of study drug treatment assignment through study drug 
administrations in the Phase I trial. The study provided a 
basis for “proof of principle” of the metabolic advantage of 
second generation rHb over first generation Hb, based on NO 
scavenging modifications, size modifications, etc. There was 
no evidence of any hemoglobinuria with rHb2.1, in contrast 
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to findings with the first gen product. There were increases in 
serum total bilirubin (expected per metabolism pathway) but 
no reports of skin discoloration (yellow) (jaundice) through 
doses up to 0.1 g/kg of rHb2.1.

There were no increases in systolic or diastolic blood 
pressure in humans as a result of rHb2.1 administration. 
There were no significant increases in C3a seen in the four 
subjects dosed with 0.005 g/kg of rHb2.1, none in the four 
subjects dosed with 0.02 g/kg of rHb2.1, and none in the four 
subjects doses with 0.05 g/kg of rHb2.1. However, there was 
a delayed increase in C3a seen at 8 h post-dosing in subjects 
in the fourth dosing group that was dosed with 0.1 g/kg of 
rHb2.1. This response did not appear to be related to anti-
body formation.

The obvious question was “what’s the cause of the delayed 
complement activation response in the human volunteers 
after this particular dose of rHb2.1”?

Additional testing of the clinical response examining the 
complement response by Dr. P. Giclas, Director, Complement 
Laboratory, National Jewish Medical and Research Center, 
Denver, CO demonstrated a Bb response at 8  h following 
dosing of the 0.1 g/kg of rHb2.1 with no consistent change 
compared to the HSA controls in the C4a response or Factor 
H response.

Overall, the clinical response occurred several hours after 
infusion. In contrast to the phase I clinical trial results with 
rHb2.0, the complement response was not immediate, but 
rather, was late (i.e., around 8 h post-dosing). For all four 
dose groups, there was no evidence of pre-existing antibod-
ies (IgM or IgG) to rHb2.1 and to ECPs (in contrast to 
rHb2.0  in which there were pre-existing antibodies to the 
product). There was no evidence of de novo antibody forma-
tion following infusion of rHb2.1 for Injection. Complement 
activation appeared to by means of the alternative pathway. 
Based on data collected, Baxter believed that the adverse 
response was due to higher than desirable levels of some sort 
of pyrogen in the product as detected with a sensitive IL-6 
assay that Baxter had developed. It is likely that these obser-
vations were masked/missed in the original phase 1 trial of 
rHb2.0 due to the higher immediate complement response.

There was also a slight tachycardia response and some 
cytokine elevation in the subjects. This was difficult to 
explain since all lots of rHb2.1 produced for clinical trials 
passed the rabbit pyrogen test (both monomers and the final 
product), all lots had LAL values below the established 
release limits (<0.25 EU/mL), and up until that time, the ex- 
vivo PBMC IL-6 assay was the most sensitive assay identi-
fied for detection of this “factor”. The Baxter team was aware 
that the rHb2.1 had “some” level of IL-6 response, but there 
were no benchmarks. Therefore, the only alternative was to 
use the animal data to set preliminary limits. Unfortunately, 
these limits appeared to turn out to be too high for humans 
(most sensitive species).

Following this, additional process improvements were 
examined to attempt to decrease the non-endotoxin pyrogen 
contamination. The team examined things like a Zinc col-
umn, triton wash Q column, guard column and reduced load 
to 75%. All of these steps combined did apparently reduce 
the levels of this “factor”. However, the dilemma was what 
test system could be utilized to evaluate the progress on the 
problem?

As a final attempt, a lipid removal agent (LRA) was eval-
uated. LRA is a synthetic or semi-synthetic calcium silicate 
that has remarkable affinity for lipids and lipid-like materi-
als. Treatment of rHb2.0 Q load reduced the endotoxin level 
by 3 to 4 logs and allowed production of non-pyrogenic Q 
Pools (by IL-6). Through an extraordinary effort involving 
process development, manufacturing and maintenance per-
sonnel, the LRA treatment was scaled up and implemented 
in GMP operations in manufacturing.

Addition of LRA to the Q LOAD significantly reduced 
the pyrogen as measured by flow TNF-alpha, IL-6, and rab-
bit pyrogen assays. Addition of LRA also appeared to remove 
ECPs normally removed by the Triton wash step.

As noted, the LRA was introduced into the most current 
manufacturing process essentially like a “filter” on the Q 
load material. Once sufficient material was produced for 
Phase I clinical trials, the company performed a “mini- 
shutdown” of the pilot plant to implement several additional 
changes: (1) Complete formal addition of LRA into the pro-
cess, (2) Complete a few facility upgrades (e.g., improve the 
entry area to purification suites), (3) Complete annual 
required media fills, validations, etc. and (4) implement sev-
eral additional PD changes that were identified.

The clinical plan was then to restart the rHb2.1 Phase I 
study at the third dose level (0.05 g/kg) that was successfully 
and safely administered in the initial Phase I rHb2.1 study. 
The idea was to target to achieve 0.25 g/kg dose in Phase I, 
fifth dose group, to support proceeding to Phase II clinical 
trials. 0.25 g/kg would be first dose in Phase II. If possible, 
and if it was not possible to reach the “limit of tolerability” 
in normal volunteers, the plan was to attempt to complete the 
6th (0.5 g/kg) and 7th (1.0 g/kg) dose group in the phase I 
clinical trial.

Unfortunately, and similar to the first human testing of the 
rHb2.0 molecule, the newly formulated rHb2.1 product pro-
duced a delayed complement activation response in humans. 
No antibodies were observed at any point in time and pyro-
gen levels were equivalent to control levels. No animal mod-
els ever predicted this final response.

At that point in time, and in light of the fact that there 
were no in vitro tests and no in vivo animal models that could 
be identified to understand the cause of this reaction and/or 
be able to demonstrate that the adverse effect was removed, 
in July 2003 the decision was made to terminate all activities 
on development of an HBOC at Baxter. As part of larger cor-

K. Burhop



303

porate restructuring and cost reduction program, the Boulder 
site was closed and all physical assets were sold.

To this day, and to the authors best knowledge, there is no 
definitive explanation for these effects, which is extremely 
unfortunate as this approach with this class of recombinant 
hemoglobin products represented a potentially valuable 
approach to producing a commercially viable HBOC 
solution.

Since the termination of this program, work has continued 
in a variety of laboratories around the world to continue to 
investigate the development and subsequent clinical use of 
hemoglobin solutions, but to date, and unfortunately, there 
has been no new HBOC that has entered human clinical 
trials.

The following are some hypotheses of what may have 
been wrong with rHb2.1 for Injection:

 1. The crosslinker, BMA-PEG/MEA, produced some epit-
ope recognized as foreign by the body and a comple-
ment response was triggered

 2. The glycine linker in the basic monomer was 
immunogenic

 3. Aggregates may have formed
 4. The end terminal methionines may be the cause (40% 

methylated)
 5. T87Q mutation to reduce aggregation was involved
 6. Heme pocket mutations for reduced nitric oxide were 

responsible for the observed effects
 7. The product oxidized very rapidly in vitro (potentially 

less stable)
 8. Some low level of contaminant (e.g., E coli proteins) 

that was undetectable remained in the product
 9. Something about some isoform of rHb2.1 that resembles 

something from E. coli that is recognized by humans as 
foreign

 10. Some unique amino acid sequence that forms during 
metabolism and breakdown of the polymer/monomer 
was responsible for the observed effects

 Summary

While the final outcome from several decades of scientific 
research and product development was certainly not optimal 
or what had been hoped for, this comprehensive develop-
ment effort made a number of significant contributions to the 
field of hemoglobin-based oxygen carriers. Baxter 
(Somatogen) scientists demonstrated for the first time that 
that both human Hb chains could be expressed simultane-
ously and a functioning Hb tetramer would be assembled in 
E. coli and that they could produce recombinant hemoglobin 
in E.coli at high yield (10+ g/L) with very purity. Baxter 

(Somatogen) demonstrated that it could manufacture recom-
binant hemoglobin on a large scale under GMP conditions at 
the 50,000 liter fermentor scale (rHb1.1) and at the 1500 liter 
fermentor scale (rHb2.0). Baxter scientists demonstrated that 
they could change the basic structure of a recombinant 
hemoglobin molecule via site directed mutagenesis, and by 
doing so, control the nitric oxide binding rate and oxygen 
dissociation. Unfortunately, there still remains a number of 
significant hurdles that would need to be overcome in order 
to enable full product development and commercialization of 
a recombinant hemoglobin based oxygen carrier, with the 
biggest hurdle likely being identification of an appropriate 
animal model (other than humans) in which to test new can-
didate products.

Key Points
• Baxter (Somatogen) scientists demonstrated that that both 

human Hb chains could be expressed simultaneously and 
a functioning Hb tetramer would be assembled in E. coli

• Baxter (Somatogen) demonstrated that they could pro-
duce recombinant hemoglobin in E.coli at high yield (10+ 
g/L) with very high purity.

• Baxter (Somatogen) demonstrated that it could manufac-
ture recombinant hemoglobin on a large scale under GMP 
conditions at the 50,000 liter fermentor scale (rHb1.1) 
and at the 1500 liter fermentor scale (rHb2.0).

• Baxter scientists demonstrated that they could change the 
basic structure of a recombinant hemoglobin molecule 
via site directed mutagenesis, and by doing so, control the 
nitric oxide binding rate and oxygen dissociation.
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O-Raffinose Cross-Linked Human 
Hemoglobin (Hemolink): History, 
Clinical Trials and Lessons Learned

Agya B. A. Prempeh and Davy C. H. Cheng

 Introduction

Blood has essential physiologic functions such as tissue oxy-
genation, immunity provision, hemostasis regulation, and 
pH buffering. Despite advances in blood conservation strate-
gies and blood management programs, allogenic blood trans-
fusion remains significant [1]. However, allogenic blood 
transfusion has potential risks, functional limitations, and 
logistical constraints. These include exposure to blood-borne 
diseases, incompatibility reactions, immunomodulation, 
impaired oxygen unloading capacity of stored blood, and 
decreased availability [2]. Of note, the infectious risks and 
the periodic shortages of allogenic blood have been a signifi-
cant impetus to develop “blood substitutes” as an alternative 
to allogenic blood transfusion or an adjunct to blood conser-
vation strategies [3]. “Blood substitutes” is a misnomer as 
these agents only serve the oxygen transport and tissue oxy-
genation function of whole blood. They are more appropri-
ately referred to as oxygen therapeutic agents. These agents 
are solutions that utilize either hemoglobin or perfluorocar-
bon as their oxygen carrier [2].

 History of Hemoglobin-Based Oxygen 
Carriers

Research into alternatives for allogenic blood began centu-
ries ago. In 1850, Dr. Hodder injected fresh milk into three 
moribund patients’ veins during the Asiatic cholera pan-

demic in Canada. Two of the patients recovered from 
Cholera. About 28 years later, Dr. Thomas of New York was 
confronted with a moribund patient requiring blood transfu-
sion post gynecological oncology surgery. Recalling 
Hodder’s actions during the pandemic, Dr. Thomas pro-
ceeded to do something similar. He administered fresh cow 
milk into the patient’s median basilic vein as he was reluctant 
to give whole blood due to the coagulation difficulties asso-
ciated with blood transfusion at the time. The patient steadily 
improved, and within 6 weeks, she had fully recovered and 
returned home. Two other moribund patients in his subse-
quent studies with lacteal infusions, however, did not sur-
vive. Dr. Thomas postulated that intravenous infusion of 
fresh cow’s milk was therapeutically beneficial in improving 
the quantity and quality of blood in humans. He pointed out 
that lymphatic chyle and milk shared similar chemical prop-
erties and suggested that chyle is the substance from which 
blood is formed by nature. Dr. Thomas was of the view that 
the deaths of the two patients were unrelated to the lacteal 
infusions [4].

As a result of Thomas’s mixed study findings, oxygen 
therapeutics’ production pivoted to hemoglobin-based solu-
tions in the early twentieth century. Amberson and col-
leagues conducted animal studies with hemoglobin in 
lactated Ringer’s solution. In a stepwise approach, they 
exsanguinated cats and replaced the blood loss with hemo-
globin solutions. Although there was significant renal dys-
function in the cats due to the therapy, the hemoglobin 
solution had demonstrated that it could sustain life. The cats 
survived on a short- term basis, they were able to walk, and 
their neurological functions were confirmed intact [5]. 
Amberson’s team proceeded to conduct clinical trials using 
a hemoglobin- containing product in lactated Ringer’s solu-
tion. Their study was abandoned when 5 out of 14 patients 
developed significant renal injury and vascular hypertension 
[6]. In the 1950s, 47 anemic mariners of the US Navy were 
treated with hemoglobin solutions. Some of the mariners 
who were treated experienced hypertension and renal toxic-
ity. It was postulated that the hemoglobin and the red cell 
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stroma deposits obstructed the renal tubules, and the hemo-
globin moiety induced vasoconstriction, thereby decreasing 
renal blood flow [7]. The growing evidence of renal and vas-
cular complications associated with hemoglobin-based 
solutions led to a decline in production. In the 1980s, inter-
est in these agents re-kindled mainly due to the HIV pan-
demic, hepatitis C transmission, enhanced understanding of 
their  pharmacology, and the evolution of ultra-purification 
methods. These developments were the catalysts for the pro-
duction of numerous modified stroma-free hemoglobin-
based solutions to improve the hemoglobin performance 
and decrease its side effects [8].

Four categories of HBOCs have subsequently been pro-
duced, namely cross-linked, polymerized, conjugated, and 
encapsulated. The prototype of the cross-linked group was 
diaspirin cross-linked hemoglobin (HemAssist). HemAssist 
consisted of intramolecularly cross-linked alpha sub-units 
of human hemoglobin. Although the intramolecular cova-
lent bond seemed to stabilize HemAssist and thereby 
reduce renal toxicity, this product caused intense vasocon-
striction with a reduction in cardiac output. Clinical trials 
on HemAssist were terminated due to increased mortality 
rates of participants [9, 10]. Polymerized hemoglobin 
emerged as a viable solution to the vasoconstriction effects 
of HBOCs. This group of hemoglobin-based solutions was 
made up of intermolecular cross-linked hemoglobin mole-
cules to increase their molecular size. It was postulated that 
the increase in these compounds’ molecular size would 
minimize their extravasation from the circulation and sub-
sequent binding to subendothelial nitric oxide. The net 
result would be the maintenance of the physiologic vasodi-
latory function of nitric oxide on smooth muscle cells [11]. 
The first generation of polymerized HBOCs included 
Hemopure, Oxyglobin, PolyHeme, and Hemolink. 
Hemopure and Oxyglobin are both bovine-derived 
HBOC.  Hemopure was approved in South Africa to treat 
anemia in adult surgical patients and Russia to manage 
acute anemia, irrespective of the underlying etiology. There 
were safety concerns about Hemopure increasing the risk 
of strokes and myocardial infarction in some clinical stud-
ies; hence it has not yet been approved in the US. However, 
the US Food and Drug Administration (FDA) has made 
Hemopure available to patients with severe and life-threat-
ening anemia for whom blood transfusion is not an option 
and who have exhausted all other management options. 
Oxyglobin is the only HBOC approved by the US FDA and 
the European Medicines Agency (EMA), but it is restricted 
to veterinary use. PolyHeme was a human-derived pyridox-
ylated polymerized hemoglobin. Clinical trials showed that 
PolyHeme was neither superior nor inferior to the standard 
of care management utilized [9]. Hemolink was a unique 

human-derived HBOC. It was a hybrid of the cross- linked 
and the polymerized groups of HBOCs, with intramolecu-
lar and intermolecular bonds. This product made it to Phase 
III clinical trials but was not approved for marketing. A new 
generation of conjugated and encapsulated HBOCs is cur-
rently in clinical trials [9].

 Properties of Hemoglobin-Based Oxygen 
Carriers

Hemoglobin extracted from the red cell (cell-free hemoglo-
bin) to form a solution loses many properties to transport 
oxygen and maintain tissue oxygenation efficiently [8]. 
Thus, the following properties must be carefully considered 
to prepare these solutions to ensure safety and efficacy.

 Deficiency of Red Blood Cell Membrane

The hemoglobin solutions are relatively blood antigen-free; 
hence they generally do not need to be cross-matched. 
However, there are concerns about the development of anti-
bodies to xenogenic hemoglobin [12].

 Deficiency of Red Blood Cell

2,3-Diphosphoglycerate (2,3-DPG) is produced by the red 
blood cell. It binds with greater affinity to the deoxygenated 
hemoglobin beta sub-units and decreases hemoglobin’s 
affinity for oxygen, thus promoting oxygen unloading at the 
cellular level. The absence of 2,3-DPG leads to a leftward 
shift of the oxygen-hemoglobin dissociation curve with 
resultant inefficiency of oxygen unloading. Early modifica-
tions, made to the human-derived hemoglobin, shifted the 
oxygen-hemoglobin dissociation curve closer to 
P50 = 26 mmHg at pH = 7.40, with the assumption of improv-
ing oxygen unloading [11]. Bovine hemoglobin is chloride- 
dependent and does not depend on 2,3-DPG. Hence bovine 
hemoglobin’s affinity for oxygen in humans is within the 
physiological range because of the chloride ions in human 
plasma [13].

 Source of Hemoglobin Molecule

The principal sources are human, bovine, recombinant, and 
transgenic technologies. There is no evidence of one source 
being statistically better in function. Human hemoglobin 
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tends to be most readily available. Bovine supply is rela-
tively unlimited [11].

 Structure of Hemoglobin Molecule

Early theories stated that the unmodified tetrameric form of 
hemoglobin was responsible for the renal and vascular com-

plications seen in Hemoglobin-Based Oxygen Carriers. The 
unmodified tetrameric form of hemoglobin, free of the red 
cell membrane, dissociated in human plasma into dimers and 
monomers. The renal tubules rapidly filtered them with 
resultant shortened intravascular half-lives (1–2 hours) and 
tubular obstruction. The remaining undissociated tetrameric 
forms in plasma extravasated to bind subendothelial nitric 
oxide, resulting in unopposed smooth muscle contraction. 

Chemically modified
Hb based HBOCs

Materials used Representative
Design Names

Cell-free Hb

HemAssist (Baxter)
Hemopure (BioPure)
Optro (Somatogen)
Hemolink (Hemosol)

etc.

Hemospan (Sangart)
etc.

PolyHeme (Northfield Lab)
Pyridoxylated Hb or PHP

(Apex Bioscience)
etc.

Poly-Hb-SOD-CAT
etc.

Cell-free inter-molecularly
crosslinked or polymer-tethered

in multiple copies and
associated with enzymes like
superoxide dismutase (SOD),
catalase (CAT) etc that can

maintain redox environment for
efficient Hb activity

CAT
SOD

Cell-free Hb intra-and inter-
molecularly crosslinked or

tethered from polymer chains by
agents like glutaraldehyde, poly-

oxy ethylene, O-raffinose etc.

Cell-free Hb conjugated on
the surface by Maleimide-

activated Polyethylene glycol
(i.e. Hb-Mal-PEG)

Cell-free Hb crosslinked
between subunits, with

agents like glycine,
glutaraldehyde, O-raffinose,
3,5-dibromosalicyl fumarate,

pyridoxal-5-phospate etc.

Cell-free Hb obtained from
human, bovine, salmon and

recombinant sources

Pure cell-free Hb

Intramolecularly
crosslinked Hb

PEG-conjugated Hb

Intermolecularly crosslinked
and polymer-tethered Hb

Polymerized Hb with RBC-
relevant redox enzymes

α

α

β

β

α

α

β

β

α

α
α

α

β

β

β

β α
α
β

β

α
α

α
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Fig. 29.1 Representative approaches and design schematics for HBOCs based on the chemical modification [12]
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The tetrameric configuration of hemoglobin became a target 
for modification to ensure stability and increase in molecular 
weight [11] (See Fig. 29.1).

 Iron Moiety

Ferrous (Fe2+) iron is the oxygen-carrying iron in hemoglo-
bin. When hemoglobin binds to oxygen, the ferrous iron is 
oxidized to the ferric state (Fe3+), and the hemoglobin formed 
is methemoglobin. Methemoglobin is unable to bind oxygen. 
The ferric iron (Fe3+) in methemoglobin must be reduced to 
ferrous iron (Fe2+) to maintain the oxygen-carrying capacity 

of hemoglobin and normal vascular tone regulation. The 
reducing enzyme in this redox reaction is NAD-cytochrome 
b5 reductase, found in red blood cells. Thus, minimization of 
methemoglobin formation is a consideration in developing 
Hemoglobin-Based Oxygen Carriers [14].

 Properties of Hemolink

Hemosol Incorporated in Canada produced Hemolink. It is 
an o-raffinose cross-linked and oligomerized human hemo-
globin. The manufacturing process begins with the washing 
of approved red blood cells to exclude plasma and other 

Fig. 29.2 Manufacturing process for o-raffinose cross-linked human hemoglobin [13]
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blood cellular components (See Fig. 29.2). The washed red 
blood cells are lysed to extract hemoglobin A (Hb A). The 
extracted Hb A is purified through a series of processes, 
namely pasteurization, filtration, and cation/anion chroma-
tography. The final Hb A purity is greater than 99%. The 
purified Hb A tetramer forms both intra- and intermolecular 
bonds to increase its stability and molecular weight. The 
intramolecular covalent bond of the Hb A tetramer occurs at 
the two beta sub-units within the 2,3-DPG binding pocket to 
form a stable 64  kDa molecule. Multiple stabilized Hb A 
tetramers are cross-linked via o-raffinose polyaldehyde to 
form stable polymers of 128–600  kDa molecular weight. 
The final product contains 100  g Hb·L−1 in a Lactated 
Ringer’s solution. The solution contains >95% intra- and-
intermolecular bonds, of which >55% are intermolecular 
bonds (i.e., polymerized) [13]. Other properties of the solu-
tion [15] include kinematic viscosity  =  1.24 centistokes, 
oncotic pressure  =  26  mmHg, osmolality  =  280–
300 mOsm/L, P50 = 39 ± 12 mmHg at pH = 7.50 ± 0.5, non-
cooperative behavior (Hill coefficient (n50) = 1.0 ± 0.2), and 
the endotoxin levels <0.06 EU/ml. Hemolink has a half- 
life = 14–20 hours [16].

 Clinical Trials of Hemolink

The development of Hemolink commenced with discovery 
research followed by pre-clinical studies. Based on the pre- 
clinical studies’ data, applications were made to regulatory 
authorities to conduct clinical trials. Hemosol Incorporated 
completed eight clinical trials on Hemolink (four in cardio-
vascular surgery, two in orthopedic surgery; one in anemic 
patients; and one in healthy volunteers). The key highlights 
being the clinical trials for primary CABG surgery, which 
included a Phase III clinical trial in Canada and the United 
Kingdom.

There are two types of study designs used in cardiac sur-
gery to evaluate oxygen therapeutic agents [17]. The pri-
mary outcome of both designs is usually avoiding 
transfusion of allogenic blood. In the first study design, all 
participants undergo intraoperative autologous donation 
(IAD). The harvested blood is replaced with an equivalent 
volume of either the investigational product or a colloid 
solution in a randomized manner. This design’s perceived 
advantage is that some control arm participants may not 
require an allogenic blood transfusion. In the alternate 
study design, the participants do not undergo IAD. A uni-
versal blood transfusion threshold is pre-determined for all 
the participants. The participants are randomized to receive 

either the investigational product or allogenic blood when 
the threshold is reached. This design’s drawback is that all 
the control arm participants that reach the threshold receive 
allogenic blood. Researchers tend to use the first study 
design involving IAD to evaluate oxygen therapeutics in 
cardiac surgery, while the alternate study design is mainly 
used in non-cardiac surgical studies.

 Phase I: Safety Trial

The study was randomized, placebo-controlled, and double- 
blinded. The objective of the study was to assess the safety of 
Hemolink in healthy volunteers. Forty-two healthy adult 
male volunteers between the ages of 19–39  years were 
enrolled. The participants received either an intravenous 
Hemolink 10% (w/v) solution or an equivalent volume of 
lactated Ringer’s solution. The doses of Hemolink adminis-
tered ranged from 0.025 to 0.6 gHb/kg, i.e., 1.7–42 g. The 
participants were monitored for 3 days in the clinical facility 
with a 6-week follow-up. There was a dose-dependent 
increase in mean arterial pressure with a plateau of approxi-
mately 14% above baseline at 0.1 gHb/kg, with an associated 
decrease in heart rate without electrocardiographic abnor-
malities. Respiratory function remained unchanged. Some 
participants experienced abdominal pain of moderate-to- 
severe intensity, which was alleviated with antispasmodics. 
The pain was observed at doses >0.4 gHb/kg. There was also 
a dose-dependent increase in serum bilirubin with values 
above the upper limit of normal at doses >0.4 gHb/kg. Two 
participants had elevated creatine kinase concentrations but 
with normal creatine kinase-MB mass fractions. The hema-
tologic markers remained within the normal limits [18].

 Phase II: CABG Trial

A prospective randomized, controlled, and open-label 
multi- center trial was conducted in Canada and the United 
Kingdom. The study aimed to determine the dose-response 
of Hemolink administered as an adjunct to IAD in patients 
undergoing coronary artery bypass grafting surgery 
(CABG). A secondary objective was to assess the efficacy 
of Hemolink in reducing the incidence of allogenic blood 
transfusion. Sixty male and female participants between 
the ages of 18–75 years were enrolled in the study. The par-
ticipants must have had a hematocrit adequate to allow pre-
bypass harvesting of 500–1500 ml of autologous blood to 
yield a hematocrit of 0.20–0.21 while on cardiopulmonary 
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bypass. Exclusion criteria included congestive heart fail-
ure, reduced left ventricular ejection fraction (<30%), 
recent myocardial infarction (less than 4 weeks), unstable 
angina requiring the use of heparin and/or iv nitroglycerin, 
a history of a cerebral vascular accident including transient 
ischemic attack, or any significant co-morbidity outside the 
cardiovascular system. After the pre-bypass harvest of 
500–1500 ml of autologous blood, 30 participants received 
a single dose of Hemolink in an escalation sequence (250, 
500, 750, 1000 ml) while the remaining 30 participants in 
the control arm received an equivalent volume of 10% 
Pentastarch. A pre-defined transfusion threshold was set for 
blood (autologous/allogenic) to be administered. Seventeen 
percent of the control arm participants required intraopera-
tive allogenic blood transfusion compared with zero in the 
Hemolink group (p  =  0.052). This apparent advantage of 
Hemolink was maintained at 24 hours after surgery (7% vs. 
37%; p = 0.010) and up to 5 days after surgery (10% vs. 
47%; p = 0.0034). All serious adverse events were consid-
ered unrelated or unlikely to be related to the investigatory 
product. Most adverse events (98%) were mild or moderate 
in severity [19].

 Phase III: CABG Trial

This trial was a prospective, randomized, controlled, 
double- blinded study conducted in 24 centers in Canada 
and the United Kingdom. The study’s primary purpose was 
to evaluate the efficacy of 750 ml Hemolink, as an adjunct 
to IAD, in decreasing the incidence of allogenic blood 
transfusion during and after primary CABG surgery. All 
participants underwent IAD.  The harvested blood was 
replaced with either 750 ml Hemolink or 750 ml Pentastarch. 
The participants were transfused with blood when a pre-
determined transfusion threshold was reached. IAD blood 
first, then allogenic blood if indicated. The participants 
were followed up for 3–8 weeks upon hospital discharge. 
Although 386 participants were enrolled in the study, only 
299 participants received Hemolink or Pentastarch. Eleven 
of the 299 participants experienced unusual intraoperative 
events and blood loss. The researchers decided the unusual 
events were unlikely to be related to the use of either 
Hemolink or Pentastarch. The remaining 288 participants 
were designated as the “unplanned efficacy analysis” 
(UEA) population. The efficacy analysis results showed 
that 27% of the control group participants received allo-
genic blood compared with 17% of the Hemolink group 
participants.

Furthermore, the Hemolink group required lesser quanti-
ties of allogenic blood or blood products. There was a delay 

in the time to transfusion of allogenic blood in the Hemolink 
group. Upon completing the Phase III trial in the second 
quarter of the Year 2000, Hemosol filed a marketing authori-
zation application with the UK Medicines Control Agency 
and Health Canada, but approval was declined. The regula-
tory authorities requested additional studies to supplement 
the information in the clinical experience section. The Phase 
III trial results are yet to be published in a peer-reviewed 
journal [15, 20].

 Discontinuation of Clinical Trials

Hemosol Incorporated commenced the US Phase III CABG 
Trial in the fourth quarter of the Year 2000. The FDA later 
requested an amendment to the clinical trial protocol for 
Hemolink to strengthen the efficacy analysis. As a result of 
the discussions with the FDA, Hemosol Incorporated sus-
pended their ongoing Phase III trial to develop a more com-
prehensive Phase II CABG trial in the US, which would 
provide grounding for the resumption of the Phase III clini-
cal trial protocol for Hemolink. The FDA subsequently 
approved four other Phase II clinical trials for Hemolink. 
The trials included Hemolink in re-do CABG surgery, 
chemotherapy- induced anemia, patients undergoing high 
blood loss orthopedic surgery, and patients with severe acute 
anemia for whom red cell transfusion was not a therapeutic 
option. In March 2003, the Data and Safety Monitoring 
Board (DSMB) of the Phase II-Primary CABG trial in the 
US notified Hemosol Incorporated that it had observed an 
imbalance in the incidence of cardiac adverse events in the 
Hemolink group. Hemosol Incorporated elected to suspend 
all Phase II clinical trials involving the use of Hemolink 
pending an internal and external safety analysis audit. Based 
on the audit reports, Hemosol Incorporated concluded that 
further pre-clinical studies of Hemolink were imperative 
before re-commencing the clinical trials [20].

 Lessons Learned

Despite substantial sponsored-research investments by the 
National Institutes of Health, industries, and militaries in the 
1980s and 1990s to develop oxygen therapeutic agents, none 
of the products are currently approved for clinical use in 
North America or Europe [21]. However, the vast amount of 
research on these agents has added to the body of knowledge 
in this field [21].

Although decades of modern research have shown differ-
ences in the oxygen transport and tissue oxygenation proper-
ties between oxygen therapeutic agents and allogenic blood, 
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clinical comparison of these two compounds has potential 
challenges. The adverse events related to allogenic blood 
transfusion happen infrequently. Hence a large population of 
participants would be required to adequately power a clinical 
study to compare the safety profiles of oxygen therapeutic 
agents and allogenic blood. An option to solve this conundrum 
would be to demonstrate an acceptable safety profile and clini-
cal equivalence of oxygen therapeutic agents to blood in set-
tings where allogenic blood may not be readily available. An 
alternative approach would be to utilize the unique oxygen 
delivery properties of these agents. The goal would be to pro-
vide temporary regional oxygenation in hypoxic or ischemic 
tissue [21]. Animal experiments by Fontes showed that 
machine perfusion with HBOC enriched perfusate appeared to 
be efficacious in improving the condition of prolonged cold 
ischemic liver grafts before transplantation [22]. Subsequently, 
the first human liver transplantation after machine perfusion 
with HBOC has been performed [23].

At the macro-circulation, viscosity is an essential deter-
minant of the ability of HBOCs to transport oxygen to the 
tissues. Hemoglobin solutions are much less viscous than 
whole blood. Thus, hemodilution with HBOCs solutions 
lowers whole blood viscosity and systemic vascular resis-
tance. The reduced blood viscosity would potentially 
improve the macro-circulatory flow [24]. The microcircula-
tion, on the other hand, is complex. Flow in this circuit is 
regulated by many factors, including shear stress and the 
local oxygen partial pressure.

The endothelial cells lining the small vessels in the micro-
circulation sense shear stress. Shear stress is directly propor-
tional to viscosity and colloid oncotic pressure [25]. A 
reduction in the shear stress in the microcirculation triggers 
endothelial cells to down-regulate nitric oxide production [26, 
27]. Theoretically, HBOCs with high colloid oncotic pressure 
would be expected to maintain flow in the microcirculation. 
The assumption is that the hemodilution effect of HBOCs 
would balance the high colloid osmotic press [28, 29]. When 
HBOCs are normalized for hemoglobin concentration, the 
polymerized hemoglobin tetramers have lower colloid oncotic 
pressure than those consisting of stabilized hemoglobin tetra-
mers or surface conjugates. Thus, polymerized hemoglobin 
tetramers may have reduced efficacy in maintaining microcir-
culation flow when only shear stress is considered.

Researchers have established that terminal arterioles reg-
ulate the microcirculation flow in response to the partial 
pressure of oxygen to match the tissue’s oxygen demands 
[30]. Paradoxically, increased oxygen delivery to the termi-
nal arterioles triggers vasoconstriction [29–31]. Factors that 
determine oxygen delivery to the [31–33] terminal arterioles 
include the blood’s oxygen content, hemoglobin ability to 
unload oxygen, and oxygen’s ability to diffuse from the 
hemoglobin molecule to the vascular endothelium. The dif-
fusion coefficient of a molecule is inversely related to its 

molecular radius [32–34]. Accordingly, HBOCs with smaller 
molecular radii, and presumably higher diffusion coeffi-
cients for oxygen, have been shown to produce vasoconstric-
tion and limit blood flow to distal capillary beds [34–36]. 
Experimental models suggest that the diffusion property of 
an HBOC is a significant contributor to its vasoactivity com-
pared with its oxygen affinity, P50 [34–36]. These studies 
suggest that an HBOC with high viscosity, high colloid 
osmotic pressure, and large molecular radius is less likely to 
trigger a vasoconstrictive response, thus improving flow and 
oxygen delivery to the capillary beds.

The modern safety concerns of HBOCs have been mainly 
attributed to their vasoactivity and systemic pressor effect 
[37]. The vasoactive and systemic pressor effects were 
mainly attributed to the nitric oxide scavenging theory in ear-
lier times. It was postulated that HBOCs with large molecu-
lar weights would not readily extravasate into the 
subendothelial space to bind to nitric oxide to cause unop-
posed vasoconstriction. Subsequently, this hypothesis was 
challenged when significant vasoconstriction effects were 
observed in PolyHeme and Hemopure, composed almost 
entirely of higher-order polymers of hemoglobin with mini-
mal residual tetramer [38].

In conclusion, the profound insight into the pharmaco-
logical properties of oxygen therapeutic agents, made possi-
ble related to previous generations’ failure, has been a silver 
lining. Although past failure modulates optimism, the more 
recent agents are promising as they are specifically designed 
to supply ischemic or hypoxic tissue with oxygen [21]. It is 
still too early to determine if these newer-generational prod-
ucts will succeed. However, the scientific advances made in 
their development will undoubtedly advance the field of oxy-
gen therapeutics towards ultimate success in blood substi-
tutes, to the benefit of the population.

Key Points
• The use of allogenic blood is common worldwide; its 

associated risks and periodic shortages have spurred the 
development of “substitutes”, particularly hemoglobin- 
based oxygen carriers (HBOCs).

• Hemolink was a unique hybrid HBOC. It was composed 
of stabilized tetrameric human hemoglobin A units, which 
were cross-linked with o-raffinose polyaldehyde to form 
polymers.

• Despite Hemolink’s observed potential in clinical trials in 
the UK and Canada, its adverse vasopressor effects 
became more apparent with increased cardiac events in 
the US clinical trials.

• Emerging theories on the pathophysiology of the vascular 
complication of HBOCs suggest the microcirculation 
dynamics play a more important role than the nitric oxide 
scavenging hypothesis.
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• There is cautious optimism that the new generation of 
HBOCs will succeed, given the vast body of knowledge 
accumulated on their pharmacological properties.
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PolyHeme: History, Clinical Trials, 
and Lessons Learned

Alexis Cralley and Ernest Moore

 Product Development of PolyHeme

PolyHeme was the first human polymerized hemoglobin 
(Hb) product evaluated in severely injured patients, and was 
intended for use when stored red blood cells (RBCs) would 
be unavailable. The product was produced by Northfield 
Laboratories (Evanston, IL) and development began as early 
as 1969 through collaboration with the United States Army 
(although Northfield Laboratories was not officially founded 
until 1985) [1].

Creation of PolyHeme began with the collection of expired 
human blood. The blood is washed using pyrogen- free water 
resulting in lysis of the red blood cells. Further filtration 
results in the separation of the RBC membrane and com-
ponents (stroma) from the Hb molecules. At this stage the 
resulting product is stroma free Hb (SFH) [2–4]. Northfield 
Laboratories chemical modification of SFH involved a 2-step 
process that began with pyridoxylation, followed by polyer-
mization of the Hb molecules [5]. First, pyridoxal 5-phos-
phate was added to the SFH solution in a 4:1 molar ratio. The 
mixture was deoxygenated through nitrogen gas exchange. 
As oxygen is removed, sodium borohydride is added to the 
solution and the reaction is allowed to proceed for 2–4 hours 
resulting in pyridoxalated Hb [4]. The pyridoxylation of SFH 
product increases the P50 from 12–14 mm Hg to 20–22 mm 
Hg, offsetting the increased oxygen affinity that occurs fol-
lowing the loss of 2,3- diphosphoglycerate during RBC 
lysis. Pyridoxylation allows for improved unloading of oxy-
gen at capillary beds compared to SFH.  Early pre-clinical 
models using primates and transfusion exchange showed 
that Northfield’s pyridoxylated Hb successfully resulted in 

increased venous PO2 and improved unloading of oxygen at 
higher tissue PO2 levels compared to SFH [6].

The next step, polymerization of the SFH-P molecules pre-
vented dissociation of the tetrameric Hb, and the associated 
side effects reported in the 1978 clinical trial by Savitsky [7], 
and also served to raise the Hb concentration while decreas-
ing the colloid oncotic pressure to a physiological tolerable 
level [6]. Northfield used glutaraldehyde to create intermo-
lecular crosslinking of Hb molecules. Polymerization was 
allowed to occur until the measured colloid oncotic pres-
sure decreased to the desired physiologic levels. Following 
polymerization, all unreacted tetramer was removed result-
ing in a final pure polymerized stroma free pyridoxylated Hb 
solution (Poly-SFH-P) [5, 8, 9]. Northfield published limited 
preclinical animal studies prior to embarking on clinical tri-
als. However, they showed that when used in exchange trans-
fusion in primates, PolyHeme successfully delivered oxygen 
at a variety of hematocrit ranges. Importantly, this was 
effective at clinically relevant low hematocrit levels, includ-
ing lethal levels of near zero hematocrit, and did so without 
evidence of vasoconstriction or renal dysfunction associated 
with SFH [10, 11]. For their clinical trials Northfield final-
ized their PolyHeme product to be comparable to the amount 
of Hb received in 1 unit of pRBC transfusion, the properties 
of the 500 mL unit of PolyHeme are shown in Table 30.1.
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Table 30.1 Characteristics of 1 unit Polyheme

Volume 500 mL
Total Hemoglobin Mass 50 g
[Hb] 10 g/dL
Molecular Weight (>64 kDa) 99%
P50 26–32 mm Hg
Tetramer ≤1.0%
Methemoglobin % <8
t1/2 24 h
Shelf Life at 4 °C >1.5 year
Shelf Life at 21 °C 6 weeks
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 Phase I Clinical Trials

The first open-label, dose escalation safety study occurred at 
a single site in 22 health male volunteers. Subjects received 
doses ranging from 9.2 to 61.2  g of PolyHeme injections, 
resulting in plasma Hb levels from 174 mg/dL to 1.211 g/
dL. No clinically meaningful changes in hemodynamics or 
unwanted systemic side effects were detected or attributed to 
PolyHeme, supporting the tolerable safety profile of the prod-
uct [12]. Following evaluation in healthy subjects, 10 male 
and female adult trauma subjects were enrolled at a single 
center and treated with one unit of PolyHeme instead of one 
unit of pRBC. The one unit of PolyHeme increased plasma 
Hb by 1.3  ±  0.5  g/dL.  Significant changes in vital signs, 
hematology, chemistry and urinalysis were not detected and 
the one unit of PolyHeme was well tolerated [12]. These 
Phase I clinical trials were completed in 1991 [13].

 Phase II Clinical Trials

The first phase II clinical trial to assess the potential thera-
peutic benefits of PolyHeme in patients suffering acute blood 
loss was conducted at Denver Health Medical Center [14]. 
This prospective, nonrandomized, open label trial enrolled 
39 adult trauma patients who provided informed consent to 
receive either 1, 3, or 6u of PolyHeme. The infusion rate of 
PolyHeme ranged from 1u in 175 minutes to all 6u in 20 min-
utes. For the 8 subjects who received all 6 units of PolyHeme, 
their average pre-infusion Hb concentration was 9.7 ± 2.6 g/
dL. The addition of 6 of PolyHeme during active blood loss 
resulted in total Hb levels of 7.5 ± 1.2 g/dL, even though the 
RBC Hb concentration fell to 2.9 ± 1.2 g/dL, reflecting the 
balance between active blood loss and Hb administration. In 
these patients the plasma Hb concentration provided by 
PolyHeme rose from 0 to 4.8 ± 0.8, supporting PolyHeme’s 
efficacy to serve as a safe pRBC alternative for up to 6u. 
Over half of the subjects (n = 23, 59%) received PolyHeme 
only without any additional blood product transfusions, 
demonstrating PolyHeme’s ability to reduce the need for 
allogenic blood product for patients who require only 
1–2 units of blood. Safety assessment, including patient tem-
perature, mean arterial pressure, heart rate, and creatinine 
clearance, were measured over a 3  day monitoring period 
and did not significantly change from baseline.

The first randomized, prospective open labeled clinical 
trial comparing the efficacy and safety of PolyHeme against 
pRBC occurred at two Level 1 trauma centers, Denver 
Health Medical Center and at the University of California at 
San Diego [15]. 44 adult patients who sustained acute blood 
loss following trauma or operation and had an urgent need 
for transfusion were enrolled. The control group received 
allogenic blood immediately while those randomized to the 

experimental group received up to 6u of PolyHeme initially 
during the period of hemorrhage. Any additional transfusion 
requirements in the PolyHeme group were completed with 
allogenic transfusion as needed. At the end of the infusion 
period the experimental group had an average RBC Hb con-
centration of 5.8 ± 0.5 g/dL compared to 10.6 ± 0.3 g/dL in 
the control group, however the total Hb between the experi-
mental and control groups was not statistically different due 
to the additional plasma Hb concentration (4.4 ± 0.3 g/dL) 
provided by the PolyHeme solution. The PolyHeme group 
required significantly less allogenic blood units through the 
first 12 and 24 hours as shown in Table 30.2, resulting in a 
reduction of allogenic blood transfusions by 4u over the 
3  days of monitoring. Overall this first randomized trial 
demonstrated PolyHeme’s ability to not only serve as an 
acceptable short term blood substitute to maintain Hb con-
centrations, but also supported PolyHeme’s ability to reduce 
allogenic blood utilization, this time in ongoing bleeding 
patients [15].

The first trial that increased the potential available 
PolyHeme dose to 20 units was an open label, nonrandom-
ized, multicenter trial completed in 2002 [16]. A total of 171 
patients provided informed consent to receive up to 20u of 
PolyHeme for the treatment of surgical blood loss. The pri-
mary outcome was 30  day mortality in patients receiving 
PolyHeme compared to a single institution historical control 
group of 300 consecutive surgical patients. The historical 
control group consisted of patients who declined blood trans-
fusion for religious preference and developed anemia and Hb 
<8 during surgery. Mortality increased as Hb decreased for 
both patients cohorts, and at Hb levels ≤5.6 g/dL mortality in 
the PolyHeme group was significantly reduced compared to 
the controls (Fig.  30.1). Furthermore, in a subgroup of 
patients who had progressive, rapid blood loss resulting in 
RBC Hb concentrations below 3 g/dL, the PolyHeme trans-
fusions resulted in acceptable total Hb concentration >7 g/
dL. The mortality rate for the PolyHeme subgroup was 25% 
(10/40), compared to 64.5% (20/31) in the historical control 
group. Furthermore, at RBC Hb levels at 2 g/dL or less there 
were no survivors in the historical control group, while the 
PolyHeme group had a survival rate of 75% (9/12) in patients 
whose RBC [Hb] dropped to <1  g/dL.  This trial demon-
strated PolyHeme’s ability to prevent life-threatening ane-
mia and improve survival during massive hemorrhage when 
allogenic blood products are unavailable. Northfield 
attempted to receive FDA clearance following the results of 

Table 30.2 Red blood cell units required

Time Control Experiment p-value
Infusion 4.9 ± 1.4 0 p < 0.05
1st 12 hours 9.5 ±  4.2 5.2 ± 4.4 p < 0.05
1st 24 hours 10.4 ± 4.2 6.8 ± 3.9 p < 0.05
Through Day 3 11.3 ± 4.1 7.8 ± 4.2 p = 0.06
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this trial, however, the FDA returned the application, citing 
that the product had not yet been tested in ambulance and 
prehospital settings where it would likely be employed [17].

 PolyHeme’s Immunoinflammatory Effect 
Compared to Stored RBCs

Throughout these early clinical trials the Denver Health 
Medical Center investigator group led by Dr. Ernest Moore 
also focused on evaluating PolyHeme’s use as an RBC prod-
uct alternative to decrease the rate of multiple organ failure 
(MOF) in acutely injured trauma patients. The DHMC group 
was particularly interested in the pro-inflammatory effects of 
stored RBCs and their capacity to induce MOF through neu-
trophil cytotoxicity following transfusion [18]. They had 
previously identified that stored RBCs contain inflammatory 
cytokines and lipids resulting in high levels of polymorpho-
nuclear leukocytes (PMNs) primed to release cytotoxic prod-
ucts. They found that 6 or more units of pRBCs transfusions 
during resuscitation was an independent risk factor for the 
development of MOF [19]. During their PolyHeme clinical 
trials they conducted in vivo and vitro studies comparing the 
effects of stored RBCs vs PolyHeme product on isolated 
PMNs and vascular endothelium. In vitro findings showed 
that stored RBCs resulted in endothelium activation and leu-
kocyte superoxide production and elastase release while 
PolyHeme did not produce these proinflammatory effects 
[20]. In their PolyHeme clinical trials they measured cyto-
toxic priming during the first 120  hours after infusions of 
pRBCs or PolyHeme. They found that the levels of PMNs 
primed for cytotoxicity in the group that received pRBCs 
was twice as high as the PolyHeme cohort [21]. Additionally, 

patients who received pRBCs had significantly higher levels 
of proinflammatory cytokines [22]. They found that of 20 
subjects who received PolyHeme for initial resuscitation, 
only 15% developed MOF compared to a predicted inci-
dence of 37% in this acutely injured population [20]. Their 
identification of the pro-inflammatory side effects of stored 
RBCs and the increased associated with MOF after 6 units of 
stored pRBC transfusions were a key stimulus in formulating 
the Phase III clinical trial design.

 Phase III Clinical Trials

The final, phase III, multicenter randomized, controlled 
open-label trial initiative begin in 2003. The study employed 
an exception of informed consent waiver which was granted 
under FDA regulation 21CFR§50.24. Enrollment occurred 
from January 2004 through July 2006 at 29 level 1 trauma 
centers, reaching a total enrollment of 720 patients [23]. 
Adult subjects who met the inclusion criteria of acute blood 
loss from trauma with class III hemorrhagic shock were 
enrolled and randomized in the field. Control patients 
received standard of care (crystalloid in the field and allo-
genic blood products as needed at the level one trauma cen-
ter). The experimental cohort received PolyHeme in the 
field could receive up to 6u of PolyHeme during the first 
12 hours postinjury at the level 1 trauma center. Allogenic 
blood was transfused as needed after the sixth unit of 
PolyHeme or if the 12 hour treatment window had passed. 
This important 12 hour window allowed for sufficient time 
to transfuse PolyHeme product in patients with short trans-
port times, and also allowed for the secondary evaluation of 
patients who met massive transfusion requirements of 
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Fig. 30.1 30-Day mortality 
of Polyheme vs Historical 
controls. Mortality was 
significantly less in the 
Polyheme group when the 
RBC [Hb] ≤5.6 g/dL. (From: 
Gould, et al. [16]; with 
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needing 6 or more units of a Hb carrying solution and were 
thus at high risk for MOF.

The study was powered for a superiority and noninferior-
ity assessment of Day 30 mortality. The superiority hypoth-
esis stated that PolyHeme patients would have a 7% lower 
mortality compared to the control patients, and the noninfe-
riority hypothesis stated that PolyHeme patients would have 
no more than 7% higher mortality than the control group. 
Secondary endpoints included day 1 mortality rate, mortality 
comparison of penetrating vs blunt injuries, total allogenic 
blood use, and the incidence of multiple organ failure by day 
30. Overall, 590 patients were treated per protocol. Day 30 
mortality was not significantly different between the groups 
(p = .196): 13% in the PolyHeme group (46/349) compared 
to 10% in the control group (36/365). Day 1 mortality was 
also not significantly different between the two groups; how-
ever, in the per protocol analysis the median time to the first 
blood transfusion was 14.1  hours in the PolyHeme group 
compared to 1.5 hours in the control group [23]. The delay in 
blood product transfusion without differences in mortality 
rate reflects PolyHeme’s clinical ability to prolong survival 
in setting of delayed RBC transfusion. Additionally, expo-
sure to stored blood product was significantly reduced in the 
PolyHeme group, with only 43% of the experimental group 
subjects requiring pRBCs compared to 52% in the control 
group (p < 0.001). Since the overall study enrolled a mix of 
trauma patients and was not specific to severely injured 
patients (only half of the control subjects required blood 
transfusions, and only 34% had massive transfusion require-
ments of 6 or more units), the incidence of MOF was overall 
low and not significant between the two groups. Of those 
patients who developed MOF all but five received at least 6u 
of pRBCs (18/20 Control, 23/26 PolyHeme).

Another adverse event of particular importance for this 
study was the rate of myocardial infarctions (MI). In 2008, a 
JAMA meta-analysis reported an increased risk of MIs asso-
ciated with all Hb blood substitutes, including PolyHeme 
[24]. For this clinical trial the initial investigator reported 
MIs were higher in the PolyHeme group (11 vs 3, p < 0.05) 
and none were considered “possibly” or “probably” related 
to PolyHeme administration. A blinded, independent Cardiac 
Event Subcommittee performed a post hoc analysis to adju-
dicate the rates of cardiovascular adverse events in the study. 
The subcommittee’s independent review identifying “possi-
ble” and “probable” MIs resulted in greater than 50% of 
patients in each group having some evidence of MI. Ultimately 
their review could not find an association of adverse cardio-
vascular events (elevated cardiac markers, abnormal EKGs, 
and MIs) to the use of PolyHeme [23, 25].

Following the results of the Phase III trial Northfield 
Laboratories submitted for FDA approval of PolyHeme. 
However, for the noninferiority analysis only the per proto-
col analysis (n  =  590) had the confidence interval range 

below the prespecified 7% cutoff, while the per treated anal-
ysis (n = 714) the confidence interval exceeded the 7% cut-
off. In the per protocol analysis, 124 subjects were removed 
from the analysis due to eligibility violations or treatment 
protocol violations. Unfortunately, in May 2009 the FDA 
refused to approve PolyHeme for clinical use citing the 
inability to meet the predetermined cutoff in the Per 
Treatment analysis [17].

 Ethical Issues and Lessons Learned

Northfield’s final PolyHeme clinical trial left two lasting 
controversial questions in the trauma research field: first, 
when and how should Waiver of Informed Consents be used 
for trauma studies? and second, what should the ideal pri-
mary endpoint be for evaluating novel trauma interventions 
in heterogenous populations?

In regards to the first topic of using an informed consent 
process for trauma research, the PolyHeme Phase III Clinical 
Trial drew national scrutiny. The Exception for the require-
ment of informed consent (21 CFR 50.24) was released in 
1996 and required several key requirements, all of which the 
trial met including rigorous community consultation [26]. 
However, controversy regarding the use of the Final Rule for 
the clinical trial was fueled by critics who argued that 
because trauma centers have the ability to provide allogenic 
blood, the experimental group should have received the 
available allogenic blood as standard of care and should not 
have been limited to 6u of PolyHeme first during the first 
12 hours after injury. However, this criticism is based on the 
assumption that allogenic blood transfusions are an accept-
able standard of care, and that PolyHeme’s clinical indica-
tion was targeted only for use when red blood cells are not 
available. National media coverage failed to understand the 
purpose of the 12 hour time period which was necessary to 
simulate a delay in access to allogenic blood, a problematic 
scenario in military and rural environments, but not common 
to urban level one trauma centers. In this study the median 
time to arrival at the treatment facility for both cohorts was 
26  min [23], reflecting robust trauma care systems and 
resource abundant environments. Had the treatment phase 
been limited only to prehospital care and all patients were to 
immediately receive allogenic blood upon arrival at a treat-
ment facility within 26 minutes, the data would have been 
confounded by the ability of a resource rich environment to 
provide sufficient blood to all patients in a timely fashion. 
Additionally, the secondary endpoints of evaluating 
PolyHeme’s potential to reduce allogenic blood transfusions 
and the incidence of MOF overall would not have been fea-
sible had all patient’s been eligible to received allogenic 
blood as early as 26  minutes after injury. Unfortunately, 
national coverage regarding the use of the waiver of consent 
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clouded the scientific rationale of the study design. The study 
protocol based on the 12 hour treatment phase was ultimately 
deemed a successful and ethically sound design to evaluate 
PolyHeme’s ability to serve as an acceptable Hb carrying 
substitute when allogenic blood is not readily available.

Lastly, the failure to meet the prespecified statistical 
marker for the noninferiority analysis of 30 Day mortality 
raises questions regarding the appropriate endpoint of novel 
trauma interventions intended for prehospital or even early 
in hospital use. Field resuscitation interventions should ide-
ally prolong survival so that patients will reach the definitive 
medical treatment facility, but these interventions may have 
limited effect on long term survival when not viewed in the 
context of the appropriate patient population. The severity of 
trauma injuries can be broken down into 3 categories: surviv-
able injuries regardless of treatment, nonsurvivable injuries 
regardless of treatment, and potentially survivable injuries in 
which the use of timely, critical interventions will determine 
the survival outcome [17]. Evaluating novel interventions in 
the first two categories of patients will not provide the appro-
priate cohort to conclude efficacy. In the phase III clinical 
trial the overall mortality rate was only 13% (86/714), and 
half of the control group did not require any blood compo-
nents in the first 12  hours [23], reflecting a population in 
which PolyHeme would not be indicated for. Thus, the entire 
study cohort included in the Per Treatment analysis may not 
have been an accurate reflection of the target population that 
could benefit from the early use of PolyHeme. A post-hoc 
analysis performed after the clinical trial showed that 
PolyHeme subjects had significant prolonged survival during 
the first 8 hours postinjury (Fig. 30.2) [17]. Perhaps a more 

targeted primary endpoint such as time to survival may have 
been a better marker of efficacy for the PolyHeme product’s 
intentions; however, the ideal end point for specific trauma 
interventions continues to remains a controversial topic with 
the FDA and trauma researchers today [27].

While no Hb blood substitutes have yet been FDA 
approved for treatment of trauma patients in the US the 
future remains hopeful. There is currently a Department of 
Defense supported trial underway in South Africa evaluating 
the use of Hemopure®, a bovine Hb solution manufactured 
by Hemoglobin Oxygen Therapeutics LLC (Souderton, PA). 
Hemopure® is already approved in South Africa for treating 
anemia in adult surgical patients, however this clinical trial 
will enroll on 1400 trauma patients who would be eligible to 
receive Hemopure® in the prehospital setting [28]. Perhaps 
this clinical trial can avoid the pitfalls that plagued the 
PolyHeme USA prehospital trial and perhaps Hb blood sub-
stitutes will once again find themselves on US ambulances.

 Summary

PolyHeme’s brief 25 year development period can serve as 
lessons learned for future novel trauma interventions on the 
road to FDA approval. While the clinical trials supported the 
safe, effective use of PolyHeme to delay the need for and 
decrease the total number of allogenic blood transfusions 
needed in trauma patients, the product was ultimately unsuc-
cessful in achieving FDA clearance after failing to meet a pre-
specified 30 day mortality rate. There still remains a significant 
need for not only oxygen carrying red blood cell alternatives 
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products, but any interventions or products that can prolong 
prehospital survival in severely injured trauma patients who 
require definitive, but potentially delayed medical care. Yet 
these scenarios, such as military casualties, mass casualties, 
or environmental disaster settings are not easily incorporated 
into the clinical trial processes and trauma researchers must 
continue to develop novel clinical trial protocols similar to the 
PolyHeme trials that allow the successful extrapolation of 
results to these specific populations.

Key Points
• PolyHeme was the first Hb product intended for use in 

trauma patients when RBC would be unavailable
• 500 mL of PolyHeme is comparable to 1 unit of pRBC, 

providing 10 g/dL of Hb
• In the Phase II Clinical trial to historical controls subjects 

who received PolyHeme in lieu of pRBCs and had RBC 
[Hb] <1 g/dL had a survival rate of 75%

• When compared to pRBCs, PolyHeme results in less 
cytotoxicity and proinflammatory side effects, potentially 
reducing the risk of MOF in trauma patients

• The Phase III Clinical trial testing PolyHeme in the pre-
hospital setting ultimately failed to meet the prespecified 
noninferiority goal of no more than 7% higher mortality 
than the control group, resulting in rejection of its FDA 
approval
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Clinical Evaluation of MP4CO: A Phase 
1b Escalating-Dose, Safety 
and Tolerability Study in Stable Adult 
Patients with Sickle Cell Disease

Peter E. Keipert 
and For the MP4CO-SCD-105 Study Investigators

 Introduction

The hallmark of Sickle Cell disease (SCD) remains painful 
vaso-occlusive crises (VOC), yet to date no agent has been 
approved to treat these acute ischemic events [1]. MP4CO, 
developed by Sangart Inc. (San Diego, CA), is a hemoglobin- 
based carbon monoxide (CO) delivery agent and oxygen 
therapeutic that has shown potential in non-clinical studies to 
prevent and reverse red blood cell (RBC) sickling. MP4CO 
has exhibited anti-adhesive, anti-inflammatory, anti-oxidant, 
and anti-apoptotic properties at circulating CO-hemoglobin 
levels <10 % [2]. These protective effects are expected to 
limit progression of vascular occlusion and mitigate the con-
sequences of ischemic tissue damage and inflammation. The 
beneficial effects of MP4CO have been ascribed to five 
mechanisms: (1) down-regulation of ICAM-1, VCAM-1 and 
NF-kB, (2) upregulation of Heme-Oxygenase-1 and Nrf2 
leading to increases in anti-inflammatory mediators, biliver-
din and CO, (3) delivery of oxygen to ischemic tissues, (4) 
intravascular volume expansion and improved perfusion of 
ischemic tissue, and (5) potential to prevent and reverse 
polymerization and sickling of RBCs [3, 4].

The investigational product, MP4CO, is pegylated human 
hemoglobin saturated with CO, and formulated at 4.3 g/dL in 
physiological acetate electrolyte solution. MP4CO is hyper-
oncotic (colloid osmotic pressure [COP] ~70 mmHg) with a 
high affinity for oxygen (P50 ~5 mmHg), resulting in the 
release of oxygen at low pO2 to target delivery of oxygen in 

capillaries and ischemic tissues [5]. The aim of this Phase 1b 
first-in-man study was to evaluate safety of escalating-doses 
of MP4CO in adult patients with Sickle Cell disease not 
experiencing a painful VOC at the time of treatment [6].

 Methods

We conducted a double blind, comparator controlled, dose- 
escalation, multi-center Phase 1b study at five sites in four 
countries [7]. Adult Sickle Cell patients with HbSS or S/β0 
Thal genotype, at least 18 years of age, who were clinically 
stable (not experiencing a VOC at the time of testing) and 
met all eligibility criteria were randomized to receive either 
MP4CO or normal saline (NS) in a sequential series of six 
escalating dose cohorts (A–F). In each cohort, three patients 
received MP4CO (Treatment) and one patient (Control) 
received normal saline (NS) to maximize the number of 
treated patients receiving investigational product. Single IV 
dose cohorts A–D received: (A) 15 or (B) 43 mg/kg (0.35 or 
1.0 mL/kg) at 25 mL/min, (C) 86 or (D) 172 mg/kg (2.0 or 
4.0 mL/kg) infused over 2 h. Cohorts E and F received frac-
tionated doses totaling 172 or 344 mg/kg (4.0 or 8.0 mL/kg), 
administered as two IV infusions of 2.0 or 4.0 mL/kg given 
24 h apart.

Safety assessments occurred at 24 (±4 h), 48 (±4 h), and 
72 h (±1 day) after dosing, followed by visits at Day 7 (±1 
day) and a safety follow-up at Day 28 (+5 days). Serious 
adverse events (SAEs) were monitored until Day 28. Safety 
evaluations included physical examinations, vital signs, 
pulse oximetry, Holter ECGs, transesophageal echocardiog-
raphy (TEE) to measure tricuspid regurgitation jet velocity 
(TRJV) for estimating pulmonary artery systolic pressures, 
venous blood co-oximetry, free plasma hemoglobin, pain 
levels by Visual Analogue Scale (VAS), lab assessments 
(blood chemistry and hematology), and adverse events 
(AEs). Laboratory, hematology and chemistry parameters 
were summarized using descriptive statistics at baseline 
(BL) and at each post-BL time point. Safety data from base-
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line through Day 7 for all four patients enrolled within each 
cohort were reviewed by an unblinded, independent, medical 
monitor before proceeding to the next higher dose level.

 Results

In total, 24 patients (of 25 randomized) were dosed, out of 35 
screened. Patients were 54 % male, with an average age of 30 
years (range: 18–51) and an average weight of 65 kg (range: 
53–79). There were no clinically notable changes from BL, 
and no between-group differences observed in the clinical 
chemistry parameters evaluated, which included the follow-
ing: albumin, liver enzymes (alanine amino-transferase 
[ALT], aspartate aminotransferase [AST], and gamma- 
glutamyl transferase [GGT]), pancreatic enzymes (amylase, 
lipase), electrolytes, glucose, serum bilirubin, creatinine, 
urea levels, and cardiac Troponin-I.

Overall, 16/24 patients (66.7 %) reported mild to moder-
ate AEs; with 13/18 (72 %) in the MP4CO group vs. 3/6 (50 
%) in NS Controls. The most frequent AE that appeared to be 
treatment-emergent was headache (see Table  31.1 for full 
listing of most common AEs reported in >2 patients). No 
SAEs were experienced, and no deaths occurred.

Vital signs, ECG readings, standard laboratory values and 
pulmonary pressures remained within normal limits. There 
was no evidence of hypertension due to vasoconstriction, 
based on systolic and diastolic blood pressure data (see 
Fig. 31.1).

A dose-related increase in venous CO-Hb levels was seen 
in the higher dose MP4CO cohorts (D–F), where CO-Hb 

increased by 1–2 % (absolute) after each dose and then nor-
malized to pre-dosing levels by 8 h. There were no notable 
changes observed in methemoglobin levels. Low levels of 
free plasma hemoglobin were seen at baseline in all MP4CO 
groups and in NS controls, ranging from 0.08 to 0.13 g/
dL. In MP4CO patients in cohorts C and D, plasma hemo-
globin doubled at Hour 2, to mean levels of 0.20–0.35 g/
dL. Peak plasma hemoglobin at 2 h after Dose 2 in MP4CO 
patients in cohort F reached a mean level of 0.41 g/dL.

Neither the MP4CO nor the NS group showed evidence 
of increased hemolysis, based on evaluating markers of 
hemolysis (i.e., total hemoglobin, reticulocyte count, lactate 
dehydrogenase [LDH] and total bilirubin). There were no 
notable between-group differences in mean values or ranges 
for hematological parameters, including WBCs and differen-
tials (neutrophils, monocytes, lymphocytes, basophils and 
eosinophils), platelet counts, RBCs, hematocrit, and RBC 
morphology (MCH, MCHC, MCV).

There were no new treatment-emergent ECG abnormali-
ties observed that were not already present at Baseline prior 
to dosing. There was no evidence of adverse cardiac effects 
or arrhythmias, and no exacerbation of any pre-existing 
abnormalities. TRJV results, assessed by noninvasive TTE, 
was similar in MP4CO and NS groups (see Fig. 31.2), sug-
gesting the absence of any clinically significant increase in 
pulmonary artery systolic pressure after administration of 
MP4CO or NS.

There was no symptomatic or clinical evidence of renal 
dysfunction in either group based on serum creatinine and 
urine albumin levels. There were no notable dose effects 
seen, or any obvious between-group differences in urine 
albumin, urine β2-Microglobulin (β2M) and N-acetyl-β-D-
glucosaminidase (NAG) levels during the study (i.e., com-
pared to mean values for all six Control patients combined). 
Two MP4CO-treated patients exhibited elevated levels of 
urinary β2M and NAG at Hour 72 that normalized at follow-
 up visits. Both patients also had intercurrent illnesses; one 
(cohort E) had an active mild VOC) during the study, and one 
(cohort F) was found to have influenza with pyrexia, rhinor-
rhea and cough. Both 72-h urine samples were analyzed fur-
ther for Kidney Injury Molecule-1 (KIM-1) and neutrophil 
gelatinase-associated lipocalin (NGAL) levels, which were 
found to be normal. This suggests that the elevations of β2M 
and NAG were likely due to the inflammatory processes 
(corroborated by elevated C-reactive protein [CRP] levels) 
and not specifically due to renal tubular injury.

The majority of the VAS measurements collected at 
screening, BL, post-dosing and daily thereafter were zero 
(no pain), or only negligibly elevated. Four patients had 
 transiently elevated VAS pain scores. One NS control patient 
reported a VAS score of 37 mm (on a scale from 0 to 100 

Table 31.1 Most common adverse events (reported in >2 patients)

Adverse event: 
preferred term

MP4CO  
(n = 18)
Ta n

NS (n = 6)
Ta n

Total (N = 24)  
Ta N

Headache 17 9 (50 %) 1 1 (17 %) 18 10 (42 
%)

Fatigue 10 7 (39 %) 2 1 (17 %) 12 8 (33 %)
Rash (Holter 
application sites)

5 5 (28 %) 0 0 5 5 (21 %)

Back pain 10 3 (17 %) 0 0 10 3 (13 %)
Dizziness 3 3 (17 %) 0 0 3 3 (13 %)
Nausea 3 3 (17 %) 1 1 (17 %) 4 4 (17 %)
Musculoskeletal 
chest pain

3 3 (17 %) 1 1 (17 %) 4 4 (17 %)

Pain in extremities 2 2 (11 %) 3 2 (33 %) 5 4 (17 %)
Arthralgia 4 2 (11 %) 1 1 (17 %) 5 3 (13 %)
Cough 2 2 (11 %) 1 1 (17 %) 3 3 (13 %)
Infections and 
Infestations

2 2 (11 %) 1 1 (17 %) 3 3 (13 %)

aT = Total # of reported cases for each AE. n = # of patients with at least 
one report of an AE. Percentages are based on number of patients in 
Safety Population/treatment group and in total N
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mm) at 24 h after dosing. Similarly, one MP4CO-treated 
patient in cohorts D, E and F had VAS scores that briefly 
peaked to 30, 20 and 28 mm, respectively, during the study.

 Discussion and Conclusions

The treatment of acute tissue ischemia associated with VOCs 
in patients with Sickle Cell disease represents an indication 
that may benefit from the unique attributes of MP4CO, 
which include: (1) rapid release of a small therapeutic dose 
of CO, (2) increased colloidal osmotic pressure to enhance 
capillary blood flow and tissue perfusion, (3) targeted oxy-
gen delivery in the microcirculation and to ischemic tissues 
after release of the CO, (4) pegylation to prolong circulating 
half-life, and (5) lower concentration of hemoglobin to 
improve safety profile [2].

This study demonstrated minimal evidence of adverse 
effects of MP4CO on cardiac, pulmonary, hepatic, pancre-
atic and renal biomarkers, and no clinical evidence of any 

organ dysfunction or injury. Most AEs reported were consis-
tent with events that are typically seen in patients with Sickle 
Cell disease. Unlike earlier generation hemoglobin-based 
oxygen carriers (HBOCs), neither vasoconstriction nor pul-
monary hypertension was observed in this study. Taken 
together with data from non-clinical mechanism-of-action 
studies, these encouraging safety results suggest that MP4CO 
was well tolerated, and support further testing of MP4CO in 
a larger Phase 2 study for acute therapeutic intervention to 
treat painful VOCs.
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 Introduction

For many decades, scientists have actively pursued develop-
ment of ‘artificial blood’ – seeking a product that is safe, uni-
versally compatible with all blood types, and readily 
available. Despite the safety of allogeneic (donor) blood hav-
ing improved significantly in recent years, the public’s per-
ception of the dangers still associated with allogeneic blood 
remains high, fueled primarily by documented cases of viral 
disease transmission, and fatal hemolytic transfusion reac-
tions due to clerical errors. Furthermore, new viruses and 
prions continue to be discovered and publicized in the media, 
and any of these could end up in the blood supply, where 
they might become a new transfusion risk in the future.

Oxygen therapeutics (typically referred to as ‘blood sub-
stitutes’) are anticipated to play an important role in easing 
the increasingly frequent shortages of donor blood [40]. 
These agents would also avoid several transfusion-related 
safety issues, and could thereby profoundly change the prac-
tice of transfusion medicine in the future. Significant clinical 
development challenges remain, however, since regulatory 
approval of these products for a transfusion avoidance indi-
cation may require that they be proven to be as safe as allo-
geneic blood.

 Emulsion Characteristics

For over 15  years, Alliance Pharmaceutical Corp. (San 
Diego, CA) was developing Oxygent™, a concentrated and 
stabilized second-generation perfluorochemical (PFC) emul-
sion. The optimized formulation contained 60  g PFC/dL 
(~31 per cent v/v) comprised of two active pharmaceutical 
ingredients; perflubron (perfluorooctyl bromide, C8F17Br) as 
the principal PFC and a small quantity of perflubrodec (per-

fluorodecyl bromide; C10F21Br) to stabilize particle size 
growth during storage [39]. To make Oxygent, the PFCs 
undergo emulsification using pharmaceutical-grade egg- 
yolk phospholipid (the same surfactant typically used to 
emulsify other commercial lipid-based emulsion products – 
such as Intralipid™) in a buffered electrolyte solution. Both 
PFCs used in Oxygent have been produced in large-scale 
(metric ton) quantities and are available at pharmaceutical- 
grade purity (> 99.99 per cent) from commercial suppliers. 
The oxygen solubility for the neat PFC used in Oxygent is 
~53 mL/dL per atmosphere, resulting in a net oxygen trans-
port carrying capacity of ~16 mL/dL per atmosphere for the 
60 per cent w/v Oxygent emulsion formulation.

The manufacturing procedures and formulation for 
Oxygent developed and patented by Alliance comprise a sim-
ple, efficient, high-yield process that can produce emulsion 
particles with an average median diameter of 0.16–0.18 μm 
[5], approximately one-fortieth the size of a red blood cell. 
Oxygent was formulated in phosphate-buffered saline with an 
osmolality of 300–310 mOsm/kg, buffered to neutral pH (7.0–
7.2), and had a viscosity of ~4 cPs (25  °C, shear of 1/s). 
Oxygent was terminally heat-sterilized (temperature > 120 °C) 
and was formulated as a ready-to-inject emulsion in 110-mL 
single-use glass vials sealed with a spikable rubber stopper 
and aluminum over seal. Oxygent had a 24-month shelf life 
when stored at normal refrigeration (2–8 °C), but the emulsion 
was stable enough to tolerate exposure at room temperature 
(25–30 °C) for up to several weeks.

 Non-Clinical Safety

The safety of Oxygent was evaluated in over 250 preclinical 
studies in multiple animal species. Extensive toxicology 
studies demonstrated that Oxygent was well tolerated with 
no serious adverse effects at clinically relevant doses 
(approximately 1.0–6.0  mL/kg). These results were con-
firmed in several special safety-related toxicology studies 
performed to assess many different biological parameters, 
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including  systemic hemodynamics, blood components with 
emphasis on hemostasis and platelet function, immune func-
tion and host resistance, and pulmonary function. In addi-
tion, a series of ancillary pharmacology studies demonstrated 
no significant changes in behavioral or physiological evalua-
tions, locomotor activity, gastrointestinal motility, cardiovas-
cular or respiratory evaluations, neuromuscular function, or 
interference with the efficacy of various common anesthetic 
and analgesic drugs.

The most common biological effects observed following 
infusion of PFC emulsions in preclinical studies include (1) 
a short-lived febrile response starting several hours after dos-
ing, and (2) a transient drop in platelet counts at 2–3 days 
post-dosing, but with no adverse effect on hemostasis (i.e., 
platelet function and bleeding time remain normal). The 
mechanisms for both of these effects have been elucidated, 
and are related to the normal clearance of the emulsion par-
ticles from the circulation by phagocytic cells (liver Kupffer 
cells and splenic macrophages) of the RES and to the physi-
cal properties of the emulsion, particularly particle size and 
the choice of surfactant [10]. The clearance of Oxygent par-
ticles from the circulation is dose-dependent, and yields a 
blood half-life of approximately 12 hours, with most of the 
drug being cleared from the blood within 48  hours [28]. 
Once cleared from the blood by macrophages, the surfactant 
is degraded, leaving behind the pure PFC. Since PFC mole-
cules are completely inert they are not broken down in the 
body, reducing any potential for toxicity from metabolic deg-
radation products. Instead, intact PFC molecules simply dif-
fuse slowly from tissues back into blood, where they are 
transported, dissolved in blood lipids, and then eliminated 
from the body over time via expired air [40].

The rate of PFC elimination from tissues depends primar-
ily on vapor pressure and lipid solubility of the PFC [53], and 
the time required to clear PFC from the tissues is essentially 
dose-dependent. Second-generation PFC emulsions based 
on perflubron used PFCs that are more lipid-soluble than the 
original PFCs (e.g. perfluorodecalin) used in earlier first- 
generation dilute PFC emulsions such as Fluosol® and 
Perftoran®. Both the incidence and the magnitude of bio-
logical effects stemming from the activity of macrophages 
and phagocytic RES cells are related to the emulsion formu-
lation, especially with respect to the emulsion particle size – 
i.e., smaller-diameter (0.1–0.2 μm) particles tend to be less 
detectable by the RES and thereby attenuate the biological 
effects [25]. Complement activation was occasionally 
observed after administration of Fluosol due to its synthetic 
Pluronic® surfactant [20], but this was not observed with 
second-generation PFC emulsions like Oxygent that use 
egg-yolk lecithin as the only surfactant. Following adminis-
tration of clinically relevant doses of Oxygent, there were no 
adverse hemodynamic effects (i.e., no vasoactivity) and no 
decreases in cardiac output, thereby allowing the PFC- 

dissolved oxygen to be effectively delivered to the tissues 
[21]. In contrast to blood or blood-derived products, there is 
also no risk of person-to-person disease transmission when 
using Oxygent, since it is free of any blood-derived 
components.

 Clinical Safety

In total, almost 1,500 subjects were enrolled in 20 clinical 
studies with Oxygent, including Phase I healthy volunteer 
studies, and Phase II and III studies in surgical patients. Of 
these, more than 800 subjects received Oxygent. The safety 
profile of Oxygent was evaluated in several clinical studies 
involving healthy volunteers (four studies), cancer patients 
(six studies), general surgery patients (six studies), and car-
diac surgery patients (four studies). Clinical studies with 
Oxygent in surgical patients tested doses ranging from 
approximately 1.5 mL/kg (0.9 g PFC/kg body weight) up to 
6.0 mL/kg (3.6 g PFC/kg, which represents about four 110- 
mL units of Oxygent for an average 70-kg individual).

The overall safety of Oxygent was investigated in detail in 
Phase I studies with healthy volunteers. As reported by Leese 
et  al. [30], a transient increase in body temperature was 
observed starting several hours after dosing in ~15 per cent 
of the treated awake subjects, but resolved within 
12–24 hours. A mild transient decrease in total platelet count 
(< 20 per cent drop from starting levels) was observed at 
3  days post-dosing, which recovered to baseline levels by 
7  days. Despite this delayed effect on platelet count, this 
study and the one reported by Noveck et al. [34] also demon-
strated the absence of any direct effect of Oxygent on platelet 
function (assessed by ex vivo platelet aggregation in response 
to agonists like arachidonic acid, collagen and ADP), and no 
prolongation of measured bleeding times or adverse impact 
on coagulation parameters [30]. In addition, there was no 
evidence of complement activation or immunogenic reac-
tions; no suppression of humoral or cell-mediated immune 
function; no abnormal changes in liver, pulmonary, or renal 
function; no clinically meaningful effects on blood chemis-
try; and no hemodynamic effects or signs of vasoconstric-
tion – i.e., no blood pressure or heart rate changes [34].

 Preclinical Efficacy

The method of oxygen transport by PFCs is different from 
hemoglobin. Under normal conditions, about 20–30 per cent 
of the oxygen bound to Hb inside red cells is unloaded sys-
temically and consumed by tissues. In contrast, Oxygent 
transports oxygen dissolved in the PFC droplets in propor-
tion to the partial pressure of oxygen in the blood (P O2), 
which can be substantially increased as the fraction of 
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inspired oxygen (FiO2) that the patient is breathing is 
elevated.

Hence, extraction of dissolved oxygen from a PFC emul-
sion is linear, and can exceed 90 per cent assuming an arte-
rial PO2 level of 500 mmHg [23]. As the Oxygent emulsion 
perfuses the microcirculation, dissolved oxygen is released 
initially from the PFC and the plasma, leaving a greater 
reserve of oxygen bound to the Hb inside the red blood cells; 
this makes Oxygent an attractive drug for a variety of clinical 
applications in which tissues may be at risk of acute hypoxia 
due to ischemia or transient anemia. This intrinsic property 
enables Oxygent to enhance tissue oxygenation even when 
administered in relatively small doses. Numerous preclinical 
studies have demonstrated that: (1) Oxygent supports tissue 
oxygenation; (2) the oxygen delivered by Oxygent is avail-
able to support metabolic processes at the tissue level; and 
(3) this improved oxygenation status translates into improved 
organ function [11].

 Potential Clinical Applications

 Tissue Oxygenation and Hemodilution

In normal animals under hyperoxic conditions, dosing with 
Oxygent was associated with a significant improvement in 
oxygen delivery and oxygen consumption in a dog model of 
maximally working isolated skeletal muscle [18], and with 
an increase in plasma oxygen solubility and tissue P O2 in 
both dog skeletal muscle [13] and cat retina [3] even when 
using low doses of Oxygent (e.g. 0.9 g PFC/kg). Oxygent 
was shown in various studies to deliver oxygen to support 
metabolic processes, which correlated with improved organ 
function in critical tissues, including brain and heart. In the 
brain of normal awake rabbits [50] and anesthetized cats 
[35], Oxygent dosing markedly enhanced cerebral cortical P 
O2 above levels achieved with oxygen-breathing alone. In a 
model of partial brain stem ischemia in dogs using transient 
basilar artery occlusion following dosing with Oxygent, Guo 
et al. [14] demonstrated a significant improvement in cere-
bral metabolic status and recovery of brain function (assessed 
by auditory evoked potentials) in the Oxygent-treated group.

Several studies were performed using canine hemodilu-
tion models designed to mimic acute surgical anemia and 
blood loss [11]. These studies employed the use of a number 
of oxygen electrodes to monitor P O2 levels in heart, brain, 
muscle, gut, and liver tissue to assess the impact of Oxygent- 
induced blood P O2 increases on tissue oxygenation. Results 
clearly showed that improvements in tissue oxygenation 
with Oxygent treatment correlated with the observed 
increases in blood oxygenation [23].

Studies were conducted in splenectomized dogs that were 
hemodiluted to a Hb concentration of 7–8  g/dL, adminis-

tered Oxygent (doses from 0.9–5.4 g PFC/kg), and then sub-
jected to volume-compensated blood loss to mimic 
intra-operative bleeding with fluid replacement [1, 15]. In 
each of these studies, overall oxygenation status was signifi-
cantly improved during blood loss in animals given Oxygent 
compared to controls, while breathing either room air or 
100% oxygen. Throughout the bleeding phase, Oxygent 
maintained adequate systemic oxygenation at lower Hb con-
centration levels than was possible without Oxygent, and 
preserved local tissue oxygenation as assessed by PO2 elec-
trode measurements in the gut [26] and in skeletal muscle 
and liver [1]. In particular, there was a positive correlation 
between tissue P O2 and mixed venous oxygen tension (P 
v−O2) in this study [27]. As reported by Habler et al. [16], 
even after considerable hemorrhage, one dose of Oxygent 
(1.8 g PFC/kg) was as effective as about 3.8 g/kg of hemo-
globin given as autologous blood in preserving adequate tis-
sue P O2 and maintaining better myocardial function as 
evidenced by improved left ventricular contractility. In addi-
tion, these studies demonstrated no untoward hemo-dynamic 
effects associated with the administration of Oxygent. 
Collectively, these non-clinical efficacy studies in surgical 
hemodilution models provided compelling evidence that 
Oxygent can prevent tissue hypoxia, and can preserve myo-
cardial and cerebral function in the presence of acute anemia 
or ischemia.

 Cardiopulmonary Bypass

Studies were also performed using canine models of cardio-
pulmonary bypass (CPB) to assess systemic and myocardial 
oxygenation parameters. Oxygent treatment resulted in a sig-
nificant increase in mixed venous blood P O2 (P v−O2) levels 
(an indirect reflection of tissue oxygenation) versus controls, 
in the absence of any changes in total oxygen consumption 
or hemodynamics [7]. Treatment was also associated with 
improved myocardial recovery post-bypass, as well as 
increased delivery and extraction of dissolved oxygen. In a 
study by Holman et al. [19], in anemic (hemodiluted) dogs 
put on bypass, the additional dissolved oxygen provided by 
Oxygent appeared to be responsible for ameliorating post- 
CPB cardiac function after weaning from bypass and resulted 
in a lower mortality rate in the Oxygent-treated group.

During CPB, gaseous micro-emboli can be created from 
multiple sources (cannulation, venting of the heart, oxygen-
ator) and may be partly responsible for the neurological and 
neuropsychological deficits often observed in patients after 
cardiac surgery [44]. Pretreatment with Oxygent has pro-
vided benefits in terms of survival and recovery from tran-
sient neurological deficits in animal models. This protective 
effect may be due to a combination of the PFC’s ability to 
resorb gaseous air micro-emboli (since  nitrogen, the main 
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constituent of air, is ~25 times more soluble in PFC than in 
water at 37 °C) and to deliver oxygen and improve perfusion 
of ischemic regions in the brain. A canine model of transient 
brainstem ischemia was able to demonstrate full functional 
recovery of auditory evoked potentials in Oxygent-treated 
dogs compared to saline controls [14]. These data collec-
tively suggest that it may be possible in the future to use 
Oxygent to prevent tissue injury arising from gaseous emboli 
in the blood during cardiac surgery, and potentially to ame-
liorate cerebral injury from ischemic hypoxia during neuro-
surgery (e.g. aneurysm clipping).

 Shock and Trauma

A number of preclinical studies demonstrated the potential 
for future applications of Oxygent in a variety of critical care 
settings. In a study of endotoxin-induced shock in a canine 
model, Cain et  al. [4] showed that Oxygent treatment 
increased oxygen uptake in the gut and in muscle, and 
improved regional blood flow and cardiac output. Using a 
model of hypotensive resuscitation from severe uncontrolled 
hemorrhage in swine breathing 33% to 67% oxygen, Stern 
et  al. [46] demonstrated enhanced oxygen delivery and 
improved survival with Oxygent. In another dog model of 
cardiac arrest, aortic arch perfusion with Oxygent was shown 
to result in improved coronary perfusion and faster return of 
spontaneous circulation [31].

Resuscitation of hemorrhagic shock in two rat models with 
Oxygent demonstrated an improvement in cerebral oxygen-
ation [52] and better restoration of hepatic energy metabolism 
[37]. A study by Daugherty et al. [6] analyzed the efficacy of 
using Oxygent in a rodent model of traumatic brain injury 
(TBI) using lateral fluid percussion. Results demonstrated that 
Oxygent treatment significantly increased cerebral oxygen-
ation after TBI and enhanced mitochondrial function at 
4 hours after injury as compared with saline controls.

 Decompression Sickness

Because of their high solubility for all gases, including nitro-
gen in air, PFCs have been proposed as a potential treatment 
for decompression sickness [45]. Using a swine model of 
severe decompression sickness (DCS) and post-dive treat-
ment with Oxygent, Dromsky et  al. [8] demonstrated that 
Oxygent-treated animals sustained significantly less DCS 
than the controls (53 per cent vs 93 per cent), and no animals 
in the Oxygent group sustained neurological DCS, which 
was present in 69 per cent of the swine in the other two 
groups. These preliminary findings suggest a potential future 
indication for using PFC emulsions to treat DCS when 
hyperbaric treatment is delayed or unavailable.

 Organ Preservation

Oxygent has undergone preclinical evaluation for preserving 
tissues and prolonging the storage time of an organ (e.g. kid-
ney) prior to transplantation. Studies by Brasile et  al. [2] 
demonstrated the ability to preserve canine kidney autografts 
without the need for extreme hypothermia, by pulsatile per-
fusion using Oxygent-supplemented media at 32 °C. Studies 
using isolated Langendorff rabbit heart preparations by 
Symons et al. [47] demonstrated that Oxygent supplementa-
tion of the perfusion media resulted in better maintenance of 
oxygen delivery, increased tissue oxygenation and high- 
energy phosphates, and improved myocardial function fol-
lowing low flow ischemia.

 Tumor Oxygenation

Another application that has been studied extensively in dif-
ferent preclinical animal models bearing various implanted 
tumors involves the use of PFC emulsions for augmenting P 
O2 levels in hypoxic tumors to enhance the tumor’s sensitiv-
ity to radiation and chemotherapy [41, 48, 49]. Many of 
these preclinical studies demonstrated the basic efficacy of 
this approach, and this eventually led to preliminary clinical 
studies with Fluosol in oncology patients [9]. To date, how-
ever, no company has chosen to pursue this indication as 
their first commercial application for a PFC-or Hb-based 
oxygen therapeutic, perhaps because of the challenging reg-
ulatory requirement to demonstrate improved mortality in 
order to gain approval for such an application in treating can-
cer patients.

 Sickle Cell Disease

Finally, the vaso-occlusive crises that commonly occur in 
sickle-cell disease patients may present another future appli-
cation where the immediate oxygenation benefit provided by 
Oxygent and other oxygen therapeutics might eventually 
prove beneficial [38]. For example, Kaul et al. [22] demon-
strated the efficacy of using Oxygent treatment to reduce 
sickle cell RBC-induced vaso-occlusion in the ex vivo meso-
cecum vasculature of the rat.

 Phase II Clinical Studies

 General Surgery

Several Phase II studies using Oxygent in general surgery 
were completed and enrolled approximately 250 subjects 
(primarily orthopedic, urologic and gynecologic patients). 
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Oxygent was well tolerated in these studies. In the first Phase 
IIa pilot study, the use of Oxygent was shown to increase 
blood oxygenation parameters (including mixed venous 
blood P O2) in the absence of any adverse hemodynamic 
changes [51]. In two large multicenter studies, Oxygent was 
dosed in conjunction with augmented-acute normovolemic 
hemodilution (A-ANH). This technique typically involved 
the collection of several (2–4) units of the patient’s autolo-
gous blood just prior to surgery, administration of Oxygent 
to replace the oxygen-carrying capacity of the harvested 
blood and blood lost during surgery, and later reinfusion of 
the collected autologous units when the surgery was com-
pleted [24]. By performing A-ANH, the patient’s blood is 
temporarily diluted so that fewer red blood cells are actually 
lost during surgical bleeding.

As reported by Spahn et al. [42], the European Phase II 
general surgery study in orthopedic surgery patients (n = 147) 
clearly demonstrated the drug activity of Oxygent in terms of 
rapidly enhancing the patient’s systemic oxygenation status 
and being able to effectively reverse physiological transfu-
sion triggers – i.e., protocol-defined physiological parame-
ters indicating the patient’s need for a blood transfusion. This 
study demonstrated a significant prolongation in the duration 
of trigger reversal in the Oxygent-treated patients, thereby 
effectively delaying the need for transfusion of allogeneic 
blood. Similar findings were found in a parallel US study 
performed in urologic and gynecologic surgery patients 
(n = 99), as reported in abstract form by Monk et al. [32, 33].

 Cardiac Surgery

Three small Phase II studies in cardiac surgery with Oxygent 
enrolled ~80 patients undergoing coronary artery bypass 
grafting (CABG) procedures with CPB.  In these studies a 
blood harvesting technique known as intraoperative autolo-
gous donation (IAD) was performed by the perfusionist just 
as bypass was initiated. By implementing aggressive pre- 
bypass harvesting of autologous blood in the Oxygent- 
treated patients, Hill et al. [17] were able to demonstrate that 
Oxygent used in conjunction with IAD had the ability to pre-
vent physiological transfusion triggers during bypass. More 
importantly, about 83 per cent of patients receiving the 
higher dose (2.7 g PFC/kg) of Oxygent were able to avoid 
transfusion of allogeneic blood completely (versus less than 
45 per cent of control patients). By being able to tolerate a 
greater degree of autologous blood harvesting in the high- 
dose Oxygent group (~1600 mL vs ~990 mL in controls), 
these patients exhibited a trend (not significant due to the 
small number of patients per group) for reduction in the allo-
geneic blood transfusion requirements from an average of 
1.8  units/patient (range 0–7  units) in controls to only 
0.4 units/patient (range 0–3 units).

 Phase III Clinical Studies

 General Surgery

A multicenter Phase III study in 492 patients undergoing 
orthopedic, urologic, abdominal, vascular and other major 
surgical procedures (often to treat malignant disease) was 
conducted at 34 medical centers in 8 European countries. As 
reported by Spahn et  al. [43], treated patients receiving 
Oxygent in conjunction with the A-ANH procedure avoided 
the need for blood transfusion more frequently than controls, 
and also required fewer units of allogeneic blood. The pri-
mary endpoint (reduction in RBC units transfused at 
24 hours) was achieved in the intent-to-treat population (all 
randomized patients): the Oxygent group received 26 per 
cent fewer allogeneic units, 1.5 vs 2.1 units in controls 
(median 0 vs 1 unit; P = 0.013). By hospital discharge, the 
Oxygent group had received ~15 per cent fewer allogeneic 
units, (mean 2.7 vs 3.2 units; median of 1 vs 2 units), but this 
difference was no longer significant (P = 0.16). However, in 
the protocol-defined target population, i.e., patients with an 
estimated blood loss (EBL) of at least 20 mL/kg (n = 330 or 
67 per cent of randomized subjects), the Oxygent group 
required less RBC units (mean 2.0 versus 3.3 units; median 
1 vs 3  units; P  <  0.001) on postoperative day (POD) 1 
(Table 32.1), and this difference remained significantly dif-
ferent from controls through day of discharge (DD) (mean 
3.4 versus 4.9; median 2 vs 4 units; P < 0.001).

Regarding complete avoidance in the entire study popula-
tion, ~53 per cent of patients in the Oxygent group avoided 
allogeneic blood transfusions compared to ~42 per cent of 
controls (P < 0.05) during the acute study period (24 hours). 
At later time points, more Oxygent-treated patients contin-
ued to avoid blood transfusions, but the difference versus 
controls was no longer significant. Again, however, in the 
protocol-defined target population (EBL of at least 20 mL/
kg), a significantly (P < 0.05) greater (almost two-fold) per-
centage of patients avoided transfusion at all time points 
from postoperative day 1 (D1) through postoperative day 21 
or hospital discharge (P21/DD), whichever occurred sooner 
(see Fig. 32.1).

For patients who had surgical blood losses ranging from 
~10  mL/kg to >80  mL/kg (representing 86 per cent of all 
randomized subjects), the Oxygent benefit was highly statis-
tically significant for both avoidance of blood (P = 0.002) 
and reduction in blood usage (P < 0.001), and this clinical 
benefit was maintained and remained statistically significant 
through 21 days or to the day of hospital discharge.

The safety profile in this study, evaluated by an indepen-
dent Data Safety Monitoring Board (DSMB), was consid-
ered to be acceptable for further development of Oxygent, 
and the adverse events (AEs) observed were those expected 
following major elective surgery. The incidence of AEs was 
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similar in the Oxygent group (86 per cent) compared to the 
control group (81 per cent). There was a higher overall inci-
dence (~10 per cent differential) of serious adverse events 
(SAEs) in Oxygent-treated subjects (who had the A-ANH 
procedure) compared to controls (who did not). However, 
only the category ‘Digestive system’ was significantly differ-
ent from control, mostly due to a higher reported occurrence 
of serious postoperative ileus (four instances in the Oxygent 
group versus none in controls). This reported 2 per cent inci-
dence of ileus is rather low for large abdominopelvic opera-
tions, but surprisingly, the investigators did not report ileus 
in the controls – evidence that there was likely a reporting 
bias (i.e., in particular, underreporting of commonly encoun-
tered adverse events in the control group, since this was an 
unblinded study).

The DSMB monitoring this study did note group imbal-
ances in certain adverse events, but concluded that there was 
no clinically consistent pattern or significance. They also 
concluded that since investigators were not blinded to treat-
ment allocation, there was a possibility that this may have 
influenced reporting. The DSMB noted evidence that some 

investigators might not have adequately maintained normo-
volemia in the Oxygent-treated patients that were profoundly 
hemodiluted. Safety results from this study demonstrated 
that careful management of the patient’s volume status and 
attention to optimal fluid balance is important to perform 
ANH safely. Overall mortality in this study was 3 per cent 
and the difference between groups (Oxygent 4 per cent vs 
controls 2 per cent) was not statistically significant. Tumor 
progression, sepsis and multiorgan failure, as well as typical 
surgical complications, were responsible for the deaths, and 
all were considered by the investigators to be due to 
 underlying disease or conditions and were deemed to be 
unrelated to the study drug [43].

 Cardiac Surgery

In parallel to the general surgery study described above, a 
Phase III cardiac surgery study was conducted in primarily 
US and Canadian centers to assess transfusion avoidance in 
CABG patients undergoing CPB.  In January 2001, after 

Table 32.1 Number of units of blood transfused from postoperative day 1 through hospital discharge

Study day Oxygent group Controls % Reduction P-value
Target pts. (n = 330) Meana ± SD Median Meana ± SD Median (Means)
1 2.0 ± 4.0 1 3.3 ± 3.0 3 40.8 < 0.001
3 2.7 ± 3.3 2 4.1 ± 2.7 3 33.2 < 0.001
7 3.2 ± 3.0 2 4.6 ± 2.5 4 30.3 < 0.001
21 or DDb 3.4 ± 2.9 2 4.9 ± 2.4 4 30.3 < 0.001

aMean adjusted for covariates (analysis of covariance) using a natural log transformation
bWhichever occurred sooner; DD is day of discharge
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approximately 410 patients (of 600 intended) had been ran-
domized, enrollment in this study was voluntarily suspended 
when a statistically significant imbalance developed in the 
incidence of stroke. During the initial analysis of the safety 
data from these patients, an imbalance in thoracic bleeding 
events requiring re-operation was also uncovered.

Adverse events were reported for all subjects enrolled in 
this study, as expected in a CABG patient population. 
Protocol-specified analyses showed no statistically signifi-
cant differences in the overall incidence of AEs or SAEs 
between groups. The incidence of SAEs (34.4 per cent over-
all; Oxygent 38.5 per cent; control 30.3 per cent) and deaths 
(1.5 per cent overall; Oxygent 2.5 per cent; control 0.5 per 
cent) were generally within published ranges expected up to 
3 months post-CABG surgery involving CPB, although the 
per cent mortality in the control group was exceptionally 
low. A cardiac surgery study published at that time by Klein 
et  al. [29], involving a large cohort of patients undergoing 
CABG surgery with CPB, reported a mortality of 4.5 per 
cent, which is similar to the 3.8 per cent mortality published 
by Pan et al. [36] in a study of over 1,660 patients undergo-
ing primary CABG surgery at the Texas Heart Institute 
between January 2000 and December 2001.

Although the overall intraoperative and postoperative 
safety findings in this study appeared to be acceptable, there 
was a significantly higher incidence of serious neurological 
events, including primarily strokes (2.4 per cent overall; 
Oxygent 5 per cent vs control 1 per cent). As it was for mor-
tality, the incidence of neurological events in the controls 
was lower than expected for a CABG patient population. An 
imbalance in the incidence of serious postoperative thoracic 
chest tube bleeding requiring re-operation, a noted post- 
surgical complication after CABG surgery, also was observed 
(5.8 per cent overall; Oxygent 10 per cent vs control 1.5 per 
cent). Once again, the incidence of this SAE in the control 
group in this unblinded study was remarkably low compared 
to that reported in the literature. The overall incidence rates 
for the serious neurological and bleeding complications 
observed were within clinical expectations, and within 
ranges reported in the literature.

The etiology of the higher rates of these complications in 
subjects randomized to the Oxygent group compared to con-
trols was the subject of extensive post hoc exploratory analy-
ses and hypothesis generation. After detailed analyses of 
safety data from this study and all previous clinical studies, 
as well as additional laboratory evaluation of Oxygent in the 
presence of compounds that would come into contact with 
the emulsion in the bypass setting, no evidence was found to 
link Oxygent directly to the observed imbalances. Primary 
contributing factors for the adverse events appear to be the 
amount of autologous blood harvested and the way in which 
the rapid IAD procedure was performed in the Oxygent- 
treated group. In addition, there were imbalances in some of 

the risk factors for these events between the treatment and 
control groups, and a greater degree of dilutional coagulopa-
thy and use of hetastarch in the Oxygent group. The result 
was that, in a subset of subjects at greater risk for complica-
tions, inadequate management of blood pressure during 
rapid blood harvesting potentially resulted in decreased per-
fusion to the brain. The conclusion that the procedure, rather 
than the product, was responsible for the adverse events was 
supported by the fact that there were no similar imbalances 
in the incidence of stroke in the three Phase II cardiac sur-
gery studies (in which neurological and neuropsychiatric 
evaluations were performed in a blinded manner). No similar 
imbalance was seen in the Phase III general surgery studies, 
or in any previous clinical studies with Oxygent. All of these 
findings were summarized in a Clinical Information amend-
ment and an Integrated Summary of Safety (ISS) and were 
subsequently provided to the FDA and to the European regu-
latory authorities (EMEA).

As reported by Frumento et  al. [12], a small subset of 
patients in the Phase III cardiac surgery study were being 
monitored with gastric tonometry to assess the overall status 
of gut perfusion and oxygenation. As shown in Fig. 32.2a, a 
significant benefit was seen in the Oxygent-treated patients; 
the CO2 gap (i.e., gastric CO2 minus PaCO2) was signifi-
cantly lower (P  <  0.001) and gastric pH was significantly 
higher (P < 0.01), suggesting improved perfusion of the gut. 
These benefits, both of which persisted throughout surgery, 
suggested better maintenance of gut microcirculatory oxy-
genation and translated into significantly (P < 0.007) faster 
return of normal bowel function in the postoperative period 
(Fig. 32.2b).

 Future Clinical Development

Avoidance of allogeneic blood transfusion remains a highly 
desired clinical objective of both physicians and patients. 
Previous clinical studies in surgery have demonstrated that 
using Oxygent to augment the amount of autologous blood 
harvested could result in a significant decrease in allogeneic 
transfusion requirements, primarily in patients who lose at 
least 3 units of blood during surgery. However, careful analy-
sis of safety data from these studies also indicated that ANH, 
and especially the rapid IAD just before cardiac bypass, 
must be performed very carefully, with close attention to 
optimal blood volume management to maintain euvolemia. 
Hence, based on the data from their previous Phase II and 
Phase III clinical trials, Alliance designed a new Phase III 
protocol without any autologous blood harvesting to further 
evaluate the efficacy and safety of Oxygent in a general sur-
gery population. Oxygent would be administered when sur-
gical bleeding had decreased the patient’s hemoglobin to a 
level that results in a physiologic or Hb-based transfusion 

32 Oxygent™, a Perfluorochemical-Based Oxygen Therapeutic for Surgical Patients



332

trigger. Delaying Oxygent dosing until a trigger was reached 
would ensure that patients only received Oxygent therapeuti-
cally (i.e., when transfusion is clinically warranted), thereby 
allowing the drug to be evaluated in a manner consistent with 
the way blood transfusions are typically administered.

Alliance submitted this new Phase III protocol to the 
European Agency for the Evaluation of Medical Products 
(EMEA) in 2004, to seek formal scientific advice regarding 
development of Oxygent as an alternative to blood transfu-
sions in elective surgery. Contrary to previous informal 
guidance received from regulatory authorities in key 
European countries (including France, the Netherlands and 
the UK), the EMEA indicated that if avoidance of blood 
transfusion were to be pursued as a primary endpoint the 
safety comparison would be complex, and suggested that 
Alliance consider an initial indication that would not 
require a direct comparison to allogeneic blood transfusion. 
Alliance requested further clarification of this opinion, 
which made it clear that the EMEA did not believe it was 
feasible at that time to conduct a study that was of sufficient 
size to demonstrate equivalent safety of an oxygen thera-
peutic with donor blood, based on the low incidence of seri-
ous adverse effects known to be associated with transfusion 
of allogeneic blood (e.g., death, and transmission of viral 
diseases caused by HIV and hepatitis contamination). Due 
to this regulatory opinion from the EMEA, Alliance decided 
that it would be necessary to pursue an alternative clinical 
indication for the initial commercialization of Oxygent, 
namely, to exploit the efficient oxygen delivery capability 

of Oxygent to enhance tissue oxygenation and protect 
organs from ischemic injury, thereby potentially decreasing 
postoperative complications arising from acute tissue 
hypoxia during elective surgery.

Since late 2002, following the setback in clinical develop-
ment because of the safety findings in their Phase III CABG 
trial, Alliance had to downsize the company and terminate all 
development work on Oxygent due to lack of funding and 
the dissolution of a joint venture licensing agreement with 
Baxter Healthcare. Subsequently, throughout 2004, Alliance 
was actively engaged in licensing discussions with potential 
pharmaceutical partners willing to provide the necessary 
resources to complete the remaining clinical and regulatory 
development necessary for future commercialization of 
Oxygent in Europe and in Asia. In parallel, efforts continued 
to secure sufficient new financing that would support con-
tract manufacturing, and the remaining clinical development 
needed for future commercialization of Oxygent in North 
America.

In addition to elective surgery, a number of other possible 
applications exist for Oxygent that may be pursued in the 
future. These include trauma resuscitation and urgent situa-
tions where donor blood is necessary for transfusion but not 
immediately accessible. Oxygent could provide tissues with 
immediate oxygenation to delay transfusion until a definitive 
need for blood can be established, or could provide a tempo-
rary ‘oxygenation bridge’ to stabilize patients until blood 
becomes available. Future medical indications may focus on 
augmentation of tumor oxygen levels to enhance sensitivity 
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to radiation and chemotherapy, as a treatment for reversing 
sickle cell crisis, as a post-dive treatment for decompression 
sickness, and for preservation of tissues and organs destined 
for transplantation.
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Sanguinate: History and Clinical 
Evaluation of a Multimodal HBOCs

Bryan T. Romito , Jia W. Romito, and Abe Abuchowski

 Introduction

The development of a safe, efficacious resuscitation fluid 
would reduce the need for allogenic erythrocyte transfusion 
and provide an additional therapeutic option to patients in 
hemorrhagic shock. Amberson et al. described the first use of 
a hemoglobin-based oxygen carrier (HBOC) in the 1930s 
when they infused a bovine hemoglobin solution into several 
mammalian species [1]. Since that time, several HBOCs 
have been developed and examined in clinical investigations 
with varying degrees of success. While newer compounds 
are improvements on their predecessors, the adverse effects 
of renal toxicity, nitric oxide scavenging-induced vasocon-
striction, and methemoglobinemia continue to represent 
limitations to their widespread use [2]. A 2008 meta-analysis 
concluded that the use of hemoglobin-based substitutes was 
associated with a significantly increased risk of death and 
myocardial infarction [3]. Sanguinate® (PEGylated car-
boxyhemoglobin bovine) (Prolong Pharmaceuticals, LLC, 
South Plainfield, NJ, USA) represents a later generation 
HBOC that possesses unique properties designed to improve 
its efficacy and safety profile. It was developed for the treat-
ment of anemic and ischemic hypoxia from cerebrovascular 
or peripheral vascular diseases and from hemoglobinopa-
thies or vasculopathies associated with sickle cell disease 
(SCD) and thalassemia [4]. Although not yet approved by the 
US Food and Drug Administration (FDA) for standard prac-
tice, Sanguinate has been granted orphan drug status for the 
treatment of SCD and has been used in over 100 patients 

under the FDA’s expanded access emergency investigational 
new drug (eIND) program [5, 6]. The present chapter will 
provide an overview of its structural and functional charac-
teristics, performance in clinical trials, and use in other clini-
cal settings.

 Sanguinate Characteristics

Structurally, Sanguinate is a polyethylene glycol (PEG) 
modified form of bovine hemoglobin with a carbon monox-
ide (CO) moiety attached to the PEGylated hemoglobin pro-
tein [7]. PEGylated bovine hemoglobin has a higher oxygen 
affinity than human hemoglobin, which facilitates offloading 
of oxygen to the hypoxic tissues. Although Sanguinate only 
has a hemoglobin concentration of 4–5 g/dL, it has several 
novel features that make it an ideal therapeutic option for 
patients with impaired tissue oxygen delivery, including 
PEG-modification (PEGylation) to enhance the circulating 
life, the ability to deliver CO, and an advantageous 
hemoglobin- oxygen binding affinity [8] (Table 33.1). These 
properties are especially valuable following traumatic events.

Trauma is the leading cause of death worldwide [9]. 
Mortality after injury is due to “first hits”, including severe 
organ injury, hypoxia, hypovolemia, or head trauma [10]. 
Upwards of 40% of trauma fatalities are due to hemorrhage 
and hemorrhagic shock [11]. A local inflammatory response 
always occurs in relation to trauma. Severe injury or multiple 
traumas evoke a systemic inflammatory response [12]. 
Sanguinate first acts as a carbon monoxide releasing mole-
cule. Amongst the most important applications of CO in 
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mammalian physiology and medicine are its vasoactive 
properties and the therapeutic potentials in vascular disease, 
anti-inflammatory effects, CO-mediated cell signaling in 
apoptosis and organ preservation as well as ischemia reper-
fusion injury and sepsis [13]. The multitude of physiological 
effects have been recently reviewed [14]. The multiple prop-
erties of Sanguinate may make it an ideal resuscitation fluid 
capable of treating a variety of conditions (Fig. 33.1).

 PEGylation

The process of PEGylation involves modifying biologic 
molecules via covalent conjugation to PEG. Attaching PEG 
profoundly alters the structural and functional characteristics 
of the parent compound [15]. PEG itself is biologically inert, 
is non-toxic, and has very low immunogenicity. These prop-
erties can help improve the safety profile and effectiveness of 
the underlying molecule by shielding it from the native 
immune system. The immune response to a foreign com-
pound may not only interfere with its efficacy but also induce 
a dangerous cascade of inflammatory-mediated actions in 
response to its detection [16]. This response is mitigated by 
PEGylation. Additionally, PEGylation alters the pharmaco-
kinetics of the molecule. PEG-modification typically 
improves drug solubility, increases circulating half-life, and 
reduces proteolysis and renal excretion [15]. The reported 
half-life of Sanguinate ranges from 8 to 20  h [4, 17]. 
PEGylation increases the molecular size and colloid oncotic 
pressure (COP) of the parent compound. The increase in 
COP both helps to prevent extravasation into the interstitium 
and draws fluid into the intravascular space, potentially aug-
menting microvascular perfusion [7, 18]. Sanguinate is pri-
marily composed of carboxylated bovine hemoglobin 
molecules with eight to ten 5 kilodalton (kD) PEGs attached, 
resulting in a total molecular weight of approximately 109–
120  kDs. Although PEGylation has increased the size of 
Sanguinate, the particles are still much smaller than erythro-
cytes and thus are able to bypass obstructions and erythro-
cyte aggregates present in the vasculature [7]. In this way, 
Sanguinate can more readily traverse constricted areas of 

plasma that may prevent the passage of normal 
erythrocytes.

Multiple PEG-hemoglobins have been produced by other 
groups and their physiological characteristics differ. 
Normally, plasma hemoglobin scavenges nitric oxide (NO) 
produced by endothelial cells. This reduction in NO concen-
tration prevents smooth muscle relaxation, producing local 
vasoconstriction with a reduction in blood flow [19]. The 
overall impact of PEGylated hemoglobin compounds on NO 
concentration and vasoactivity is variable. Like uncongested 
hemoglobin, PEGylated hemoglobin lowers perivascular NO 
because of increased scavenging. By itself, this would result 
in vasoconstriction and impaired blood flow [20, 21]. 
PEGylated hemoglobin compounds may compensate for the 
increased NO scavenging by also increasing the production 
of NO from enhanced nitrite to NO reductase activity [20, 
22]. This effect would be associated with vasodilation and 
increased blood flow. Furthermore, excessive vasoconstric-
tion does not typically occur because of the low PEGylated 
hemoglobin concentration in the circulation. PEGylation- 
mediated increases in COP pull fluid from the interstitial 
space, thus decreasing the overall concentration in the plasma 
by increasing volume [20]. Sanguinate differs from these 
PEG-hemoglobins in that it is modified with CO and dis-
plays no negative but rather positive vasoactivity.

 Carbon Monoxide Delivery

Unlike other HBOCs, Sanguinate is a gas-transfer agent with 
unusual binding characteristics. Sanguinate has a greater 
affinity for oxygen than CO, which is the reverse of human 
hemoglobin. Upon entering the bloodstream, oxygen dis-
places the bound CO, which is released [8]. Because the oxy-
gen is tightly bound, it is only transferred to tissues with a 
lower partial pressure of oxygen, that is, hypoxic tissue. 
Normoxic tissues have too high a partial pressure of oxygen 
to remove the oxygen from Sanguinate which makes the 
product highly selective and efficient.

CO is produced endogenously as a byproduct of heme 
oxygenase activity and is a second messenger involved in 
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several homeostatic functions. These pathways impact nearly 
every organ and regulatory system [23]. Through modifica-
tion of these signaling pathways, CO can exert profound 
effects on the regulation of vasoactivity, inflammation, apop-
tosis, and cell growth [24]. As a gas, it is freely diffusible and 
thus passes through all membranes, bypassing receptors and 
transporters [25]. Its main physiologic actions are in part 
mediated by its activation of guanylate cyclase with resultant 
increase in cyclic guanosine monophosphate (cGMP) con-
centrations [26]. This increase in cGMP levels is associated 
with relaxation of vascular smooth muscle, vasodilation, and 
increased local blood flow. The vasodilatory effects of CO 
may help to mitigate elevations in blood pressure that can be 
associated with administration of substances with a high 
COP. Additionally, CO is closely interrelated with NO. CO 
increases the activity of nitric oxide synthase, and the NO 
that is produced in turn activates heme oxygenase, increasing 
CO generation [25]. In this way, the vasodilatory effects of 
NO can be potentiated by CO.

Separate from its effects on NO production, CO also may 
possess anti-inflammatory properties. It regulates the gener-
ation of reactive oxygen species as a result of CO-mediated 
inhibition of cellular cytochrome C oxidase [23]. 
Furthermore, it is able to reduce the production of several 
pro-inflammatory mediators in response to bacterial infec-
tions [25]. Exogenously-delivered CO has been shown to 
reduce oxidative stress and modulate ischemia-reperfusion 
injury. As vasoconstriction and inflammation can induce fur-
ther tissue damage and exacerbate the impact of impaired 
oxygen delivery, a resuscitation fluid with the ability to also 
deliver CO would be highly effective in both improving tis-
sue oxygenation and mitigating further injury [8].

Upon exposure to the oxygenated environment of blood, 
CO is rapidly displaced and Sanguinate is converted to PEG- 
oxyhemoglobin for normal oxygen carrying functions [7, 
27]. Animal studies have shown that Sanguinate’s bound CO 
component is released within 2 h following infusion, with 
the majority released with 30 min [17]. This short onset time 
may be especially advantageous in settings of acute, life- 
threatening tissue ischemia. Furthermore, the addition of CO 
reduces auto-oxidation of hemoglobin, decreasing the for-
mation of methemoglobin and improving the shelf-life of the 
product [28].

 Hemoglobin-Oxygen Binding

The hemoglobin-oxygen dissociation curve describes the 
relationship between the percent of hemoglobin saturated 
with oxygen as a function of the partial pressure of oxygen 
dissolved in the blood (PO2) [29]. The curve is sigmoid in 
shape because of hemoglobin’s unique binding properties. 
Specifically, the binding of one molecule of oxygen facili-

tates the binding of subsequent oxygen molecules. Thus, 
hemoglobin’s affinity for oxygen increases until all four of 
its available binding sites are occupied [29]. As the percent 
saturation increases, the shape of the curve flattens as all the 
hemoglobin molecules approach complete saturation. The 
PO2 at which hemoglobin is 50% saturated with oxygen is 
termed the P50 and is normally ~27 mmHg. The relationship 
between hemoglobin-oxygen saturation and PO2 is dynamic 
and influenced by several physiologic factors. To adapt to 
these changes, the curve can be shifted to the right or left, 
denoting changes in the hemoglobin affinity for oxygen [29]. 
Specifically, rightward shifts of the curve indicate a decreased 
hemoglobin affinity for oxygen (i.e., a lower saturation for a 
given PO2) and are frequently associated with hypercarbia, 
lower pH, and higher temperature. These shifts are associ-
ated with an increase in P50. Conversely, leftward shifts 
indicate an increased hemoglobin affinity for oxygen (i.e., a 
greater saturation for a given PO2) and are frequently associ-
ated with hypocarbia, higher pH, and lower temperature 
[29]. These shifts are associated with a reduction in P50.

Part of Sanguinate’s ability to actively transfer oxygen to 
hypoxic tissues is mediated by its unique hemoglobin- 
oxygen binding affinity. Sanguinate has an average P50 of 
7–16 mmHg. Because this value is between that of normal 
erythrocytes (~27 mmHg) and ischemic tissues (<5 mmHg), 
Sanguinate acts as a conduit to transfer oxygen from erythro-
cytes to ischemic tissue [17]. This characteristic may be 
especially beneficial in the microcirculatory environment 
characterized by diverging vessel bifurcations. Microvessel 
networks are largely heterogenous and associated with varia-
tions in hematocrit, velocity, flow rate, and wall shear stress 
[30]. Because of hydrodynamic forces, erythrocytes flowing 
near blood vessel walls tend to migrate away from the walls 
to the center of the flow stream, forming a cell-free layer (the 
Fåhraeus effect) [17, 30]. Because oxygen dissolves poorly 
in this cell-free layer, a small molecule dissolved in this cell 
free layer that can transfer oxygen to ischemic tissues within 
microvessel networks would be a valuable treatment option.

 Clinical Trials Using Sanguinate

Only results from three phase I trials using Sanguinate have 
been published [4, 17, 31]. A phase II trial of Sanguinate for 
the treatment of vaso-occlusive crisis in adult patients with 
SCD has been completed, but the results have not yet been 
published. Misra et al. published the results of the first phase 
I trial using Sanguinate in 2014 [17]. In this trial, research-
ers performed a single-center, single-blind, placebo-con-
trolled, evaluation of the safety and pharmacokinetics of 
Sanguinate in 24 healthy adult volunteers. All subjects were 
between the ages of 18 and 45 years, had a body mass index 
of ≥20 and ≤30 kg/m2, were in good general health, and had 
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no clinically significant illnesses. Three doses of Sanguinate 
(80 mg/kg, 120 mg/kg, and 160 mg/kg) were administered 
by intravenous infusion over two hours to three respective 
cohorts. Each cohort of eight subjects included six who 
received Sanguinate and two who received a control. 
Subjects were monitored as inpatients for at least 48 h fol-
lowing  administration of either Sanguinate or control, and 
serial blood samples for pharmacokinetic analysis were 
collected at regular intervals. Plasma concentrations of 
Sanguinate were observed 30  min after the start of the 
infusion. The highest mean plasma concentration in all 
dose groups occurred at the 2-h point, corresponding to the 
end of the infusion. All Sanguinate plasma concentrations 
were below the limit of detection 96 h after the end of the 
infusion [17].

Sanguinate was overall well-tolerated in this study. There 
were no serious adverse events identified, and the most com-
monly reported adverse events (lethargy and dizziness) were 
mild in severity and resolved by the conclusion of the study. 
A consistent, benign, dose-dependent reduction in serum 
haptoglobin was observed in all subjects treated with 
Sanguinate. This result was explained by the binding of hap-
toglobin to Sanguinate followed by subsequent elimination 
from the plasma. There was a trend toward increased both 
systolic and diastolic blood pressure in subjects who received 
Sanguinate. These changes were transient and resolved by 
72 h after the end of the infusion. Sanguinate-induced hyper-
tension was not dose-dependent, suggesting that it was 
caused by expansion of the plasma mediated by the com-
pound’s high COP and not vasoconstriction. The hyperten-
sive responses were not associated with clinically significant 
changes in electrocardiogram (ECG), echocardiogram, or 
laboratory findings [17].

In a follow-up evaluation, Misra et al. conducted a phase 
Ib, open label, randomized safety study of Sanguinate in 24 
adult patients with sickle cell anemia (homozygotes for 
hemoglobin SS) [4]. The study was performed in four medi-
cal centers across Colombia and Panama. Patients did not 
have to be taking hydroxyurea, but if so, they had to be on a 
stable dose and be able to discontinue the medication for 7 
days prior to randomization. All patients had a baseline 
hemoglobin concentration between 6 and 10  g/dL.  All 
patients were randomized in a 2:1 ratio to receive, unblinded, 
either a single 2-h intravenous infusion of Sanguinate or a 
standard dose of hydroxyurea. Eight patients received 
160 mg/kg of Sanguinate, eight patients received 320 mg/kg 
of Sanguinate, and eight patients received 15  mg/kg of 
hydroxyurea. A 7-day safety assessment was performed, and 
patients remained in the study center for at least 48 h after 
the start of dosing to monitor vital sign activity, collect labo-
ratory specimens, and assess for signs or symptoms of 
adverse events [4].

Of the 24 patients, 15 patients received their assigned 
Sanguinate and seven patients received their assigned 
hydroxyurea. Two patients left the study prior to receiving 
their assigned medications. Sanguinate displayed dose- 
dependent pharmacokinetics as the mean peak plasma con-
centration was greater in the 320  mg/kg dose group. 
Irrespective of the dose, the maximum plasma concentration 
occurred at the completion of the infusion. In this study, 
there were 44 adverse events reported in the Sanguinate 
group versus seven adverse events reported in the hydroxy-
urea group. The most commonly reported type of adverse 
event was musculoskeletal and connective tissue disorder- 
related, including arthralgia. Sanguinate caused transient, 
dose-independent increases in systolic and diastolic blood 
pressures, again thought to be related to its COP-mediated 
plasma expansion properties. Compared to patients receiving 
hydroxyurea, Sanguinate administration resulted in 
decreased levels of serum direct (conjugated) bilirubin and 
increased levels of urinary erythrocytes and protein. It was 
believed that the hematuria may have been the result of 
Sanguinate’s elevated COP causing an increase in forced 
glomerular filtration [4].

There were transient (lasting a few hours or days) but 
substantial increases in troponin I levels in 3 of the 15 
patients who received Sanguinate. All patients with tropo-
nin I elevations received 320 mg/kg of Sanguinate. None of 
the troponin I increases were associated with any clinically 
identified or patient reported adverse events. One of the 
three patients who experienced an increased troponin I 
level also had an increase in their tricuspid regurgitation 
velocity (TRV) observed on echocardiography lasting sev-
eral days. This was labeled as a sign of moderate pulmo-
nary hypertension, but subsequent angiography did not 
reveal any associated pulmonary hypertension symptoms. 
Furthermore, this increase in TRV was not associated with 
any patient reported or clinically identified adverse effects. 
The clinical significance of these findings is not clear. 
Because of the small study size, it was not possible to cal-
culate statistically significant differences in safety-related 
effects of Sanguinate in this population. Similar to the ini-
tial phase I trial, administration of Sanguinate produced a 
transient, dose-independent increase in arterial blood pres-
sure because of its high COP. It is possible that this colloid 
oncotic-mediated effect may have also increased pulmo-
nary arterial pressure and subsequently TRV in the patient 
described above [4].

Abu Jawdeh et  al. performed a Phase Ib, open-label, 
single arm study to assess the safety, pharmacokinetics, and 
impact on humoral sensitization of Sanguinate in patients 
with end-stage renal disease [31]. Ten eligible subjects 
were planned to receive three weekly infusions of 
Sanguinate (320 mg/kg) over consecutive weeks. Inclusion 
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criteria included subjects stable on three times per week 
hemodialysis for ≥2 months, with a negative serum preg-
nancy test, and a hemoglobin >7.5  g/dL.  Subjects were 
excluded if they had received a blood product transfusion 
within the previous 90  days from screening or had ECG 
findings suggestive of acute coronary syndrome, decom-
pensated heart failure, arrythmias associated with hemody-
namic instability, or third-degree atrioventricular block. 
Because of safety data reported from Misra et  al.’s 2017 
Phase Ib trial, subjects with echocardiographic estimates of 
tricuspid regurgitation jet velocity >2.8  m/s were also 
excluded from the study [31].

Researchers only enrolled five out of the 10 total expected 
subjects. The study was terminated after subject five because 
of troponin I elevations observed in two subjects. Overall, 
only four subjects completed the study, and subject five 
withdrew consent after receiving only one Sanguinate infu-
sion. One of the two subjects with a troponin I elevation also 
experienced nonspecific ECG changes and chest pain, ulti-
mately being diagnosed with a non-ST elevation myocardial 
infarction (NSTEMI). A coronary angiogram was performed 
for further evaluation and revealed an 80% right coronary 
artery lesion that underwent stenting. Of note, the patient 
later admitted to actively using cocaine following their 
NSTEMI diagnosis. The other subject who developed a tro-
ponin I elevation did not report chest pain nor have associ-
ated ECG changes or coronary angiography abnormalities. 
Calculated panel reactive antibody values, quantitative mea-
sures of sensitization for transplant candidates, were not 
increased in any of the five subjects following Sanguinate 
infusion. Similarly, no subjects developed new class I or II 
anti-HLA antibodies [31].

The immunological findings reported by this study 
were expected as Sanguinate is acellular and PEGylated, 
which safeguards it from the native immune system 
response. This property could make it a valuable treat-
ment adjunct for patients awaiting transplantation. 
Unexpectedly, all post- dialysis Sanguinate concentrations 
were reduced by 30% as compared to pre-dialysis concen-
trations, implying some degree of clearance. Sanguinate’s 
molecular weight should make it too large to be elimi-
nated by dialysis. Like the previously published phase Ib 
study, subjects in this study experienced elevations in tro-
ponin I values. Authors postulated that demand ischemia 
resulting from transient Sanguinate- induced ventricular 
stretch may have contributed to the troponin I elevation. 
The study’s results may have been confounded by active 
cocaine use reported by the subject who was diagnosed 
with an NSTEMI. Nevertheless, the results of these stud-
ies indicate a possible risk of myocardial injury with the 
use of Sanguinate. Additional larger studies are needed to 
closely evaluate Sanguinate’s safety profile [31].

 Case Reports and Other Trials

Although initially designed for the treatment of acute exacer-
bations of sickle cell anemia, Sanguinate has been used in 
several other clinical scenarios. There have been multiple 
case reports describing the use of Sanguinate in anemic 
Jehovah’s Witness patients who chose to abstain from blood 
transfusions for religious reasons. McConachie et  al. pub-
lished a case series in which Sanguinate was administered to 
two Jehovah’s Witness patients with severe, life-threatening 
anemia [32]. The first patient received a single 2-h infusion 
of Sanguinate (approximately 210  mg/kg) in addition to 
daily erythropoietin, ferric gluconate, ascorbic acid, folate, 
and vitamin B12. The patient’s reported past medical history 
was notable for hypertension, congestive heart failure, coro-
nary artery disease, stroke, and paroxysmal atrial fibrillation. 
During the infusion, the patient experienced an increase in 
their systolic and diastolic blood pressure, which normalized 
2 h later. This patient also had an elevation in their troponin 
level, which was attributed to acute anemia-induced demand 
ischemia. Five days later, the troponin level decreased below 
the lower limit of detection. The patient was eventually dis-
charged from the hospital. The second patient described 
received five total infusions of Sanguinate (approximately 
357 mg/kg) once daily for 5 days, in addition to daily eryth-
ropoietin, ferric gluconate, folate and vitamin B12. The 
patient’s reported past medical history was notable for drug 
abuse, hypertension, chronic kidney disease, seizure disor-
der, ischemic cardiomyopathy requiring implantation of a 
percutaneous ventricular assist device, and coronary artery 
disease with recent NSTEMI. Troponin levels were drawn 
30  min following the first infusion and were not elevated. 
The patient ultimately died from multi-organ system failure. 
Despite being at very high risk for cardiovascular complica-
tions, no adverse effects from Sanguinate were identified. 
Overall, this small case series illustrates some of the poten-
tial benefits of Sanguinate in anemic patients in whom blood 
transfusion is contraindicated [32].

Bachert et al. described the administration of Sanguinate 
to a severely anemic Jehovah’s Witness patient with no known 
medical history whose hemoglobin had fallen as low as 2.9 g/
dL [28]. The patient received two doses of Sanguinate infu-
sion (20,000 mg per dose, patient weight not reported) 6 h 
apart in addition to daily darbepoetin, iron sucrose, folic acid, 
and vitamin B12. He reportedly refused additional doses of 
Sanguinate because of rapid improvement in his symptoms. 
His serum demonstrated a red discoloration following admin-
istration of one dose of the product, which may impact colo-
rimetric laboratory analysis. The patient was ultimately 
discharged from the hospital without complications or 
adverse reactions to the product, although it was not reported 
which laboratory studies were ordered for further evaluation.
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Similarly, Brotman et  al. reported a case of Sanguinate 
administration to a Jehovah’s Witness patient with symptom-
atic anemia (confusion and lethargy) who declined transfu-
sion of blood products [33]. The patient’s hemoglobin 
dropped to 4.5 g/dL in the setting of perioperative bleeding 
following a cystoprostatectomy and nephrectomy. The 
patient’s medical history was significant for urothelial carci-
noma, atrial fibrillation, and coronary artery disease. 
Postoperatively, he was persistently hypotensive and required 
a phenylephrine infusion to support his hemodynamics. The 
patient received Sanguinate on the evening of postoperative 
day two, and his mental and hemodynamic status began to 
improve by the following day. Although the dosing regimen 
was not described, Sanguinate was well-tolerated with no 
adverse effects reported. The patient was ultimately dis-
charged from the hospital in good condition.

Holzner et al. described the use of Sanguinate in an ane-
mic Jehovah’s Witness patient who underwent an orthotopic 
liver transplant [34]. The patient received a 2-h infusion of 
20,000 mg of Sanguinate 60 min prior to the anhepatic phase 
of their transplantation. The patient’s weight was not pro-
vided, so the mg/kg dose could not be calculated. Fifteen 
minutes following administration of Sanguinate, the patient’s 
cerebral oxygen saturation increased considerably despite 
ongoing, worsening anemia with stable hemodynamic mea-
surements. No adverse effects were associated with 
Sanguinate administration, and the patient was ultimately 
discharged from the hospital in good condition. This report 
illustrates that Sanguinate may be a useful treatment adjunct 
in anemic patients who abstain from blood transfusion but 
require strict maintenance of their cerebral oxygen 
saturation.

Thenuwara et  al. reported the use of Sanguinate in a 
Jehovah’s Witness patient with life-threatening anemia fol-
lowing postpartum hemorrhage [35]. The patient’s hemoglo-
bin decreased to 3  g/dL, and she required deep sedation, 
mechanical ventilation, and neuromuscular paralysis to 
decrease her work of breathing and metabolic rate of oxygen 
consumption along with vasopressors to support her hemo-
dynamics. Additionally, the patient received erythropoietin, 
iron sucrose, cyanocobalamin, and hyperbaric oxygen ther-
apy with no substantial improvement in clinical status. The 
patient received three doses of Sanguinate (each approxi-
mately 164  mg/kg) over the next 2 days with subsequent 
improvement in her hemodynamics. Vasopressors were able 
to be weaned off, and her metabolic acidosis and lactic acid 
elevation resolved. Approximately 48  h after receiving 
Sanguinate, the patient was found to be obtunded but recov-
ered spontaneously the following day. The etiology of the 
patient’s neurologic change was not clearly elucidated; how-
ever, the authors suggest that it may have been a result of 
Sanguinate administration. She was ultimately extubated, 

transferred out of the intensive care unit, and discharged 
from the hospital without apparent neurological deficits.

Sam et al. described the use of Sanguinate in a Jehovah’s 
Witness patient with thrombotic thrombocytopenic purpura 
(TTP) who declined therapeutic plasma exchange [36]. The 
patient was treated with high dose steroids, folate, erythro-
poietin, albumin exchange, rituximab, and vincristine with-
out improvement in their symptoms. The patient received a 
daily infusion of 20,000 mg of Sanguinate for 4 days with a 
subsequent improvement in platelet count and hemoglobin 
concentration. The patient experienced paresthesia of the 
right face and arm 1 h after the first Sanguinate infusion that 
resolved spontaneously. The patient also had a mild, tran-
sient elevation in their cardiac troponin value after receiving 
Sanguinate. Further workup with both an ECG and echocar-
diogram were unremarkable, and the patient was discharged 
from the hospital in good condition. This case supports the 
use of Sanguinate to augment oxygen delivery in patients 
with TTP who are unable to undergo plasma exchange.

DeSimone et al. reported the use Sanguinate in a Jehovah’s 
Witness patient with an acute upper gastrointestinal bleed 
and hemorrhagic shock [37]. The patient’s hemoglobin 
decreased to 3.1  g/dL, and she required resuscitation with 
intravenous fluids and vasopressors to support her hemody-
namics along with intubation for progressive encephalopa-
thy. The patient received six separate 20,000 mg infusions of 
Sanguinate over 7 days in addition to iron supplementation, 
folate, vitamin B12, and darbepoetin alfa infections. The 
patient’s shock, encephalopathy, vasopressor requirement, 
and metabolic acidosis all improved following Sanguinate 
administration. The improvement in clinical status facilitated 
performance of additional procedures to identify the source 
of bleeding and ultimately achieve hemostasis. There were 
no adverse events related to the administration of Sanguinate.

Sanguinate may be able to provide a benefit in patients 
with cerebral ischemia. Dhar et al. performed a safety and 
proof-of-concept study evaluating the impact of Sanguinate 
in 12 adult patients with aneurysmal subarachnoid hemor-
rhage (SAH) with or at risk for delayed cerebral ischemia 
(DCI) [38]. All patients were deemed at risk for DCI based 
on poor clinical grade, high subarachnoid blood burden, 
presence of angiographic vasospasm, or clinical signs of 
DCI. Patients were excluded if they had pulmonary hyper-
tension, congestive heart failure, recent myocardial infarc-
tion, renal insufficiency, or chronic liver disease. In addition 
to receiving nimodipine and intravenous fluids to maintain 
euvolemia, three escalating dose of Sanguinate (160 mg/kg, 
240 mg/kg, and 320 mg/kg) were administrated by 2-h intra-
venous infusion to three cohorts of four patients. Positron 
emission tomography imaging was performed at baseline, 
immediately after Sanguinate administration, and at 24-h 
after the baseline study to evaluate for improvements in cere-
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bral blood flow and restoration of flow-metabolism balance, 
assessed by oxygen extraction fraction. All patients under-
went screening cerebral angiography approximately 7 days 
after SAH or earlier if symptoms concerning for DCI mani-
fested [38].

Patients were followed for adverse events daily until dis-
charge from the intensive care unit. Sanguinate administra-
tion was associated with an approximate 10 mmHg increase 
in mean arterial pressure during and immediately after infu-
sion, although patients’ blood pressures returned to baseline 
by 24  h. Similar to other studies, this hypertensive effect 
was not dose-related, with a similar increase in blood pres-
sure reported in all three cohorts. The degree of blood pres-
sure elevation did not exceed the safety threshold (increase 
in 20% from baseline) to trigger premature drug discontinu-
ation in any case. This hypertensive effect allowed all three 
of the patients who were receiving vasopressors to be 
weaned off these agents while maintaining their target blood 
pressure without any associated neurologic deterioration. 
Sanguinate administration was associated with a statisti-
cally significant increase in carboxyhemoglobin levels. This 
increase was significant at all doses but larger with higher 
doses. Like the hypertensive effect, the carboxyhemoglobin 
level elevation was transient and returned to baseline by 
24 h. The levels obtained immediately after infusion com-
pletion mirrored those routinely seen in smokers. No respi-
ratory or cardiovascular complications were reported with 
Sanguinate infusion [38].

When combining all doses, there was no change in global 
cerebral blood flow following infusion of Sanguinate, 
although there was a significant improvement in patients 
within the highest dose (320 mg/kg) cohort. Global assess-
ments of oxygen extraction fraction and cerebral metabolic 
rate of oxygen were unchanged at all time points. Sanguinate 
infusion was associated with a statistically significant 
improvement in regional cerebral blood flow, but this effect 
was not sustained at 24 h. These results suggest that repeat 
dosing would likely be necessary. Furthermore, there was a 
concomitant reduction in oxygen extraction fraction in vul-
nerable regions, suggesting that Sanguinate improved supply 
and demand matching in high risk brain regions. Although 
the exact mechanism is unknown, this study’s results may 
have been explained by cerebral vasodilation mediated by 
the dose-dependent release of CO into the cerebral circula-
tion following Sanguinate administration. Alternatively, 
Sanguinate’s increase in regional cerebral blood flow may 
have been enhanced by hemodilution arising from its high 
COP effects. Aside from its impact on regional blood flow, 
from a safety perspective, this study’s results are noteworthy 
as no adverse effects were identified when high dose 
Sanguinate was administered to a population of critically ill 
patients. Although patients with pulmonary hypertension 
and recent myocardial infarction were not included in the 

study and troponin I values were not measured, the results 
are encouraging. Additional larger studies are needed to bet-
ter define its safety profile and therapeutic role in the setting 
of cerebral ischemia [38].

Sanguinate may have a role in augmenting tissue oxygen 
delivery during cardiac surgery using cardiopulmonary 
bypass (CPB) with intraoperative normovolemic hemodilu-
tion. This practice involves the removal of whole blood with 
simultaneous replacement of the harvested blood with a 
replacement fluid to maintain normovolemia. During or 
shortly after surgical blood loss, the harvested blood is then 
re-transfused to restore normal levels of erythrocytes, plate-
lets, and clotting factors [6]. The addition of a HBOC to the 
replacement fluid during hemodilution would reduce the 
need for allogenic erythrocyte transfusion and provide an 
additional means to improve tissue oxygen delivery. This 
technique would offer another therapeutic option for high 
risk patients and be especially useful during times of blood 
shortage or in patients where blood transfusion is contraindi-
cated. In a small study simulating normovolemic hemodilu-
tion with CPB, the addition of Sanguinate did not affect the 
performance of the CPB circuit nor alter the flow or oxygen-
ation characteristics of the system [6]. While the impact of 
Sanguinate on normovolemic hemodilution and CPB 
requires further evaluation in large trials, the results of this 
study highlight another potential setting for its use.

Finally, preliminary studies indicate that the anti- 
inflammatory activity of Sanguinate may be useful in the 
treatment of cystic fibrosis (CF) and sepsis. Inflammation 
plays a critical role in CF lung pathology and disease pro-
gression making it an important therapeutic target [39]. The 
CF airway contains large numbers of neutrophils and 
increased concentrations of pro-inflammatory mediators that 
promote inflammatory cell signaling in response to noxious 
stimuli. The non-resolving hyper-inflammation in CF lungs 
is attributed to an impairment of several signaling pathways 
associated with resolution of the inflammatory response, 
including the hemeoxygenase-1/carbon monoxide (HO-1/
CO) pathway [40]. HO-1 degrades heme groups, producing 
anti-inflammatory mediators, such as CO, which help to 
resolve inflammation and re-establish cellular homeostasis.

Importantly CO plays key roles in mediating protection 
against lung inflammation and oxidant-mediated lung injury. 
As such, the HO-1 pathway is an attractive target for disrupt-
ing the hyper-inflammatory response in CF [41]. The effects 
of Sanguinate were tested in both wild type and CF mice. 
The mice were pre-treated intravenously with a single clini-
cally relevant dose of Sanguinate (320  mg/kg) or vehicle 
alone then exposed to 3 nebulizations with 12.5  mg 
Pseudomonas aeruginosa-lipopolysaccharide (PA-LPS) 
every day for 3 days. A single dose of Sanguinate was suffi-
cient to induce HO-1 expression in lung tissues of CF mice 
in response to PA-LPS.  Moreover, pretreatment with 
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Sanguinate reduced inflammation in CF mice as demon-
strated by a lower number of neutrophils and a reduced 
expression of pro-inflammatory cytokines in CF lung tissues 
when compared to vehicle treated controls. Sanguinate treat-
ment stimulated the HO-1/CO pathway, which mediates 
resolution of the inflammatory response and promotes host 
defense against Pseudomonas aeruginosa [41].

Sepsis is a complex, evolving heterogeneous disease pro-
cess initiated by progression of an underlying severe infec-
tion with an overwhelming host systemic inflammatory 
response. Early diagnosis and treatment are essential for 
reducing morbidity/mortality in sepsis [42]. Delayed treat-
ment results in proliferation of both bacterial counts and cir-
culating immune cell numbers which may promote a 
“cytokine storm” that rapidly progresses to severe septic 
shock, multi-organ failure, and potentially, death [43]. 
Sanguinate has the potential to impact three events in the 
pathology of sepsis: capillary leak/hypovolemia, hyper-acute 
inflammatory response, and poor tissue oxygenation.

Mesenchymal stromal cells (MSCs) have been investi-
gated as a cell-based therapy for a number of disease pro-
cesses, with promising results in animal models of systemic 
inflammation and sepsis. Studies to determine ways to fur-
ther improve the therapeutic potential of MSCs involved pre-
conditioning of these cells with CO ex  vivo to promote 
further therapeutic benefit when cells are administered 
in vivo after the onset of polymicrobial sepsis in mice [44]. 
The study demonstrated that preconditioning of MSCs with 
CO gas improved MSC function and therapeutic efficacy 
during sepsis. The increased beneficial response of MSCs 
exposed to CO occurred in part through the interaction of 
MSCs with neutrophils to promote bacterial phagocytosis, 
resolution of inflammation, and increased survival.

Sanguinate may improve both skeletal microcirculatory 
flow and renal cortical microcirculatory partial oxygen 
pressure (CμPO2) and subsequently limit endotoxemia-
induced acute kidney injury [45]. Studies were performed 
in anesthetized, ventilated Wistar albino rats (n = 44) that 
underwent endotoxemic shock. Rats were randomly 
assigned to the following five groups: (1) unresuscitated 
lipopolysaccharide (LPS), (2) LPS  +  Ringer’s acetate 
(RA), (3) LPS + RA + 0.5 μg/kg/min norepinephrine (NE), 
(4) LPS  +  RA  +  320  mg/kg Sanguinate, and (5) 
LPS + RA + Sanguinate + NE. CμPO2 was higher in the 
LPS + RA + Sanguinate-resuscitated group, and the num-
ber of nonflowing, intermittent, or sluggish capillaries was 
smaller in groups infused with Sanguinate compared with 
RA alone, while the number of normally perfused vessels 
was greater. Sanguinate enhanced CμPO2 while restoring 
skeletal muscle microcirculatory flow in previously non-
flowing capillaries.

 Conclusion

Sanguinate is a novel multimodal resuscitation fluid that pos-
sesses several advantages over older generations of HBOCs. 
Its therapeutic characteristics allow for the control of inflam-
mation while providing effective delivery of oxygen to 
hypoxic tissue with low oxygen tension. It does not elicit a 
response from the native immune system, and its CO moiety 
may promote vasodilation, reduce inflammation, and miti-
gate ischemia-reperfusion injury. Sanguinate has demon-
strated a clinical benefit in several scenarios characterized by 
inflammation and poor tissue oxygenation. While data from 
clinical trials suggest there is a possible risk of myocardial 
injury with the use of Sanguinate, additional studies are 
needed to better define this association.

Key Points
• Sanguinate is a unique polyethylene glycol modified form 

of bovine hemoglobin that represents the latest generation 
of hemoglobin-based oxygen carriers.

• It has the ability to deliver carbon monoxide, has an 
advantageous hemoglobin-oxygen binding affinity, and 
has undergone PEGylation to enhance its circulating life.

• Sanguinate possesses novel anti-inflammatory, anti- 
vasoconstrictive, and plasma expansion properties.

• Its characteristics allow for effective oxygen delivery to 
hypoxic tissues with low oxygen tension and mitigation 
of inflammation, making it an ideal resuscitation fluid in 
situations where blood is ineffective.

• Sanguinate has shown a clinical benefit in several scenar-
ios and has been used under emergency circumstances in 
over 100 patients with severe anemia and impaired oxy-
gen delivery.
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M101, the Hemoglobin from the Sea: 
History and Therapeutic Perspectives

Franck Zal, Eric Delpy, and Jonathan S. Jahr

 Introduction

The concept of a blood substitute/oxygen carrier, such as 
those produced by Hemarina, are nature based; as with soci-
etal issues, many have nature-based solutions. Biomimicry 
may improve the efficiency of healthcare, taking advantage 
of solutions vetted by nature during millions of years of evo-
lution. Evolution provides an understanding of what works 
best and what may not. Leonardo Da Vinci’s statement: “take 
your lessons in nature, this is our future”, is the underlying 
concept of Hemarina’s development and how a marine worm 
found on the beach at low tides may be such a natural evolu-
tion to provide impetus towards creating a novel and unique 
oxygen therapeutic. By understanding, sharing, and translat-
ing the properties of this worm’s hemoglobin to the world of 
physiology and medicine, a new therapeutic era has been 
created.

Sea organisms are intriguing animals, with relatively little 
known about their biology. Given that the ocean covers 
approximately 71% of the earth’s surface and represents 
90% of the earth’s biosphere, the amount known about these 
organisms is miniscule compared to vertebrates and espe-
cially primates. The intertidal area is a critical ecosystem, in 
that the transition between the marine world and the terres-
trial world, defines aquatic and land life. All forms of life that 
survived on land transitioned through this area during 
evolution.

Following is a brief history of the scientist who created 
the concept and developed the products currently under clin-
ical testing by Hemarina.

Early in his career, Franck Zal had the opportunity to col-
laborate with a renowned scientist, Professor Toulmond, 

then the director of a laboratory first in Paris at the Sorbonne, 
and in 1993 moving it to a Marine Biological Station in 
Roscoff (Brittany, France), which had originally been 
founded in 1872 by Professor de Lacaze-Duthiers. Between 
1993 and 1996, Franck Zal undertook his PhD studies with 
the mentorship of Prof. Toulmond and began work on 
Arenicola marina. The Lugworm is a very old species since 
it appeared on earth 450 million years ago (Lucy, the com-
mon ancestor of all humanity by contrast, and discovered in 
Ethiopia, is merely 3.18 million years old); it colonizes today 
the intertidal area of the marine east-Atlantic shoreline of 
France from the North-Sea to Biarritz.

Hemarina’s research started with a very basic question: 
how the lugworm can breathe in aqueous and land environ-
ments, at high tide and low tide.

Franck Zal studied the blood of this animal and in particu-
lar, its hemoglobin. Indeed, hemoglobin is a very old protein, 
an oxygen carrier that is found even in bacteria, and serves as 
a bridge between the external environment of the species and 
its physiological needs. Hence, hemoglobin is a protein of 
choice to understand physiological adaptations.

Franck Zal categorized the structure of Arenicola marina 
hemoglobin, now called M101 [1–5]. He demonstrated that 
M101 addresses all of the specifications for a “universal oxy-
gen carrier” that physicians have been seeking for decades. 
After his PhD, Franck Zal studied for three post-doctorate 
years (University of California, Santa Barbara and University 
of Antwerp, Belgium). In 1999, he commenced his academic 
career at the French National Centre of Scientific Research 
(CNRS) where he received a 2001 bronze medal for his inno-
vative research in this field. However, since this academic 
research center was mostly focused on basic science, in 
2007, he opted to transform and to create the biotech com-
pany HEMARINA with the ambition to develop therapeutic 
oxygen carriers for saving lives.

Early on, Zal’s work was focused on the structure- function 
relationships of hemoglobin M101. He demonstrated that 
M101 has unusual properties: (i) it is a naturally extracellular 
and polymerized hemoglobin; (ii) its molecular weight is 
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50-fold that of human Hb; (iii) it has functional O2-binding 
and -liberating properties similar to those of human Hb (HbA 
inside the red blood cell); (iv) it can bind 156 molecules of 
oxygen, compared to 4 in the case of human HbA; (v) it has 
naturally antioxidative properties due to an intrinsic 
superoxide- dismutase-like activity.

Historically, and before the discovery of this natural 
hemoglobin from Arenicola marina, two approaches have 
been investigated to develop universal oxygen carriers: (i) a 
chemical method using perfluorocarbons; and (ii) a biologi-
cal method using human or bovine Hb. In March 2007, 
Franck Zal created the French biotechnology company 
named HEMARINA, in order to develop and promote the 
lugworm hemoglobin M101 as a therapeutic solution, which 
was seen to possess all of the specifications necessary to 
become the leading third-generation blood substitute. In 
addition to the properties outlined above, the main character-
istics of M101 are: (i) functional properties are totally inde-
pendent of secondary molecules, such as 2,3-DPG; (ii) it 
functions without any chemical modification and no addi-
tional treatment; (iii) it has a functional capability at a large 
range of temperatures (between 4 °C and >30 °C), which is a 
major and essential advantage over other hemoglobins; (iv) 
the absence of any vasoconstrictor effects [6], in contrast to 
all other products developed to date and referred as 
hemoglobin- based oxygen carriers (HBOCs). The main 
functional characteristics of M101 are described in 
(Table 34.1).

As discussed at the beginning of the chapter, Arenicola 
marina is under constant flux by the action of tides. The 
worm inhabiting the sediment of the intertidal zone is 
exposed to pronounced fluctuations of environmental condi-
tions that are considered as extreme and even abiotic/lethal. 
The tidal ebb and flow of the sea cause periodic changes in 
temperature, salinity and oxygen supply. Arenicola marina 
lives about 10–30 cm deep in the sediment of intertidal flats. 
During high tide its J-shaped burrow is irrigated by peristal-
tic movements of its body wall thus providing the animal 
with oxygen. At low tide when the burrow is immersed, ven-

tilation becomes impossible and the lugworm is exposed to 
increasing hypoxia. Therefore, Arenicola marina is a model 
of physiological adaptation to intertidal variations of oxygen 
(regular changes between normoxic conditions at high tide to 
hypoxic conditions at low tide); the functioning of its hemo-
globin is the basis of this adaptation, allowing the worm to 
get sufficient oxygenation during aqueous high tide, and 
consequently oxygen deprivation at low tide. The functional 
oxygen-binding and delivering properties of Arenicola 
marina hemoglobin (M101) is the basis of HEMO2life® 
medical device for transplantation.

 Preclinical Investigations

Indeed, ischemia of a graft during organ harvest and preser-
vation followed by reperfusion during transplant may be 
schematically compared to Arenicola marina intertidal oxy-
gen variations. The concept of combination of M101 to 
existing organ preservation solutions to allow graft oxygen-
ation before transplant naturally emerged and has led to 
HEMO2life® bioinspired application (Fig. 34.1).

During organ preservation, organs are occluded from the 
vascular system and therefore interrupt supply in oxygen and 
nutrients. Hence, cells are rapidly in an anoxic environment, 
with severe consequences on the cell’s physiology. In fact, 
the low-tide/high tide cycle endured by Arenicola marina is 
similar to the pathophysiological phenomenon called isch-
emia/reperfusion, more precisely occurring during graft dis-
connection from the donor and following the graft reperfusion 
with the recipient.

The concept of supplementing classical organ preserva-
tion protocols has rapidly gained interest. Simple addition of 
a molecule to established protocols represents significant 
value for translation to the clinical setting, compared to more 
cumbersome approaches of changing perfusate solutions 
and/or machines. Current organ preservation techniques 
revolve around the use of hypothermia, particularly in the 
context of static preservation, both because of its historical 
roots and of its ease of implementation. While adequate for 
grafts harvested 20 years ago, the complication rates are crit-
ically increased for extended criteria donors (ECD) and 
donation after circulatory death donors (DCD) because of 
the high sensitivity of these organs to ischemia and reperfu-
sion injuries. While the most effective strategy for these 
organs is to reduce cold ischemia time, the necessary logis-
tics may not be possible. This situation calls for investigation 
on novel pre-conditioning methods to improve graft quality.

Benefits of M101 supplementation to a range of preserva-
tion solutions used in the clinic was first tested by Thuillier 
et  al. [7] and Mallet et  al. [8], both in vitro in cold stored 
cultured kidney epithelial and endothelial cells, and in vivo 
using a pig model of kidney auto-transplantation; this spe-

Table 34.1 Functional properties of M101 under human physiological 
conditions

P50 (O2 affinity, mmHg) 7.0
n50 (cooperativity) 2.5
Bohr coefficient −0.5
ΔH (KJ/mol) −19
COP (mmHg) 1.0
Viscosity (cP) 1.2
SOD activity (U/mg Hb) 3.5
CN inhibition 100%
Fe (atom/molecule) 156
Cu (atom/molecule) 3.6
Zn (atom/molecule) 5.1

Adapted from [5]

F. Zal et al.



347

a

b

c

Fig. 34.1 During organ preservation, organs are occluded from the 
vascular system and therefore interrupt supply in oxygen (a). Hence, 
cells are rapidly in an anoxic environment. During high tide, Arenicola 
marina burrow is irrigated by peristaltic movements of its body wall 
thus providing the animal with oxygen dissolved in sea water (b). At 
low tide when the burrow is immersed, ventilation becomes impossible 
and the lugworm is exposed to increasing hypoxia. The functioning of 

its hemoglobin M101 allows the worm to get sufficient oxygenation 
during oxygen deprivation at low tide. The comparison of the situation 
of an organ disconnected from the circulation (organ graft from a 
donor) and the situation of the marine worm at low tide, together with 
the comprehension of the functional oxygen-binding and delivering 
properties of M101, are the basis of HEMO2life® medical device use 
for organ preservation during transplantation (c)

cies presents an elaborate system of interlobular and seg-
mental arteries to supply the numerous kidney lobes, a 
characteristic shared with humans and higher mammals but 
absent in rodents or dogs, making porcine models relevant to 
study human conditions.

Cold static storage of cultured LLC-PK1 cells and human 
primary aortic endothelium cells during 24  h in different 
preservation solutions is very deleterious inducing loss of 
cell viability (LDH release), reduction of metabolic activity 
and ATP content. Under these experimental conditions 
mimicking organ preservation, the supplementation by 
M101 is protective against these events in a dose-dependent 
manner. In the pig kidney auto transplantation model using 
CS preservation, early follow-up demonstrated superiority 
of M101- supplemented solutions, lowering the peak of 
serum creatinine and increasing the speed of function recov-
ery. On the longer term, supplementation with M101 
reduced kidney inflammation level and maintained tissue 
structural integrity. At the end of the 3-month follow-up 

period, M101 supplementation proved beneficial in terms of 
survival and function, as well as slowing the progression of 
interstitial fibrosis and tubular atrophy, a common cause of 
chronic loss of graft function and ultimately loss of the graft 
itself.

Thus, the simple addition of M101 to CS presents an 
excellent potential for clinical translation. Besides static CS, 
machine preservation (MP) of grafts has shown mounting 
interest as it exhibits improvement in graft quality and func-
tion. Its ability to get rid of metabolites and cellular waste 
produced during ischemia has been proposed as the reason 
for its beneficial effects. However, the presence of these 
products at reperfusion is most likely associated with the 
intense activation of the innate immune pathway. In this con-
text, M101 supplementation to MP for O2 delivery to the 
most remote graft regions may amplify the organ protection 
because of the synergistic beneficial effects of M101 and MP 
[9, 10]. These first accomplishments in kidney transplanta-
tion fostered efforts towards other organs [11].

34 M101, the Hemoglobin from the Sea: History and Therapeutic Perspectives
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M101 has been studied as a supplementation to the most 
common lung preservation solution (Perfadex®) in a single 
lung allotransplantation model in pig [12]. In this study, the 
addition of M101 during the 24 h hypothermic preservation 
induced an improvement of functional parameters after 
transplant: reduction of graft vascular resistance and increase 
in graft oxygenation. From this study, it can therefore be 
assumed that the addition of M101 during the preservation 
period decreases the functional consequences of the second 
phase of reperfusion (between 2 and 4 h) and improves graft 
function. Further developments led to a study evaluating the 
efficacy of M101 in a swine model during an extended lung 
CS (36 h) followed by 12 h of normothermic ex-vivo lung 
preservation (EVLP) before lung transplant into a recipient 
pig [13]. During EVLP assessment, M101-treated lungs 
showed improvements in physiologic parameters, whereas 
the control lungs deteriorated. After a total of 48 h of preser-
vation, transplanted grafts in the treatment group displayed 
significantly better oxygenation (PaO2/FiO2) than in the con-
trols. In addition, the use of M101 led to significantly less 
edema formation, less apoptotic cell death, improved tight 
junction preservation and lower levels of circulating IL-6 
within recipient plasma. Animals show excellent post- 
transplant outcome, allowing for the possibility for increased 
preservation times in lung preservation, that may lead to bet-
ter patient management during the transplant process and a 
broadened donor pool due to the ability to overcome geo-
graphic challenges.

Prior to a heart transplantation procedure, static storage of 
donor hearts is currently limited to 4–5 h, despite profound 
hypothermia. Because heart transplantation is an emergency 
procedure, improved protection to extend safe storage dura-
tion would be advantageous. M101 has been used in isolated 
Langendorff-perfused rat hearts preserved during 8  h in 
Celsior® solution under static conditions [14] and was 
shown to improve significantly post-ischemic recovery of 
heart function (left ventricular developed pressure and coro-
nary blood flow).

Hypothermic oxygenated machine perfusion (HOPE) is a 
promising technique for providing oxygen to the liver during 
graft preservation and has been shown to be more effective 
than CS.  However, because of associated logistical con-
straints and costs, addition of an oxygen transporter to static 
cold-storage solutions might be easier. The performance of a 
CS liver graft UW solution supplemented with M101 was 
tested in an orthotopic pig liver transplantation model [15]. 
Results demonstrated a beneficial protective effect of M101, 
with blood levels of ASAT, ALAT and LDH significantly 
reduced on day 1 post-transplant. M101 effectively oxygen-
ates liver grafts during preservation, preventing post- 
transplant injury and may therefore be a simplest alternative 
to the use of machine perfusion.

Pancreas or islet transplantation are life-saving therapies 
for several diseases (brittle type 1 diabetes, pancreatitis, 
etc.). However, prolonged pancreas cold ischemia (CI) time 
is associated with inferior graft survival rates and with poor 
islet isolation yielding. In this context, delay of CI injury 
could allow the use of a larger number of pancreases for 
transplantation, including marginal organs. An experimental 
study tested the efficacy of M101 in improving pancreas and 
islets quality [16]. M101 was added to the preservation solu-
tion of rat pancreas during ischemia and a resultant decrease 
in oxidative stress (ROS), necrosis (HMGB1), and cellular 
stress pathway (p38 MAPK) activity was observed. Freshly 
isolated islets had improved function when M101 was 
injected into the pancreas. Additionally, human pancreases 
exposed to M101 for 3 h showed an increase in complex 1 
mitochondrial activity, as well as activation of AKT activity, 
a cell survival marker. Insulin secretion was also up- regulated 
in isolated islets. These results demonstrate a positive effect 
of the oxygen carrier M101 on rat and human pancreas dur-
ing preservation, with an overall improvement in post- 
isolation islet quality.

 Clinical Applications and Investigations

Preclinical studies have therefore demonstrated the safety 
of M101 as an additive to organ preservation solutions 
and its beneficial effect on ischemia/reperfusion injuries. 
The next step towards the commercialization of the 
hemoglobin from Arenicola marina as a medical device 
was obviously to evaluate it in humans. With this inten-
tion, the product HEMO2life® has been manufactured 
according to European Union Good Manufacturing 
Practice (GMP) governing this category of product. The 
manufacturing process begins by freezing the worm to 
create a hemorrhagic shock and to release its extracellu-
lar hemoglobin (M101). After successive steps of solid/
liquid extraction, purification, filtration and gamma irra-
diation, the final product is a GMP class III medical 
device containing M101 (Fig. 34.2).

The first clinical study evaluating HEMO2life® added at 
1 g/L to the preservation solution of one of two kidneys from 
the same donor was the multicenter open-label study OXYOP 
(Evaluation of a Marine OXYgen Carrier: HEMO2life® for 
hypOthermic Kidney Graft Preservation, Before 
Transplantation; Clinical Trial Registry No. NCT02652520). 
All adverse events were analyzed by an independent data and 
safety monitoring board. Among the 58 donors, 38% were 
extended criteria donors. Grafts were preserved in cold stor-
age (64%) or machine perfusion (36%). No allergic or hyper-
sensitivity reactions, no infections and no prothrombotic 
effects related to the product were reported. Preimplantation 
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Fig. 34.2 M101 is an extracellular hexagonal bilayer hemoglobin (a) 
fully described by Zal et al. in 1997 and extracted from the sea worm 
Arenicola marina. In the natural environment, Arenicola marina colo-
nizes the intertidal area on the west coast of France (b). For industrial 
purposes, worms are bred in aquaculture under strict conditions of 
traceability and reproducibility in a dedicated farm (c). HEMO2life® 

containing the oxygen carrier M101 is a class III medical device under 
clinical investigation and manufactured according to GMP (d). 
HEMO2life® is meant to be used ex vivo as an additive to preservation 
solutions (e). (Adapted from Le Meur et al., 2019 – photos B&C credits 
Mathieu le Gall)

and 3-month biopsies did not show thrombosis or altered 
microcirculation. Secondary efficacy end points showed less 
delayed graft function and better renal function in the 
HEMO2life® group than in the contralateral kidneys. In the 
subgroup of grafts preserved in cold storage, Kaplan-Meier 
survival and Cox regression analysis showed beneficial 
effects on DGF independent of cold ischemia time. This 
study was therefore the first study confirming that M101 is 
safe and shows promising efficacy data in humans [17]. 
HEMO2life® is currently being tested to evaluate its perfor-
mance versus standard of care in renal transplantation in a 
larger multicenter randomized clinical trial OXYOP2 
(Clinical Trial Registry No. NCT04181710).

 Additional Applications and Indications

HEMO2life® has also been used to preserve a face transplant 
during a full-face re-transplantation, a world first. Allograft 
ischemia and its potential sequelae were a major concern in 
this case due to the geographical distance separating the 
donor and the recipient. The patient underwent transplanta-
tion in January 2018 with a graft preserved with HEMO2life®. 
In all previous facial transplantation cases, the allografts 
showed some late revascularization deficits, but this phe-
nomenon was not observed in this patient’s case. The surgery 
was a success and 30 months later, the patient is healthy and 
the graft has not been rejected [18].
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In addition to HEMO2life® developed for organ preser-
vation, several applications for M101 have already been 
identified since HEMARINA is developing this hemoglobin 
as a technological platform for new therapeutical applica-
tions. Indeed, oxygen is essential for aerobic metabolism of 
all living cells and oxygen is needed at the level of cells, 
tissues, organs and the full organism. Based on this postu-
late, products are developed at all these integrated levels for 
different intended uses; HEMOXCell® in order to provide 
in vitro cultured cell with physiological oxygen; 
HEMHealing®, HEMDental-Care® and HEMDental-
Regenerativ® for tissue oxygenation and regeneration 
(wound healing and dental injuries); HEMOXYCarrier® for 
systemic oxygenation. As an example, the anti-inflamma-
tory and anti-bacterial properties of M101 have been 
recently reported [19], confirming its pro-healing effects 
that facilitate the recovery and regeneration of damaged tis-
sues. This proof-of-concept study establishes M101 as a 
potential therapeutic agent in the context of periodontal 
wound healing and regeneration. Related to its oxygenation 
and antioxidant properties, M101 has also been recently 
proposed as a new therapeutic tool to help to struggle symp-
tomatically the hypoxemia in COVID-19 Patients [20].

In conclusion, all the foregoing is the illustration that 
applications of the hemoglobin M101 are numerous and 
almost limitless, acting potentially at all places where oxy-
gen is needed or missing.

 Moving Forward

Hemarina’s products are revolutionary, in that they are a nat-
urally based hemoglobin and not modified, as are all other 
hemoglobin-based oxygen carriers and hemoglobin oxygen 
therapeutic products [21]. This fact makes the products 
derived from the lugworm hemoglobin, such as HEMO2life®, 
a game changer, in that it can be formulated to help oxygen-
ate and heal wounds, either from trauma or surgically 
induced, such as the redo double face transplant [18]. The 
fact that it has been evaluated in humans for renal transplan-
tation as a preservative for organ preservation also places this 
hemoglobin in a special category that few others have 
attained, namely human trials [17].

These revolutionary products carry forty times more oxy-
gen than do red blood cells, it can load and release in any 
situation where there is tissue hypoxia, and due to the size of 
each molecule of lugworm hemoglobin, it is 250 times 
smaller than red blood cells, allowing for transport to areas 
of poor perfusion or even no perfusion, as long as there is 
ability for plasma to permeate tissues downstream, that has 
one of these products in it. It is non antigenic and therefore is 
a universal donor.

In summary, the hemoglobin derived from lugworms, due 
to their unique ability to survive both in salt water and on 
land, for prolonged periods related to their unique hemoglo-
bin, may deliver critical oxygenation to deprived tissues and 
maintain lifesaving oxygen delivery. Additional indications, 
such as ARDS from COVID are also being studied and might 
provide the ability to oxygenate and maintain life, while lung 
healing may occur without use of ECMO [20].

Key Points
• M101 is a natural extracellular hemoglobin isolated from 

Arenicola marina, a marine worm with 450 million years 
of evolution.

• M101 extraordinary properties make it a new therapeutic 
hope for effective oxygenation in the clinic.

• M101 addresses all the specifications of a Universal 
Oxygen Carrier.

• M101 is the basis of HEMO2life®, a bioinspired medical 
device for transplantation, with demonstrated beneficial 
effects on ischemia/reperfusion injuries.

• M101 is a technological platform for providing physio-
logical oxygen: its applications are numerous and almost 
unlimited.
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HBOC-201: History, Clinical Trials,  
and Path Forward

Jonathan H. Waters, Jennifer C. Lim, 
Joanne M. Blanckenberg, and Jonathan S. Jahr

 History

The pursuit of a blood substitute started in 1878 when 
T.  Gaillard Thomas proposed the use of cow’s milk as a 
blood substitute [1]. The idea that it could be used as a blood 
substitute was related to the thought that milk looked like 
lymphatic fluid. The first hemoglobin-based blood substitute 
was proposed by William Amberson in 1933 where he 
observed that many invertebrate animals have free hemoglo-
bin circulating in their vascular system. He proceeded to do 
complete blood volume exchanges with free hemoglobin in 
cats where he observed that the cats would act normally for 
about 5–6 h after which point, they would die. He proceeded 
to trial a hemoglobin-saline solution in 14 humans suffering 
from a variety of anemias [2]. In one case of postpartum 
hemorrhage, 2300 mL of the hemoglobin saline solution was 
injected. The patient’s blood pressure improved with a return 
to consciousness. Unfortunately, this patient died 9 days later 
from renal failure. What was concluded from Amberson’s 
cases was that the hemoglobin saline solution would raise 
blood pressure and that it transported oxygen; however, renal 
impairment was seen in half of the 14 cases. In the 1950’s, 
the United States Navy tested a free hemoglobin solution in 
47 anemic patients with 12 patients developing renal impair-

ment [3]. In 1969, Bunn and Jandl made the observation that 
the proximal tubule of the kidney was responsible for the 
clearance of the αβ dimer of hemoglobin, which resulted 
from hemoglobin breakdown in circulation and was protec-
tive of renal function [4]. They then looked at bis(N- 
maleimidomethyl) ether to reduce the dissociation of the 
dimers and prevent the renal excretion of the hemoglobin 
[5]. This basically started the efforts at developing cross- 
linking reagents in order to effectively deliver oxygen and to 
keep the hemoglobin molecule in circulation. The work on 
cross-linking evolved to use glutaraldehyde as a non-site- 
specific cross-linking agent [6]. Figure  35.1 shows the 
molecular structure of HBOC-201 which uses glutaralde-
hyde as a cross-linking agent. In association with its devel-
opment, Biopure Corporation was founded in 1984. Biopure 
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developed two molecules. One was the hemoglobin- 
glutamer- 200 (Oxyglobin®) which received approval in 
1997 from the Food & Drug Administration (FDA) for use in 
dogs with anemia [7]. The second molecule, hemoglobin- 
glutamer- 250 (HBOC-201, HBOC-201®) received approval 
from the South Africa Medicines Control Council in 2001 
and later in Russia yet has yet to gain approval for use in the 
United States and Europe.

HBOC-201 is a purified cell-free glutaraldehyde cross-
linked and polymerized bovine hemoglobin in a modified 
Ringer’s lactate solution (30–35 g hemoglobin/250 mL unit, 
pH 7.6–7.9, P50 = 40 mmHg). The advantages of HBOC- 
201 are its ability to be stored at room temperature for up to 
3 years; that it does not require cross-matching; and has a 
circulatory half-life of 19–24 h. Figure 35.2 shows a picture 
of HBOC-201. Unlike human erythrocytes, it also has an 
oxygen release independent of 2-3 DPG because oxygen 
affinity of bovine hemoglobin is regulated by a chloride ion 
instead of chemical modification by pyridoxylation which is 
needed by human hemoglobin to decrease its oxygen affin-
ity. Therefore, at physiologic plasma chloride concentra-
tions, polymerized bovine hemoglobin has a physiologic 
oxygen half-saturation pressure of 40 mmHg that does not 

diminish with storage. Bovine hemoglobin is purified and 
then polymerized to decrease its osmotic pressure and 
increase vascular persistence time, resulting in an HBOC- 
201 that can carry and unload oxygen in plasma.

However, it is cleared from circulation by the reticuloen-
dothelial system as would any free hemoglobin, and between 
5% and 10% is oxidized to form methemoglobin in the 
plasma, cleared by reductases in the red cell coat, and by 
other reducing agents. When severe anemia exists, there may 
not be adequate red cell volume to provide this protective 
mechanism. Clinically severe methemoglobinemia was not 
reported in the large trials, however, case reports have indi-
cated that occasional clinically significant methemoglobin-
emia may occur, requiring methylene blue or other 
antioxidant treatments [8].

The next section of this chapter is a summary of the clini-
cal trials that have been undertaken to prove safety and 
efficacy.

 Clinical Trials

Table 35.1 summarizes the published HBOC-201 in humans. 
For this section, a discussion of the most important trials will 
be undertaken. The first study of importance was the largest 
study with a total of 668 patients with 350 patients receiving 
HBOC-201 and 338 patients receiving allogeneic erythro-
cytes [8, 12]. This multicenter double-blind, randomized 
multinational study was one of the two largest clinical trials 

Fig. 35.2 Bag of HBOC-201 demonstrating the un-refrigerated form 
of its storage

Table 35.1 Published HBOC-201 studies in humans

Patient population Total number of patients

FDA 
study 
phase

Elective percutaneous 
coronary revascularization 
[9]

47 (17 pts got 15 g; 12 
pts got 30 g), 16 were 
placebo

I/II

Post-cardiopulmonary bypass 
[10]

98 (48 to PRBC, 50 to 
HBOC)

III

Surgical patients expected to 
be transfused [11]

81 (26 to LRS, 55 to 
HBOC)

I/II

Post-abdominal aortic 
reconstruction [8]

72 (24 to PRBC, 48 to 
HBOC)

III

Orthopedic surgery [12, 13] 668 (338 to PRBC, 350 to 
HBOC)

III

Elective abdominal surgery 
[14]

39 (20 controls, 19 to 
HBOC)

I/II

Elective liver resection 
surgery [15]

14 (8 to hetastarch, 6 to 
HBOC)

I/II

Normal subjects [16] 24 (6 to LRS, 18 to 
HBOC)

I

Exercising normal subjects 
[17]

6 (all received HBOC) I

Sickle cell disease not in 
crisis [18]

19 (7 to saline, 12 to 
HBOC)

I/II

Prolonged high dose use [19] 10 patients
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conducted with HBOC products. The purpose of the study 
was to assess whether or not use of HBOC-201 would reduce 
allogeneic red blood use in orthopedic patients requiring 
blood transfusion.

Patients were randomized at the first transfusion decision 
to receive either HBOC-201 or allogeneic erythrocytes. 
Transfusion thresholds included a total hemoglobin 
 concentration of less than 10.5 g/dL and a patient needed to 
have at least one of the following clinical signs: heart rate 
greater than 100 beats per minute; a systolic blood pressure 
less than 90 mmHg or less than 70% of preoperative screen-
ing value; electrocardiogram evidence of myocardial isch-
emia; metabolic acidosis (Base Deficit −4 or worse); acute 
blood loss greater than 7 mL/kg within 2 h or less; oliguria 
with urine output less than 0.5 mL/kg/h for at least 2 h.

Once treatment was initiated with a 2-unit (500 mL) load-
ing dose of HBOC-201, additional treatment was permitted 
for up to 6 days to a total of 10  units HBOC-201 (130  g 
hemoglobin) using the same criteria as for enrollment. Need 
for continuing transfusion beyond 10  units of HBOC-201 
was met by crossing-over HBOC-201 randomized patients to 
allogeneic erythrocytes. The designs of this Phase III study 
required that limits be placed on the amount of HBOC-201. 
The clinical trial scenarios simulated circumstances where 
HBOC-201 was used until erythrocytes became available to 
replace moderate (less than 3  units of erythrocytes) blood 
loss for elective surgery. The primary endpoints were trans-
fusion avoidance and blinded assessment of safety 
non-inferiority.

Among the 350 HBOC-201 patients in this trial, 96.3% 
avoided erythrocyte transfusion at Day 1, 70.3% at Day 7 
and 59.1% at 6 weeks after surgery. A summary of overall 
medical risk assessment for the intent to treat, determined by 
blinded review of patient medical records and adverse events 
by treatment group, showed the overall odds ratio for adverse 
events was 1.41–1.43 between groups. Ten deaths occurred 
in patients randomized to HBOC-201 and six in the patients 
randomized to allogeneic erythrocytes (p = 0.450). No deaths 
in either treatment group were categorized as being associ-
ated with either treatment.

Mean baseline hematocrits of the 350 subjects treated 
with HBOC-201 and the 338 subjects treated with allogeneic 
erythrocytes were both 28%. In both treatment groups, nadir 
hemoglobin was the reason most often documented for the 
first transfusion decision followed by tachycardia (greater 
than 100 beats per minute). The primary efficacy endpoint, 
avoiding erythrocyte transfusions throughout the entire 
6-week study period, was achieved with 59.4% of the sub-
jects in the HBOC-201 group. Considering the intent to 
replace up to 6  units of erythrocytes by up to 10  units of 
HBOC-201, the actual rate of full blood avoidance was even 
higher since only 317 (93.8%) of subjects in the erythrocyte 
arm received 6 or less units.

Examining the laboratory data in the study, the investiga-
tors found no difference in acid-base parameters, albumin, 
total bilirubin, alkaline phosphatase, lactate dehydrogenase, 
glutamyl transferase, and glucose between treatment groups. 
However, they did find an elevated total protein at follow-up 
in the HBOC-201 group, as well as an increase in aspartate 
aminotransferase and alanine aminotransferase. Lipase was 
increased in the HBOC-201 group in 5–11% of patients, ver-
sus 1–2% of patients in the allogeneic erythrocyte group. 
Creatinine was increased greater than 25% over baseline in 
12 patients (6%) in the HBOC-201 group versus 3 patients 
(2%) in the allogeneic erythrocytes group.

In patients with moderate transfusion needs, HBOC-201 
was shown to significantly reduce allogeneic erythrocyte use 
without an increase in adverse effects. However, in patients 
with higher transfusion needs, HBOC-201 failed to correct 
the anemic condition due in part to an unbalanced study 
design and inherent limitations of HBOC-201. Considering 
the more diluted hemoglobin concentration (13 g/dL hemo-
globin in 250  mL), HBOC-201 would inherently require 
more volume than allogeneic erythrocytes. Therefore, in 
high demand patients for a comparable effect, larger vol-
umes of HBOC-201 would be required which in turn might 
have led to volume overload and a higher incidence of 
adverse effects.

In another multicenter, randomized, double-blind study, 
HBOC-201 and/or allogeneic erythrocytes were adminis-
tered post cardiac surgery to patients with hemoglobin val-
ues between 6.5 and 9.0 g/dL [9]. Patients in the study were 
first provided with conventional techniques to avoid allo-
genic erythrocyte transfusion, such as preoperative autolo-
gous donations, cell salvage, and antifibrinolytic agents. 
After meeting transfusion criteria, they were then given up to 
three blinded doses of either HBOC-201 (first dose 
60 g/500 mL, second & third doses 30 g in 250 mL) or allo-
geneic erythrocytes within 72 h after the decision to trans-
fuse was made. After the 72 h or three transfusions (whichever 
occurred first), patients in both treatment groups were 
unblinded and received RBCs if transfusion was still neces-
sary. About a third of patients in the HBOC-201 group did 
not require any allogenic erythrocyte transfusion. Patients 
required an average of 2.19 units of allogeneic erythrocytes 
in the control group compared to 1.72 units in the HBOC- 
201 group. Thus, there was a mean reduction of 0.47 units of 
allogeneic erythrocyte units per patient in those who initially 
received HBOC-201. Also, of note, there was no significant 
difference between the groups in the numbers of patients 
requiring postoperative clotting factors. Patients in the 
HBOC-201 group also had significantly decreased hemato-
crit and hemoglobin levels on postoperative days (POD) 1, 2, 
and 3 compared to the control group. However, by POD 6, 
these variables were equivalent between the two groups. 
There were also statistically significant decreases in mean 
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cardiac index and pulse oximetry oxygen saturation and 
increases in systemic and pulmonary arterial pressure in the 
HBOC-201 group compared to the control group.

This study suggested that HBOC-201 maintained oxygen 
transport and that oxygen content was like that for those 
transfused with allogeneic erythrocytes. HBOC-201 is also 
known to increase systemic blood pressure through vascular 
nitric oxide scavenging or from the release of endothelin 1. 
This may be advantageous specifically for postoperative car-
diac surgery patients because they may have low systemic 
vascular resistance resulting from sedation, use of preopera-
tive vasoactive drugs, or postoperative anemia resulting in 
decreased blood viscosity, and usually require the use of 
alpha-agonists to maintain perfusion. Interestingly, hemato-
crit values were similar between both groups by POD 6, 
which has been suggested to be due to an effect of HBOC- 
201 on erythrocyte production by increasing serum iron, fer-
ritin, and erythropoietin levels. This study also highlighted 
the limitations of HBOC-201, which are its short plasma 
half-life of less than 24 h and its oxidization to methemoglo-
bin. The study found that 15% of circulating HBOC-201 
converted to methemoglobin by POD 1 and 40% by POD 2. 
Overall, the study concluded that using as much as 120 g of 
hemoglobin from HBOC-201 resulted in a modest degree of 
about half a unit of allogenic blood conservation in 2/3rds of 
the group and avoided allogenic transfusion in 1/3rd of the 
group.

Another study from a multicenter, randomized, single- 
blind, parallel-group study looked at the administration of 
HBOC-201  in noncardiac surgery patients [10]. The study 
was designed to see how many patients would not need allo-
genic erythrocyte transfusion after initiation of HBOC-201, 
which was up to 7 units in the first 6 days. Those requiring 
subsequent transfusions were given allogeneic erythrocytes. 
Those in the HBOC-201 group were infused with 2  units 
(60 g Hb) to match the hemoglobin content in 1 unit of allo-
geneic erythrocytes. To meet transfusion criteria, patients 
had to have a total hemoglobin level of at least 2 g/dL less 
than the estimated discharge hemoglobin or less than 6  g/
dL. Transfusions were not permitted if the hemoglobin was 
greater than 10 g/dL. A transfusion was also allowed if one 
or more of the following symptoms were present: heart rate 
greater than 100  bpm, systolic blood pressure less than 
90 mmHg, metabolic acidosis (base excess of −4 or worse), 
acute blood loss greater than 7 mL/kg within a 2-h period, 
oliguria with urine output of less than 0.5 mL/kg/h for 2+ h, 
and restricted activity due to weakness or dizziness. On aver-
age, the HBOC-201 group received 3.2  units compared to 
4.4 units in the control group. The HBOC-201 group showed 
a transient increase in blood pressure which lasted up to 
2  days following administration. The greatest difference 
between the groups was the incidence of jaundice though 
these incidences were not associated with liver failure. The 

prehepatic jaundice correlated with an increased bilirubin 
load that was consistent with the processing of HBOC-201 to 
bilirubin. There was no difference in significant adverse 
effects between the two groups. Results also showed a 
decrease in hematocrit with HBOC-201 transfusion com-
pared to an increase with allogeneic erythrocytes due to 
hemodilution in the erythrocyte-absent HBOC-201 group. 
There was also an increase in total hemoglobin for both 
groups, but more so with allogeneic erythrocyte transfusion 
suggesting a significantly lower Hb concentration of HBOC- 
201 compared to allogeneic erythrocytes.

The authors concluded that administering up to 7 units of 
HBOC-201 over the span of 6 days averted allogeneic trans-
fusion in about 43% of patients who would have otherwise 
necessitated erythrocyte transfusion. However, results here 
may have been subject to design bias, such as undertreating 
the HBOC-201 that would lead to an overestimation of 
HBOC-201 efficacy. On the other hand, HBOC-201 associ-
ated adverse events may have been over-reported due to 
assessment differences. Another important flaw in the study 
was that transfusion was recommended for hemoglobin val-
ues between 6 and 10 g/dL. With such a wide and ambiguous 
range, it makes it difficult to accurately assess the impact of 
HBOC-201 on reduction and avoidance of allogeneic eryth-
rocyte transfusion. This, however, is not a fault of the trial 
design, but due to poorly defined and practiced transfusion 
protocols that have existed over the past few decades. Patients 
in the HBOC-201 group were maintained with a total hemo-
globin concentration average of about 1  g/dL lower and a 
hematocrit 6% lower than the allogeneic transfusion group. 
Therefore, it is unclear if the HBOC-201 group was under-
treated or patients in the allogeneic group were overtreated.

Most recently, a retrospective observational cohort study 
of critically ill patients was performed on patients who 
received a total of 10 or more units of HBOC-201. This was 
performed as an investigational medication under the FDA 
expanded access program from May 2014 through December 
2017. This study was unique in that it was conducted outside 
of a clinical trial and involved larger doses of HBOC-201 for 
prolonged periods. Of the 41 patients who were treated with 
HBOC-201 during this time, only 10 patients received 10 or 
more units. Ten units was the cut-off minimum because 
10 units was the maximum number of units given in previous 
trials. All except one patient declined blood due to religious 
beliefs. The one patient who did not receive allogeneic eryth-
rocyte transfusion was because no compatible blood was 
available. The mean native hemoglobin concentration was 
3.3 g/dL (standard deviation = 0.9 g/dL) with transfusion of 
HBOC-201 occurring within 24  h of signing consent. 
Patients received an average of 16.2 units (standard devia-
tion = 5.7 g/dL) over the course of their treatment. This aver-
aged about 1.99 units/day (standard deviation = 0.17 g/dL). 
Treatment lasted about 8.2 days (standard deviation = 3 days) 
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and ended with a total hemoglobin concentration of 7.3 g/dL 
(standard deviation  =  1.7  g/dL). Again, the most common 
side effects seen were methemoglobinemia and elevated 
blood pressure. All patients survived to hospital discharge 
without any significant long-term effects. This study showed 
that transfusion with HBOC-201 had a remarkable outcome 
with no mortality and patients being released from the 
 hospital shortly after transfusion. In comparison to a similar 
study of anemic patients with nadir Hb concentration of 
3.3 g/dL, there was a 50% mortality in those who were not 
given any transfusion. With the assumption of an average cir-
culatory volume of 5 L, the patients in the study were trans-
fused with HBOC-201 that was 80% of their total blood 
volume. It is also incredible that even with this much product 
transfused, these critical care patients showed no significant 
adverse events and fully recovered without any long-term 
anemia- related morbidities.

 Future Work

In July 2002, Biopure, the developer of HBOC-201, submit-
ted a biologics license application to the Food and Drug 
Administration (FDA). Later the following year, the com-
pany also applied to perform clinical trials in human trauma 
victims. In the summer of 2003, Biopure had their request 
for a trauma trial and for approval of their biologics license 
application rejected. In 2009, the company ceased operations 
and sold its assets to OPK BioTech (Cambridge, MA) who 
then, in 2014, sold it to Hemoglobin-Oxygen Therapeutics 
(Souderton, PA), who continues to market the HBOC-201 in 
South Africa and has generously made it available to patients 
in the US, in whom blood is not an option (see section 
below).

 Expanded Access

The FDA has allowed HBOC-201 use under an expanded 
access and compassionate use, meaning it can be used under 
a research protocol and supervised by an institutional review 
board. It can be used in situations in which all other options 
of transfusion therapy have been exhausted and the patient 
is experiencing severe and dangerous anemia. Typically, 
these patients come from the Jehovah’s Witness faith or are 
patients that have been heavily alloimmunized and no com-
patible blood can be found. This latter group are patients 
with sickle cell disease who have been repetitively trans-
fused. Many patients with life-threatening anemia have 
recovered fully, although not all patients survive due to their 
pre-existent disease or their trauma. For example, Donahue 
et al. [20] describe a 36-year-old Jehovah’s witness patient 
with acute lymphoblastic leukemia who developed a severe 

anemia (hemoglobin of 3.1 g/dL). Fifteen units of HBOC-
201 were administered during induction chemotherapy from 
which she survived to be discharged. Another example is a 
21-year- old Jehovah’s witness who suffered a traumatic 
brain injury [21]. Six days after his injury his hemoglobin 
had drifted down to 3.5 g/dL. Four units of HBOC-201 were 
given. On hospital day 9, the patient had a brain herniation 
and died. A third example was that of a 23-year-old who was 
crushed by two cars [22]. His hemoglobin nadired at 3.9 g/
dL.  Seven units of HBOC-201 were administered over 
6 days. He was discharged home on day 12. Many examples 
such as these can be found in the literature where severe 
anemia is bridged by HBOC-201 (Table 35.2). These exam-
ples are also illustrative of how people can survive with ane-
mias at levels which most medical providers view as not 
survivable.

 Current Use

Given the high HIV infection rate in South Africa, the supply 
and availability of uninfected, safe blood was not guaran-
teed. This prompted accelerated approval of HBOC-201 by 
the South African Medicines Control Council in the hope 
that it would help alleviate problems with severe obstetric 
hemorrhage, particularly in the rural, under-resourced areas 
of the country.

Interested doctors and nurses were trained in the use of 
HBOC-201 by Hemopure SA. On completion of the training 
program, physicians could access HBOC-201 from the com-
pany for use in appropriate patients. The final decision to 
administer HBOC-201 to any patient is made by the attend-
ing physician.

Adult surgical patients, diagnosed with anemia resulting 
from either pre-existing medical conditions, or secondary to 
surgical treatment, received HBOC-201 as part of the treat-
ment of their acute. These patients were deemed to have 
reached a “transfusion trigger”. In the absence of HBOC- 
201, they would have received a red cell transfusion of a 
minimum of two units.

After an initial 30 g dose of HBOC-201 is administered 
over 1–3 h, a second dose is administered, depending on the 
clinical response, severity of the anemia and the level of 
plasma hemoglobin achieved after the first dose. If, after 
administration of the first 30 g dose, clinical stability is noted 
then, the patient would receive a second 30 g dose on the 
same day if signs or symptoms of ongoing anemia existed. If 
the patient’s hemoglobin concentration was less than 7.0 g/
dL, or was expected to decrease to this level, a second unit of 
HBOC-201 was administered straight after the first unit.

Plasma hemoglobin was measured 1 h after completion of 
each unit on the first day, and then daily thereafter whilst 
treatment continued.
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Table 35.2 Summary of compassionate use of Hb-based oxygen carriers in patients for whom blood is not an option

Author, publication 
year Patient N = Population

Nadir Hb 
(g/dL)

Units of HBOC-201 
received (units) Outcome

Davis et al., 2018 [23] 3 Sickle cell (2 Jehovah’s witness 
patients)

3.6–3.8 6–27 All survived to discharge

Donahue et al., 2010 
[20]

1 Jehovah’s witness with acute 
lymphoblastic leukemia

3.1 15 Completed chemotherapy and 
discharged

Fitzgerald et al., 2011 
[24]

1 Jehovah’s witness trauma patient 2.9 5 Discharge to rehabilitation 
facility

Jordon and Alexander, 
2013 [25]

1 Jehovah’s witness with 
autoimmune hemolytic anemia

2.8 2 Discharge to home

Lundy et al., 2014 1 Jehovah’s witness burn patient 5 6 Death from multiorgan failure
Mackenzie et al., 2010 
[26]

54 Jehovah’s witness patients with 
severe anemia

3.9 median 8 median units 
received

Survival of 41.8%, no adverse 
events attributed to HBOC

Posluszny and 
Napolitano, 2016 [22]

1 Jehovah’s witness trauma patient 3.9 7 Discharged home

Marinaro et al., 2009 
[21]

1 Jehovah’s witness trauma patient 3.5 6 Brain herniation and death

Administration of additional units of HBOC-201 is deter-
mined by clinical signs namely: pulse rate, urine output and 
the presence of fatigue (especially if the hemoglobin was 
less than 8 g/dL). Additional doses are administered not only 
according to the hematocrit of the patient, but also according 
to clinical evidence and symptoms of anemia. HBOC-201 
treatment is discontinued once the patient has attained clini-
cal stability, either due to his/her own red cell hemoglobin 
concentrations recovering, or normal compensatory mecha-
nisms operating sufficiently. In the South African usage, a 
maximum of seven units of HBOC-201 per patient was rec-
ommended. In patients who remained clinically unstable 
after the seventh unit of HBOC-201, administration of red 
blood cells, where permissible, was recommended.

A report was compiled to document the results of a sur-
veillance and educational program of HBOC-201 adminis-
tered to anemic patients in South Africa from 2002 until 
2005. This was not a clinical trial, but rather a post- marketing 
study. Having made the decision to administer HBOC-201 to 
a particular patient, it is incumbent on the treating doctor to 
record the patient’s diagnosis, indication for product usage, 
surgical procedure (if any) and quantity of product used. 
Supply of product was conditional on agreement by the treat-
ing physician to report to the product distributor any SAE or 
mortality that may have ensued. SAE’s were investigated to 
establish a possible causal relationship to HBOC- 201. Only 
severe adverse events that were directly product related, 
were documented.

 Future Directions

HBOC-201 has been studied as an ex vivo perfusate to pre-
serve, refurbish and facilitate evaluation of extended criteria 
donor organs. Fontes et  al. [27] published the first study to 
evaluate HBOC-201 as the oxygen-carrying component in a 

novel liver perfusion solution. Donated livers are increasingly 
being recovered and maintained prior to transplantation using 
normothermic ex situ liver perfusion technology [28, 29]. de 
Vries and colleagues [30] extended these findings to a liver 
transplant trial that enabled successful grafts in all recipients. 
Other organs that have used HBOC-201 for organ preservation 
include kidneys [31], Heart [32], and limb [33]. Additional 
research to optimize donor organ perfusion with HBOC-201 
should expand the pool of available livers and other organs for 
transplantation to seriously ill, wait-listed recipients.

Lastly, the United States Department of Defense in con-
junction with the University of Stellenbosch in South Africa 
is conducting a clinical trial to evaluate the use of HBOC- 
201 in conjunction with freeze-dried plasma in pre-hospital 
trauma patients [34]. If this study is found to be lifesaving, it 
could potentially place HBOC-201 in every ambulance.

 Summary

Guidelines and best practices for HBOC-201 administration 
have been established [35]. Multiple lines of evidence dispel 
the myth of an intrinsic HBOC-201 toxicity. Evidence con-
sists of a beneficial effect include nonclinical studies, clini-
cal trials (phase II, III), compassionate use or expanded 
access, and donor organ perfusion. HBOC 201 is an effective 
“oxygen bridge” because it can be used to delay or avoid 
allogeneic erythrocyte transfusion in acute anemia. It is also 
a safe alternative to allogeneic erythrocytes when blood is 
not an option or available. The HBOC-201 body of published 
evidence that adverse events associated with randomization 
to HBOC-201 in an early phase III clinical trial were due to 
under treatment of anemia and patient circulatory volume 
mismanagement rather than an intrinsic toxicity. Adverse 
effects of HBOC-201 may be managed by use of published 
paradigms and standard pharmacotherapy.
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Key Points
 1. Hemopure is the most tested HBOC to date and room 

temperature stable for 3 years
 2. Hemopure is available for human use in South Africa and 

Russia for surgical anemia
 3. Hemopure is available for Expanded Use when blood is 

unavailable or not an option
 4. Hemopure has been tested for cardiac safety in animal 

and human models and deemed safe
 5. Hemopure has been evaluated as a perfusate in liver 

transplant preservation and in multiple other indications 
and appears safe and effective
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Perftoran: History, Clinical Trials,  
and Pathway Forward

Gary W. Latson

 Introduction

Perftoran™ is an oxygen carrying intravenous solution com-
prised of two perfluorocarbons (PFCs) emulsified by a copo-
lymer and mixed in an electrolyte solution with an overall 
osmotic pressure similar to plasma. It was originally devel-
oped in Russia for use as an oxygen-carrying plasma additive 
for massive blood loss anemia. It has subsequently been 
studied and used in multiple other conditions in which 
improvement in oxygen delivery is believed to be beneficial. 
It has reportedly been used in over 30,000 human patients 
with moderate side effects and significant benefits 
(Maslennikov I, Thompson D, July 2017, Scientific produc-
tive company Perftoran (Russia) and FluorO2 Therapeutics 
INC, Wake Forest NC, personal communication). This chap-
ter will review the pharmacology and physiology, history, 
clinical trials and clinical experience, and potential future 
applications of the product.

 History

Research and development of PFC-based oxygen carriers 
began in the Soviet Union in the 1970s by multiple research 
teams and scientists with eventual consolidation of efforts 
within the All-Union Scientific Industrial Programme in 
1980. An original formulation for Perftoran, including the 
PFC compounds Perfluorodecalin (PFD) and Perfluoro-N-
(4-methylcyclohexyl)-piperidine (PFMCP) was suggested 
by Kiril Makarov and Lev Gervitz at the Institute of 
Elemental Organic Compounds. After further development 
and refinement of the emulsification technology, clinical tri-
als were conducted from 1984 to 1994, and the formulation 

was registered in Russia in 1996 and later in Ukraine and 
Kazakhstan. The most common usage in Russia was for 
blood loss anemia, and polytrauma, but it also showed util-
ity in limb ischemia, traumatic brain injury, organ transplan-
tation, cardiac surgery, burns, and as a topical wound 
treatment [1].

A U.S. Patent was issued in 2003 describing the manufac-
ture and potential uses of the product [2]. Application to the 
U.S. FDA has not yet been made (Maslennikov I, Thompson 
D, July 2017, Scientific productive company Perftoran 
(Russia) and FluorO2 Therapeutics INC, Wake Forest NC, 
personal communication). A European Patent Application 
was filed in 2006 [3].

Perftoran was evaluated and approved in Mexico in 2005, 
and marketed by KEM Laboratories under the brand name 
Perftec™, primarily to reduce the need for human packed 
red blood cells. A clinical trial in Mexico City demonstrated 
effectiveness in reduction of blood utilization in cardiac sur-
gery and showed a safety and side effect profile consistent 
with that reported in the Russian literature [4]. To this 
author’s knowledge, this was the only human clinical trial 
reported in the Western Hemisphere. The approval for use in 
Mexico was suspended in 2010 due to concerns over the lack 
of documentation of “Good Manufacturing Practice” (GMP) 
certification in Russia. Manufacture was suspended in Russia 
in 2011 and plans were developed to manufacture the prod-
uct in the USA under GMP certification and re-apply for 
approval in Mexico and other countries. This has not yet 
occurred due to lack of investment capital.

 Composition and Pharmacology

Composition of Perftoran is detailed in Table 36.1. It is com-
prised of two primary PFC’s (PFD and PFMCP) emulsified 
with the copolymer Proxanol 268 in a buffered aqueous solu-
tion. Small amounts of other PFC compounds (“satellites” or 
“co-products) are also present. Proxanol 268 is an adduct of 
polyethylene oxide and polypropylene oxide.
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Perftoran, along with Fluosol DA, is considered a “first 
generation” PFC product. It has lower concentration of PFC 
and, therefore, lower oxygen carrying capacity, than “second 
generation” products, including Oxygent, Oxycyte, and 
Oxyfluor.

The main PFC component of Perftoran, PFD, is also the 
main component in an earlier PFC product, Fluosol DA™, 
which was developed in Japan by Green Cross Corporation 
and approved in multiple countries, including the USA in 
1989 for use during coronary angioplasty [7]. While there 
are similarities between Perftoran and Fluosol DA, there are 
important differences. PFC compounds are unique in that 
they are both hydrophobic and lipophobic and must therefore 
be emulsified for use in human plasma. There are complex 
interactions between different PFC compounds of varying 
molecular weights and structure which affect vapor pressure, 
oxygen carrying capacity, emulsion stability, and retention in 
tissue. Combinations of two or more PFC compounds have 
advantages in overall stability and function of the products 
[8]. Fluosol DA and Perftoran both utilize two PFC com-
pounds with PFD as the primary PFC.  Fluosol DA uses a 
different secondary PFC, perfluorotripropylamine (PFTPA), 
instead of PFMCP.  Small amounts of PFC coproducts are 
also noted to be present [1].

Emulsification agents also differ; Perftoran uses a copoly-
mer, Proxanol P268 (also known as Poloxamer 268) and 
Fluosol DA used a different copolymer, Pluronic 68 with egg 
yolk phospholipid (EYP), and hydroxyethyl starch as an 
oncotic agent. Pluronic 68 is suspected of causing comple-
ment activation and may be partly responsible for the side 
effects of Fluosol DA [7]. Proxanol 268 reportedly has fewer 
side effects and less toxicity [1]. Second generation products 
Oxygent and Oxycyte use mainly EYP as the emulsification 
agent.

Fluosol must be stored frozen in three separate compo-
nents and when thawed and mixed is only stable for a few 
hours [7]. Perftoran is stored frozen as a single solution and 
can be thawed and remains stable for up to 2 weeks under 
refrigeration [1]. Oxygent and Oxycyte using EYP are stable 
at room temperature.

Particle size is hypothesized to be a major determinate 
of some side effects, including complement activation and 
thrombocytopenia, with smaller particle size being associ-
ated with fewer side effects [8]. Perftoran has the smallest 
particle size of any of the products mentioned. Advances 
in their emulsification process results in average particle 
size of 0.06–0.07 um (60–70  nm) compared to 0.12  um 
average particle size for Fluosol DA and 0.16–0.2 um for 
Oxygent and Oxycyte. It is reported that side effects are 
reduced from 8–10% with Fluosol DA to 3–4% with 
Perftoran [1, 8].

Perftoran is packaged in a single bottle and is stored fro-
zen at −18 °C to −4 °C for up to 3 years. After controlled 
thawing at room temperature, it is stable for up to 2 weeks in 
refrigeration at 4 °C [1]. Re-freezing was originally allowed 
but was later discouraged as it was felt to increase the rate of 
side effects.

Perftoran is administered by intravenous infusion in doses 
ranging from 2 to 30 ml/kg body weight. It is recommended 
that a small “test dose” of a few ml be administered with a 
10–15  min observation period to reveal hypersensitivity 
reactions (see side effects below). For hemorrhagic anemia, 
the dose of Perftoran is adjusted for the degree of blood loss. 
For example, with blood loss of <750 ml, the recommended 
dose of Perftoran is 200–300 ml along with crystalloid solu-
tion. For blood loss of >2000 ml (>40% circulating blood 
volume), 1000–1500 ml of Perftoran is recommended along 
with crystalloids, colloids, plasma and red blood cells if 
available. Additional Perftoran can be given as needed. In 
order to maximize oxygen delivery, it is recommended that 
patients receive 40–60% inspired oxygen during Perftoran 
treatment [6].

Perftoran is distributed in the plasma and extracellular 
fluids with some cellular uptake by macrophages. The two 
primary PFC components have different distributions and 
eliminations. Most PFC is primarily excreted via the lungs 
(90%) and small amounts are eliminated by evaporation 
through the skin and by the liver in bile. The half-life in cir-
culating blood is approximately 24  h. Approximately 
20–30% is temporarily taken up by macrophages in the liver, 
spleen, bone marrow and lymphoid tissues, with a terminal 
elimination half life of 14  days for PFD and 90  days for 
PFMCP [5]. Proxanol P268 is biologically inert and is elimi-
nated via the kidneys within approximately 24 h.

The toxicity of Perftoran is low. In mice, the LD50 by 
intravenous injection is 140  ml/kg, or in grams, LD50 of 

Table 36.1 Perftoran composition and properties [1, 5, 6]

Component Per 100 ml solution
Perfluorodecalin (PFD) 7.0 ml (6.5–7.0 V%)
Perfluoromethylcyclohexylpiperidine 
(PFMCP)

3.0 ml (3.0–3.5 V%)

Proxanol 268 4.0 g
NaCl 0.6 g
KCL 0.039 g
MgCL2 0.019 g
NaHCO3 0.065 g
NaH2PO4 0.02 g
Glucose 0.2 g
H2O 100 ml
F- 10 uM
Osmotic pressure 300 mOsm
pH 7.3
Viscosity 2.3 cPs
Average particle size 0.06 um (60 nm)
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35.3 g/kg. Chronic toxicity studies in rats and rabbits demon-
strated small perivascular infiltrates in the lungs, and vacuol-
ized macrophages in the liver spleen and lymph nodes. The 
permissible dose in humans has been established at 20 ml/kg 
(although larger doses have been given). While present in the 
tissues, PFC compounds are biologically and chemically 
inactive and long-term studies have shown no evidence of 
organ pathology, or carcinogenic effects (Maslennikov I, 
Thompson D, July 2017, Scientific productive company 
Perftoran (Russia) and FluorO2 Therapeutics INC, Wake 
Forest NC, personal communication). More than 200 patients 
treated with Perftoran were followed for 3–5 years with no 
signs of adverse effects [6].

In preclinical studies, after 11 successive intraperitoneal 
infusions of Perftoran (total dose 275 mg/kg) to rats in the 
first stage of pregnancy, symptoms of teratogenicity were 
noted [1].

The primary side effects of Perftoran are mild to moderate 
hypersensitivity type symptoms, including temporary flush-
ing or reddening of skin, increase in heart rate, decrease in 
blood pressure, rise in temperature, headache, substernal 
pain, dyspnea, neutropenia, and rarely an anaphylactic 
response. Typically, the symptoms are mild to moderate and 
resolve or improve within 5–15 min of the test dose, and the 
infusion is completed. If more serious symptoms arise, the 
infusion is stopped and symptoms are usually successfully 
treated with analgesics, sedatives, antipyretics, antihista-
mines, corticosteroids or adrenaline [5].

The reported incidence of these side effects is variable. 
In massive hemorrhage or trauma situations, the reported 
incidence is very low, possibly due to the inability to 
observe symptoms in obtunded patients. In cases where 
Perftoran is administered to awake patients, the incidence 
is variously reported as 1.8–4% [1], or 2–15% [5]. In a 
human clinical trial conducted in Mexico City in 2005, a 
test dose of 30 drops of Perftoran was administered to 16 
patients prior to Cardiac surgery, and 1 patient (1/16, 
6.25%) developed urticaria. The infusion was stopped and 
the patient was successfully treated with intravenous anti-
histamine. No adverse events were observed in 15 other 
patients receiving Perforan [4].

Perftoran is incompatible in the same infusion line with 
Dextrans, polyglucin, rheopolyglucin, hydroxyethyl starch, 
and oxyethyl amylumin infusions. It is compatible with 
blood and blood components, albumin, saline, most medica-
tions [5].

Per the Russian recommendations, contraindications to 
Perftoran include hemophilia, allergic diseases, and the first 
two trimesters of pregnancy. Relative contraindications 
include autoimmune diseases and history of hysteria [5].

 Physiologic Properties

The primary physiologic property of interest is oxygen trans-
port and delivery. As reviewed by Kaye in an earlier chapter 
in this book, PFC emulsions increase the oxygen carrying 
capacity of the plasma in proportion to their concentration in 
the plasma and the relative solubility of oxygen in the PFC 
components [9]. Perftoran emulsion is 10 volume per cent 
PFC, or 20% w/v PFC, and has an oxygen carrying capacity 
of 6.9 ml/dl of oxygen at PO2 of 760 mmHg [1]. Compared 
to second generation PFC products such as Oxygent and 
Oxycyte, which contain up to 60% w/v PFC, Perftoran has 
significantly lower capacity for oxygen delivery, but, as 
explained by Spiess and others, the ability of PFC to facili-
tate oxygen movement through the plasma and extracellular 
fluids may be as important as bulk oxygen delivery capacity. 
The smaller particle size of Perftoran emulsion significantly 
increases overall surface area of the PFC particles and may 
improve oxygen diffusion through the plasma and tissues.

If given at its maximum recommended dose of 20 ml/kg in 
a 70 kg patient breathing an inspired oxygen concentration of 
100%, 1.4 L of Perftoran would theoretically be able to carry 
96.6 ml dissolved oxygen. In reality, the contribution of oxy-
gen carried by Perftoran from the lungs to the tissues is prob-
ably less than the amount of oxygen carried and delivered by 
the hemoglobin in RBCs, even in relatively profound anemia. 
Of potentially greater importance is the ability of PFC to facil-
itate oxygen movement from the RBC through the plasma and 
tissue. Perftoran seems to provide the most benefit when given 
in lower doses in moderately severe anemia [1, 6].

Perftoran reportedly has a vasodilation effect, thought to 
be due to Nitric Oxide (NO) dissolution in RBCs [8]. It is 
also reported to have beneficial effects on the membrane of 
RBCs providing decreased rigidity and improved RBC sur-
vival [1, 6]. Perftoran has been shown to induce hepatic 
microsomal cytochrome P-450, which may be beneficial in 
treating certain toxicities [5, 8].

 Pre-clinical Trials

Early animal trials were directed at establishing safety (men-
tioned above) and effectiveness as a treatment for severe 
hemorrhagic anemia. It is generally shown to be harmless 
and non-toxic to mice, rats, rabbits, and dogs.

A study in dogs with induced hemorrhagic shock by an 
acute blood loss of 35 ml/kg that were resuscitated after 1 h 
with 40 ml/kg Perftoran or Dextran 60 while breathing an 
oxygen air mixture. Two hours later, the kidneys were iso-
lated and transplanted into anephric recipient dogs. The kid-
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neys from the donor dogs treated with Perftoran showed 
improved tissue ATP/ADP, and decreased lactate/pyruvate 
ratios compared to the control group treated with Dextran 60. 
Recipient dogs in the Perftoran group showed lower levels of 
creatinine and urea, and renal graft survival was twice as 
long [1].

 Other Animal Studies

Many exploratory animal studies have been performed with 
Perftoran for a variety of conditions. In Russia, Rat studies 
demonstrated that infusion of Perftoran 7.5 ml/kg compared 
to saline before moderate blood loss resulted in better 
 preservation of mean arterial blood pressure (MAP). 
Hematopoiesis after massive blood replacement with 
Perftoran in rats was preserved [1]. Perftoran use in cardio-
plegic solutions delayed ischemic contracture and decrease 
in pH. Reperfusion of rabbit hearts after total ischemia with 
Perftoran provided a two-fold higher contractility amplitude 
compared to Tirode solution. Perftoran in doses exceeding 
2 ml/kg was shown to induce cytochrome P450 synthesis and 
activate the monooxygenase system of the liver during the 
period of PFD retention. Perftoran was shown to promote 
earlier and more complete structural regeneration during 
reperfusion after partial or global critical intestinal ischemia 
[10]. In 2017 Perftoran was studied for resuscitation of cats 
after traumatic injury and it was demonstrated that oxygen 
saturation and tissue oxygenation was improved, and lactate 
production decreased over a recovery period of 7 days with-
out adverse reactions [11].

In the USA, Eckman et al. in 2003 studied the clearance 
of microvascular gas embolism following Perftoran infusion 
in the rat cremaster muscle microcirculation. Perftoran 
infused before, but not after, gas embolization resulted in 
faster clearance of emboli and restoration of blood flow [12]. 
Abutarboush et al. in 2016 studied the effects of Perftoran on 
cerebral microcirculation and demonstrated that it did not 
cause additional vasoconstriction of cerebral pial arterioles 
or increase systemic blood pressure compared to saline or 
hetastarch [13].

 Human Trials: Russia, Mexico

The detailed results of some of the clinical trials are in 
Russian references that are summarized and referenced in 
English language publications [1, 5, 6, 8]. This author cannot 
adequately review and reference the original trial results in 
Russian language publications and so must rely upon these 
English language summaries and refers the interested 
researcher to the reference lists of these publications for the 
original Russian references.

According to English language sources cited above, dur-
ing preregistration clinical trials, Perftoran was given intra-
vascularly to 964 patients for the following indications: 
Acute blood loss, hemorrhagic shock (22% of patients); 
Polytrauma, shock (20%); Toxic shock (20%); Limb isch-
emia (20.7%); Cardiac surgery (11.1%); Kidney transplan-
tation (4.8%); Burns, oncology and other indications 
(8.2%) [1].

Dosage ranged from 4 to 30 ml/kg [6]. Trials involving 
Perftoran for blood loss anemia established the relative 
safety and side effect profile of Perftoran and demonstrated 
that it could facilitate oxygen delivery in blood loss anemia, 
improve hemodynamic parameters, and reduce the need for 
allogenic blood transfusion. Trials for other conditions 
reportedly demonstrated that Perftoran could alleviate symp-
toms of ischemia in vascular occlusive disease, improve 
recovery from polytrauma including traumatic brain injury, 
improve survival of organ transplants, and improve the func-
tion of hearts during cardiac bypass procedures. Additionally, 
they showed that Perftoran activates the detoxification func-
tions of the liver, inhibits retro-virus infections, and is bene-
ficial in  local application to wounds and ulcers. Based on 
these trials, Perftoran was approved for registration in Russia 
and began to be sold in 1997 to Central Regional Stations of 
Blood Transfusion and some hospitals.

After registration approval, trials continued in a wider 
range of applications. A review of the Russian scientific lit-
erature from 1997 to 2002 included an additional 1823 
patients that received Perftoran in comparative clinical trials 
with a total of 3332 patients. Some of these results are sum-
marized by Maevsky et  al. in 2005 Artificial Cells, Blood 
Substitutes and Biotechnology and in 2006  in the book 
Blood Substitutes edited by R. Winslow [1, 6]. A trial includ-
ing 32 patients with gastroduodenal hemorrhage showed that 
Perftoran 900 ml given after control of bleeding with blood 
loss of 1500–2500 ml resulted in improved cardiac output 
and blood pressure, and enhancement of arterial and venous 
PO2 compared to a control group of 30 patients [1]. A study 
including 39 patients receiving Peftoran during 
Gastroduodenal or colonic surgery with blood loss from 
1000 to 2000  ml demonstrated that Perftoran augmented 
microcirculation in the liver, intestine, skeletal muscle and 
peritoneum by 15–30% [1]. A Perftoran dose recommenda-
tion for polytrauma adjusted the dose of Perftoran according 
to percent of volume blood loss from 2–4 ml/kg for 20% vol-
ume blood loss up to 10–15  ml/kg for volume blood loss 
exceeding 70%. They note improvements in PaO2 and oxy-
gen extraction, reduction in morbidity, and decrease in the 
use of donor blood [1, 6].

Other studies reported improvement of cerebral edema 
after traumatic brain injury, rapid recovery from coma due to 
fat or air embolism, and reduction of multi-organ dysfunc-
tion and respiratory distress syndrome [1]. Perftoran was 
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used for hemodilution during cardiac bypass in 45 patients 
and showed improvements in acidosis, lactate production, 
tissue oxygenation, blood viscosity, and erythrocyte survival 
compared to a control group of 60 patients receiving crystal-
loid hemodilution [1].

Multiple studies demonstrated benefit in limb ischemia. 
Skin PO2 in ischemic limbs was improved by 30% after 
Perftoran 400 ml compared to only 6% with Dextran 40 infu-
sion. Repeated Perftoran infusions decreased pain at rest and 
improved the distance that subjects could walk before pain 
onset for several months [6].

Several studies reported the reduction of necrotic region 
of the heart after myocardial infarction [6].

Post marketing surveys estimated that Perftoran had been 
administered to approximately 4500 patients by 2002 [6]. By 
2016 it was estimated that Perftoran had been given to over 
30,000 patients worldwide (Maslennikov I, Thompson D, 
July 2017, Scientific productive company Perftoran (Russia) 
and FluorO2 Therapeutics INC, Wake Forest NC, personal 
communication) [14].

A human clinical trial reported in the English language 
literature was conducted in Mexico City in 2004–2005 and 
reported in 2006 [4]. Perftoran was used in a trial of acute 
normovolemic hemodilution (ANH) during cardiac valvulo-
plasty with cardiopulmonary bypass. 15 patients were 
administered Perftoran during ANH and 15 control group 
patients received standard care with crystalloid and colloid 
solutions without Perftoran. Subjects receiving Perftoran 
maintained significantly higher intraoperative PaO2 and pH 
and required fewer allogenic blood products than the control 
group. This trial is important because it provides objective 
data consistent with the Russian experience and showed no 
complications or deaths. One subject (1/16, 6.25%) devel-
oped urticaria after a small test dose of Perftoran which was 
easily managed.

 Discussion

Perftoran has been shown to be a safe and moderately effec-
tive treatment in severe hemorrhagic anemia, and has been 
applied to multiple other conditions with promising results. 
While its lower concentration of PFC limits its oxygen carry-
ing capacity in comparison to newer formulations such as 
Oxygent or Oxycyte, it may have advantages in overall side 
effect profile and tolerability. It is more stable and easier to 
store and prepare than Fluosol DA and reportedly has fewer 
side effects.

Perftoran has reportedly been administered to more 
humans than any other PFC preparation, with the possible 
exception of Fluosol DA.  Adverse events have been well 
characterized and seem moderate and manageable. It is inter-
esting to compare the side effect profile of Perftoran to the 

side effects of IV administration of the antibiotic Vancomycin, 
which include similar symptoms of flushing, hypotension, 
pruritis and occasional anaphylactoid reactions. Clinicians 
constantly weigh side effects against potential benefits of a 
drug or treatment. The question is always whether the poten-
tial benefit of a treatment is likely to be greater than the risks 
or side effects (including expense). For Perftoran, the weight 
of the evidence is reassuring that the risks and side effects are 
low to moderate and manageable, while the benefits are sig-
nificant but highly variable, and sometimes speculative, 
depending upon the situation in which it is applied.

For hemorrhagic anemia, when applied appropriately, the 
evidence supports that Perftoran does improve tissue oxy-
genation, reduce acidosis, and facilitate a reduction in need 
for transfusion of red blood cells with a low risk of serious 
adverse effects. Whether these benefits are significant enough 
to justify use is dependent on many factors such as the avail-
ability and safety of the blood supply, and the wishes of the 
patient. It may be unlikely to gain widespread use in devel-
oped countries with robust blood banking capabilities, but 
could be more valuable in areas where the supply of safe 
blood products is more limited, or in situations where the 
need for blood products temporarily overwhelms the avail-
able supply, such as mass casualty situations or viral pan-
demics affecting the safety of the blood supply. It may also 
be useful for patients that object to blood products or for 
whom compatible blood is not available. As with other 
potential artificial oxygen carriers, controlled trials to prove 
superiority in comparison to blood products for acute hemor-
rhage are exceptionally difficult to conduct.

In conditions characterized by tissue ischemia, there is 
evidence from controlled animal experiments, limited human 
trials, and clinical experience, that Perftoran can provide at 
least temporary improvement in tissue oxygenation, but the 
side effect profile may limit application. It could provide a 
temporary bridge before or during more definitive correction 
of ischemia. For example, an ischemic limb might be tempo-
rarily supported during the time needed to correct a vascular 
occlusion or it could be used to temporarily improve brain 
tissue ischemia from embolic stroke in order to extend the 
time window for completion of endovascular thrombectomy. 
It is important to recognize that the only previously approved 
PFC product, Fluosol DA, was approved for relief of tempo-
rary ischemia during coronary angioplasty (not hemorrhagic 
anemia) [7].

There is renewed interest in the importance of tissue oxy-
genation in cancer therapy. Prior research has shown that 
susceptibility to radiation therapy and chemotherapy can be 
affected by the oxygenation of cancer cells [7] and it has 
recently been hypothesized that cancer immunotherapy 
might be improved by enhancing oxygen delivery to hypoxic 
areas of tumors [15]. Perftoran’s extensive record of safety in 
a large number of human treatments, and its existing approval 
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in several countries, makes it a leading candidate for this 
application.

Animal studies with multiple PFC products, including 
Perftoran, have shown beneficial effects in the treatment of 
intravascular air or gas embolism, and decompression sick-
ness [16–18]. It is nearly impossible to conduct a random-
ized controlled human trial for these rare but catastrophic 
events, but if Perftoran were to become available for another 
indication, it seems reasonable that it would be tried in cases 
where few other treatment options exist. An analogous situa-
tion is the use of intravenous lipid emulsion for severe local 
anesthetic toxicity (“Lipid rescue”), which has been used 
and widely endorsed despite never having a prospective or 
randomized trial and never receiving FDA approval for this 
use [19].

 Conclusion

In this author’s opinion, Perftoran failed to sustain commer-
cial success for a variety of economic, and socio-political 
reasons, not solely for scientific or medical reasons. At the 
time of its introduction, there were significant efforts to 
develop competing PFC products with greater stability and 
concentration which seemed near to approval, so the com-
mercial incentive to introduce or develop Perftoran in the 
Western Hemisphere was limited. Due to political restric-
tions on export, it was difficult for researchers in the USA to 
obtain “research grade” product, which limited the ability to 
replicate, confirm, or expand upon the research performed in 
Russia, and the standards for documentation of manufactur-
ing processes were different in Russia compared to other 
parts of the world, which did not meet regulatory require-
ments for some markets. Availability and safety of blood 
products has improved worldwide, reducing the urgency of 
need for alternative treatments. Ultimately, the combination 
of these factors led to the suspension of manufacturing and 
sale of Perftoran, although it remains eligible for re-approval 
pending manufacture under GMP standards.

There are potential solutions to the problems described 
above. The competitive PFC formulations which initially 
seemed poised to be approved and marketed have all failed to 
be approved and their development is currently not proceed-
ing forward in any significant manner (to this author’s 
knowledge). Efforts are underway to move manufacturing of 
Perftoran to the USA under Good Manufacturing Practice 
certification, and there is renewed interest in Perftoran for 
several conditions which could provide a pathway to FDA 
approval, and it is eligible for approval in several countries 
pending GMP manufacturing. The track record that has 
already been established by administration to thousands of 
patients should be an advantage for efficiently verifying 
safety and effectiveness in other countries, although much of 

the data will inevitably need to be replicated and confirmed. 
In the final analysis, the available evidence seems to support 
the utility of Perftoran, but financial considerations will ulti-
mately determine whether Perftoran will re-emerge as a 
commercially available product.

Key Points
• Perftoran is an intravenous perfluorocarbon emulsion 

developed and approved in Russia as an oxygen carrying 
plasma substitute for hemorrhagic anemia and other 
conditions.

• Perftoran has been administered to approximately 30,000 
patients for a variety of indications and has been shown to 
enhance tissue oxygenation while having manageable 
side effects.

• The active components of Perftoran are similar to Fluosol 
DA which was developed in Japan and approved in the 
USA for use in coronary angioplasty and safely adminis-
tered to thousands of patients. Perftoran reportedly has 
fewer side effects than Fluosol DA.

• There is abundant research data in Russian language lit-
erature. English language literature is relatively sparse 
and largely dependent upon Russian research. One human 
clinical trial in Mexico showed efficacy in cardiac surgery 
with acute normovolemic hemodilution and demonstrated 
a side effect profile consistent with Russian data.

• Perftoran is not currently available due to lack of GMP 
manufacturing certification during production in Russia. 
Plans are in development to resume production under 
GMP certification in USA.

• There is renewed interest in Perftoran for its historic indi-
cations as well as potential new indications in cancer 
immunotherapy, stroke, and vascular gas embolism.

Author’s Disclosure Served as Consulting Chief Medical Officer of 
FluorO2 Therapeutics, INC., a pharmaceutical company intending to 
manufacture and market Perftoran under a new trade name (Vidaphor). 
This company has dissolved, but another company, Perftoran USA, 
LLC. Is being formed with the intention to manufacture Perftoran in the 
USA for research purposes and possibly for marketing in Mexico and 
other countries where it was previously approved. The author will have 
an equity stake in this company. The author may also have an equity or 
consulting relationship with Oxymmune Inc., a company researching 
the application of oxygen therapeutics to immunotherapy for cancer. 
Opinions expressed herein are solely the responsibility of the author.

It should be noted that most of the information herein is derived 
from literature from Russia or Russian scientists or corporations, and 
the author cannot independently verify the validity of all the informa-
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Oxycyte™

Richard T. Mahon

 Introduction

Perhaps best known for his development of an Oxygen 
sensing electrode which bears his name (the Clark elec-
trode), Leland C.  Clark Jr. (1918–2005) had a robust 
investigative career relating directly to Oxycyte™ [1]. In 
1966 Clark and Golan demonstrated that a mouse fully 
submerged in oxygenated perfluorcarbon (PFC) could 
sustain life [2]. Desiring to leverage the gas carrying 
properties of PFCs lead to his development of Oxycyte 
and forming of the company Synthetic Blood International 
(Costa Mesa CA) the 1990’s. Synthetic Blood 
International now exists as Tenax Therapeutics 
(Morrisville NC), but had halted clinical development of 
Oxycyte. That task seems now to be left to Aurum 
Biosciences LTD (Glascow Scotland) under the develop-
ment code name ABL-101 involving ischemic stroke 
imaging and therapy.

Sharing a common property of other PFCs; Flourinated- 
tert- butylcyclohexane (FTBC;C10F20) is both hydrophobic 
and lipophobic [3] and thus must be emulsified to be carried 
in blood.

The emulsified PFC thus being termed a perfluorocarbon- 
based Oxygen carrier (PFOC) Oxycyte™ (Tenax 
Therapeutics, Morrisville, NC) is an emulsification of 60% 
vol/vol FTBC with egg-yolk lethicin as the emulsifier and 
has an average particle size averages 200  nm with an 
Osmolality of 280mOSM [4].

The emulsification agent and the resultant particle size 
have significant effects on shelf-stability and intravascular 
stability of any PFOC [3, 5]. Though published data on 
these issues are not found, refrigerated shelf-life is mea-
sured in several months to a few years and blood half-life 

measured at about 18 h.1 Once dissociated from the emul-
sion, as with other PFOCs, clearance is by exhalation of the 
volatilized compound and uptake by the reticuloendothelial 
system.

With all PFOCs, gases are carried by increased solubil-
ity based on Henry’s law. At 760 torr FTBC has an Oxygen 
(O2) solubility of 43  ml/100  ml and about 200  ml of 
Carbon Dioxide and 22 ml of Nitrogen [6]. This translates 
into Oxygen solubility of 0.017 ml/dlOxycyte mmHg, being 
about six-fold higher than plasma at 0.00314  ml/dlplasma 
mmHg [7].

Though Oxycyte increases O2 carrying capacity based on 
the concentration present within blood (so called-Fluoro-
crit), its’ ability to decrease diffusion resistance in ex vivo 
and in vitro models [8, 9] has been noted. Using an elegant 
closed peristaltic pump human blood system Torres Filho 
showed that the presence of Oxycyte (fluorcrit of 4%) 
enhanced O2 extraction, suggesting that the normal resis-
tance to O2 flow from hemoglobin (Hb) was decreased, thus 
allowing Hb to be a more robust source of O2 that can then 
be efficiently transported to tissue. Interestingly, this work 
was carried out with a PO2 of 100 mmHg, suggesting this 
benefit does not require high partial pressure of inhaled O2 
[8]. Likewise, Cabrales showed that extreme hemodilution 
in hamsters was better tolerated with Oxycyte through 
increased O2 extraction (though high partial pressures of O2 
were used) [9].

Another interesting property demonstrated with Oxycyte 
is surfactant like properties. In an endothelial cell culture 
model, Oxycyte inhibited the bubble induced mechano- 
transductional insult (Ca++ mediated) by negating adhesion 
forces between cell and bubble [10].

Recognition of the properties of decreased diffusion 
resistance and surfactant properties that informed many of 
the investigational and therapeutic trials of Oxycyte where 
the issue of “blood substitute” is minimized and the con-

1 Personal communication Synthetic Blood International, Morrisville 
North Carolina while shelf stability studies were ongoing.
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cept of O2 therapeutics takes precedence. Disease states 
considered in Oxycyte research include anemia, central 
nervous system (CNS) disorders and bubble related 
conditions.

 Anemia

Though the majority of current work with Oxycyte involves 
disease of tissue compromised by O2 transport (as opposed 
to O2 content) a few studies have evaluated Oxycyte in severe 
anemia and simulated hemorrhage.

Cabrales showed better tolerance of isovolumic hemodi-
lution in rodents with respect to cardiac output and also 
showed enhanced O2 extraction when Oxycyte was used dur-
ing isovolemic hemodilution [9]. Also, in rodent isovolumic 
hemodilution, Oxycyte replacement improved O2 content 
and maintained cerebral blood flow near baseline [11]. One 
can easily imagine the impact of improved transport of O2 
from Hb to tissue at risk for ischemia in treating several dis-
ease states.

 Central Nervous System

 Stroke

It is well recognized that decreased O2 delivery to the tissue 
is, in part, responsible for significant decrements in deliv-
ery of O2 to tissues. The central nervous system may be the 
best example of this. The decrease in blood flow with isch-
emic stroke leads to a cascade of energy deficiency, ionic 
imbalance, neurotransmitter dysfunction and ultimately 
cell death [12].

A benefit of improved O2 flux would be anticipated in 
cerebral infarction. This was demonstrated in a rat model 
of permanent middle cerebral artery (MCA) occlusion, 
where Oxycyte (1  ml/100  g) was administrated directly 
after MCA occlusion. In that study gross infarction vol-
ume was improved when Oxycyte was combined with nor-
mobaric hyperoxia [13]. Perhaps this benefit was in 
preserving the penumbra as shown by Deuchar, demon-
strating first that penumbra lactic acid was decreased fol-
lowing MCA occlusion (filament or embolic occlusion) in 
rats treated with Oxycyte [14] and later that Oxycyte com-
bined with breathing a fraction of inspired O2 (FiO2) of 0.5 
reduced infarct size and improved functional recovery 
(again rat MCA occlusion) [14]. Interestingly, Oxycyte, 
was used safely with tissue plasminogen activator (TPA) in 
experimental embolic stroke in rodents, setting the stage 
for clinical trials that can potentially change standard of 
care in stroke.

 Traumatic Brain Injury

Traumatic brain injury (TBI) carries a significant individual and 
societal burden with more than 50 million cases world- wide per 
year. Severe TBI (a Glascow Coma scale of 3–8) carries a mor-
tality of 30–40% with cerebral ischemic changes found in the 
majority of non-survivors [15]. Additionally, the time and dura-
tion of low brain tissue O2 correlate with worse 6-month out-
comes [16]. Interestingly, low brain tissue O2 tension seems to 
be a function of diffusion impairment as opposed to O2 delivery 
[17] again setting a plausible benefit for treatment with PFOC.

In a rodent lateral fluid percussion injury (LFPI) model of 
TBI, Oxygent combined with an FiO2 of 1.0 improved brain 
O2 tension in injured and uninjured animal over saline treated 
animals. Preservation of mitochondrial redox potential was 
also observed [18]. The same group then advanced these 
findings, but now using Oxycyte at 4.5 and 9 ml/kg along 
with FiO2 1.0 O2 to look at cognitive function as well as his-
tologic signs of injury after LFPI. Both histologic injury and 
improved performance during Morris Water Maze testing 
were noted 15 days after injury [19].

A multicenter phase IIb study evaluating Oxycyte and 
TBI was halted in 2014. A review of Clinicaltrials.gov lists’ 
start date in 2009 with termination (futility) in November 
2014 and enrollment of 18 subjects. These results are not 
available in the literature.

 Spinal Cord Injury

The acute phase of traumatic spinal cord injury involves 
mechanical disruption and compression of the spinal cord. 
This then results in a host of “secondary injuries” that in part 
can involve ischemia from direct disruption of vascular sup-
ply, local tissue edema as well as systemic hypotension and 
bradycardia (so called neurogenic shock) [20].

In rodents undergoing experimental contusive spinal cord 
injury (SCI), injured tissue PO2 levels that fell dramatically, 
improved with enriched O2 breathing gas and then further 
improved with Oxycyte administration [21]. This led to fur-
ther experiments showing Oxycyte treated rodents after con-
tusive SCI showed less white matter injury, smaller lesion 
area and less cell death [22]. In both of the above experi-
ments Oxycyte was given 1 h after injury; a time frame that 
would be compatible with treating SCI in humans.

 Bubble Related Diseases

Intravascular bubbles can result from significant changes in 
ambient pressure (decompression sickness), iatrogenic intro-
duction (air gas embolism) and as a complication of disease 

R. T. Mahon

http://clinicaltrials.gov


371

such as asthma in exacerbation [23]. Though a pathophysio-
logic oversimplification, intravascular bubbles can obstruct 
blood flow, cause inflammation and induce vasoconstriction. 
All of which can lead to tissue injury from ischemia. The 
innate gas dissolving properties of PFC combined with the 
small particle size of PFOC set the stage for research in bub-
ble related diseases.

 Air Gas Embolism (AGE)

Air (or other gas) can enter the vascular system during a 
myriad of procedures, either directly into the venous or arte-
rial system or even as part of a complication of disease states 
[23]. When entering the venous system, the robust capillary 
bed of the lung can serve as an effective filter [24] but that 
can be overwhelmed or even bypassed by intracardiac 
shunts [25].

Venous air can lead to acute right heart failure or become 
arterialized by right-to-left heart shunting. Once arterialized, 
bubbles can serve to have mechanical, embolic and biochem-
ical effects that can be trivial, cause significant impairment 
or prove fatal [26].

Though the mechanical obstructing effects of bubble are 
easy to imagine the biochemical effects are less so.

In vitro work has shown that in human umbilical vein 
endothelial cells (HUVEC) bubble contact caused an intra-
cellular calcium upsurge that was in part mediated by the 
glycocalyx. Adding Oxycyte in the role of a “surface active 
perfluorcarbon” significantly abolished this calcium influx 
[10]. In vivo showed that pre-treating with Oxycyte (10 vol-
ume percent blood) prior to experimental cerebral gas embo-
lism in a rodent model negated cerebral damage as measured 
by MRI (as did the pure surfactanct PF-127) and preserved 
functional capacity (as measured by preserved time to 
latency in Morris Water Maze - all while breathing an FiO2 
of 0.3) [27].

AGE commonly is associated with critical illness and the 
standard treatment is hyperbaric O2 (HBO). The lack of HBO 
availability in many centers and the challenge of transporting 
critically ill patients commonly makes AGE treatment prob-
lematic. Further testing of Oxycyte in AGE holds promise 
for enhancing care and improving outcomes in this difficult 
clinical scenario.

 Decompression Sickness (DCS)

Gas in tissue is absorbed based on the solubility coefficient 
of that tissue and the partial pressure of that gas as deter-
mined by ambient pressure (Henry’s law). As such, a 
decrease in ambient pressure decreases the amount of tissue 
gas that can be solubilized. This state is known as supersatu-

ration. Although all gases are subject to these laws, it is gen-
erally “inert gases” (such as Nitrogen) that are most abundant 
and involved in the pathophysiology of decompression sick-
ness (DCS).

Supersaturation of tissue can then lead to bubble forma-
tion manifesting in tissue or in the vasculature. This can 
result in several abnormalities including mechanical 
obstruction of blood flow, arterial constriction, impaired 
venous drainage and multiple biochemical abnormalities 
leading to the syndromic disease of decompression sickness 
(DCS) [26].

Divers (and other hyperbaric workers) are at risk for DCS 
because as they are exposed to increase ambient pressure and 
thus increase tissue gas content that needs to be dealt with 
when returning to normal surface pressure. DCS can also be 
seen in low pressure environments (high altitude flight and 
space extravehicular activities) where the gas content of tis-
sue that is normally present during existence at “surface 
pressure” leads to supersaturation when ambient pressure is 
significantly reduced.

Clinically DCS can manifest with “minor” joint aches, 
skin “marbling” or “major” complications such as neuro-
logic injury or cardiopulmonary collapse (“chokes”). Of the 
“major” manifestations of DCS, spinal cord injury may 
result in permanent compromise of function with residual 
symptoms after treatment in 30% of subjects [28]. 
Cardiopulmonary manifestations have a high risk of death.

In general, DCS is treated with supplemental O2 to 
(enhance the elimination of accumulated “inert gas” and 
recompression therapy that serves in part to decrease the size 
of intravascular bubbles (Boyles Law)). Recompression typi-
cally is accomplished by using a hyperbaric chamber capable 
of elevating ambient pressure. Such chambers are costly in 
equipment and staffing and not widely available. These con-
straints poses problems in remote locations, which can be 
compounded by mass casualty situations as may be seen in 
disabled submarine accidents [29].

With the mechanisms of DCS surrounding elevation in 
whole body inert gas content and the adverse effects of bub-
bles; a compound that would enhance inert gas elimination, 
enhance O2 delivery to tissues compromised by bubble 
obstructed blood flow, and mitigate the biochemical conse-
quences of intravascular bubbles would be of great interest 
for the treatment of DCS. Such “non-recompressive” treat-
ment has the potential to enhance DCS management in 
remote locations or in mass casualty scenarios such as dis-
abled submarine.

PFOCs have been studied for the treatment of DCS ince 
the 1980’s [6],with several products having been studied in 
animal models with various dosing, timing of dose and out-
come measures. In the quest for non-recompressive thera-
pies, Oxycyte is unique in having the most robust set of large 
animal studies of all PFOCs.
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Cardiopulmonary DCS manifests as cardiovascular col-
lapse resulting from an overwhelming amount of intravascu-
lar bubbles causing acute elevation in pulmonary artery 
pressure and hence right heart failure [30].

The group at Naval Medical Research Center (Silver 
Spring Maryland), embarked on a series of studies evaluat-
ing endpoints of survival and spinal cord injury in large ani-
mal models of severe DCS.  In a swine model Oxycyte at 
5  ml/kg conferred a survival benefit in severe DCS and 
improved spinal cord injury at 3  cc/kg (but not mortality) 
[31, 32]. Oxycyte also was associated with less spinal cord 
injury from severe DCS in an Ovine model using an Oxycyte 
dose of 5 mg/kg [33].

 Oxycyte Safety in DCS

In animal studies Oxycyte seems beneficial for treating 
severe DCS, but a question about its safety remains. Though 
Oxycyte appears beneficial in treating DCS (animal models), 
it may not be curative. Hence there may be a need for recom-
pression therapy in subjects with ongoing symptoms. One 
feared complication of recompression therapy with HBO is 
seizures, termed central nervous system oxygen toxicity 
(CNSOT).

 Central Nervous System Oxygen Toxicity
HBO is associated with cerebral vasoconstriction and lower 
cerebral blood flow (CBF). CNSOT is likely related to free 
radical generation from HBO resulting in a pathologic 
increase in CBF. As PFOC all increase blood O2 content, the 
concern for increased CNSOT with HBO is logical.

In a rodent of model of CNS-OT, Oxycyte (6 ml/kg) was 
associated with increased regional CNS PO2 as well as 
decreased time to seizure at 5 times atmospheric pressure (5 
ATA) [34]. Of note in that work a significantly decrease in 
time to seizure was not observed using a lower dose of 
Oxycyte (3 ml/kg) undergoing the same exposure. However, 
in a swine model CNSOT, Oxycyte at a dose of 5 cc/kg did 
not decrease time to seizure latency with exposure to 6 ATA 
O2 and importantly had no change in seizure resolution time 
when compared to control animals [35].

The effect of Oxycyte on seizure risk in swine was further 
tested in a mixed gender swine mode of DCS treatment using 
Oxycyte at 4 cc/kg followed in 4 h by standard recompres-
sion therapy at 2.8 ATA O2 following a standard Navy 
Treatment Table 6 which resulted in no seizure (control or 
Oxycyte group) [36]. However, there was no overall mortal-
ity benefit and a statistically non-significant signal suggested 
perhaps an increased mortality in female swine treated with 
Oxycyte [36].

 Pulmonary Artery Pressure (PAP)
An elevated pulmonary artery pressure (PAP) in Artiadactyla 
(swine, sheep, goats, etc.) without DCS has been described 
with PFOC and has been attributed to a similarly transient 
PAP rise with other small particulate injections [37]. This is 
likely related to a complement activated pseudo allergy 
(CARPA), with one major driver of CARPA being particle 
size [38].

With the known association of PAP elevation considered, 
the effects of the PFOC Oxygent (Alliance Pharmaceutical, 
San Diego CA) at 4.5  ml/kg on PAP in juvenile swine 
exposed to an arduous compression-decompression profile 
was studied. Though Oxygent was shown to elevated PAP in 
control animals (no compression-decompression), the ele-
vated in PAP after decompression was not different between 
Oxygent and saline control animals [39].

Oxycyte was evaluated in a similar fashion in a swine 
model of severe DCS. Severe DCS in this model was associ-
ated with elevated PAP and the administration of Oxycyte 
lead to further increase in PAP that appeared similar between 
male and female swine. Of note the manifestations of severe 
DCS were quicker and more severe in females irrelevant to 
treatment with or without Oxycyte [40]. With respect to 
humans, there appears no evidence of similar concerns in 
humans administered Oxycyte in the literature.

 Hematologic
Part of the biochemical consequences of DCS can be throm-
bocytopenia [41]. Thrombocytopenia has also been noted 
with administration of other PFOCs [42].

With the obvious concern for the interaction of DCS and 
PFOC, the combined interaction with DCS and Oxycyte was 
studied in a swine model. In that work no bleeding occurred, 
and platelet counts were not different in Oxycyte versus 
saline control animals studied over 8  days of analysis. 
However, there was a significant change in prothrombin time 
and activated partial thromboplastin time [43].

Hence, Oxycyte appears beneficial in treating DCS and 
has reasonable evidence of safety in animal models. For 
human use, safety studies will need to proceed before thera-
peutic clinical trials are performed. Such studies would be 
logistically challenging, but feasible and could fill a gap in 
treating DCS, especially in disabled submarine incidents.

 Summary

Forty years after Fluosal DA (GreenCross Japan) was devel-
oped as a PFOC, a greater understanding of PFOC O2 trans-
port, delivery and surfactant properties has been gained. 
Additionally, technology has allowed higher PFC content, 
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smaller emulsified particle size and enhanced shelf and intra- 
vital stability. Oxycyte is well studied in animal models and 
shows promising therapeutic benefit in several disease states. 
Transition to human subject research has been lackluster, yet 
hope remains that future research Oxycyte studies will lead 
to improved treatment for some of the devastating diseases 
reviewed here.

The views expressed in this article do not necessarily 
reflect the official policy or position of the Department of the 
Navy, Department of Defense, nor the United States 
Government.

Key Points
• Oxycyte increases Oxygen carrying capacity and 

enhances diffusion of Oxygen to tissues.
• Oxycyte shows benefit in in several animal models involv-

ing stoke, traumatic brain injury, air gas embolism and 
decompression sickness

• Bubble-related disease treatment appears to benefit from 
surfactant type properties of Oxycyte

• Oxycyte is the most studied compound in large animal 
models with decompression sickness

• The safety profile of Oxycyte treatment in decompression 
sickness appears favorable in animal models.
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Hemoximer: History, Pharmacology, 
Pre-Clinical Studies, Clinical Trials,  
and Lessons Learned

Christopher Priavalle and Joe De Angelo

 Introduction

Pyridoxalated hemoglobin-polyoxyethylene conjugate 
(PHP/hemoximer) is prepared from stroma-free human 
hemoglobin (SFH), chemically modified with pyridoxal- 5’-
phosphate, and coupled with activated polyoxyethylene con-
jugate ester to yield PHP [1].

Apex Bioscience, Inc. proposed that this new compound 
be developed as a vasopressor for hypotension refractory to 
standard therapy from a variety of etiologies, such as sepsis, 
interleukin-2 induced hypotension, and hemodialysis- 
induced hypotension. Preclinical evidence demonstrated that 
PHP exhibited the desired physiological effects of increasing 
vascular tone, thereby leading to an increase in blood pres-
sure. Based on preliminary animal studies, it was estimated 
that the therapeutic dose for the treatment of hypotension in 
the population with refractory shock secondary to sepsis 
would range between 25 and 100 mg Hb/kg body weight.

The effectiveness of PHP in raising blood pressure was 
postulated to occur or was mediated by “scavenging” the 
excess levels of nitric oxide (NO) produced in the vascula-
ture. The role of NO in a variety of shock states had been 
extensively studied [2] and a review summarized its role in 
shock associated with systemic inflammatory response syn-
drome [3]. NO had been demonstrated to be the primary 
effector in endotoxin (LPS)-induced hypotension associated 
with sepsis or presumed sepsis [4]. Increased NO levels had 
also been associated with hypotension screening during 
hemodialysis [5] and with various forms of heart failure [6]. 
In addition to its vasoactivity, NO had also been shown to be 
a myocardial depressant [7, 8], an inhibitor of mitochondrial 
electron transport [9], an inducer of vascular leakage [10], 
and an enhancer of LPS-induced cytokine release [11]. 

Hence, it was postulated to be involved in a wide variety of 
shock etiologies.

NO metabolites such as nitrosyl-hemoglobin had been 
shown to accumulate in animal models of septic shock [12–
14]. NO production had also been correlated in human septic 
shock with increased cardiac output [15], decreased systemic 
vascular resistance [15, 16], and increased disease severity 
[15]. Reduction of NO levels had been proposed as a therapy 
for septic shock [3], and in initial human studies patients suf-
fering from refractory shock secondary to sepsis would be 
the target population.

The biochemistry of hemoglobin (Hb) interactions with 
nitric oxide had been extensively studied [17–25]. 
Hemoglobin has an extremely high affinity for NO -about 
200,000 times greater than the affinity of Hb for oxygen 
[20]. The on-rate for NO is extremely fast - on the order of 
107 M-1 sec-1 [17]. In addition to rapid binding of NO by 
Hb, oxyhemoglobin oxidizes NO to nitrate in an equally 
rapid reaction [19]. This is thought to be the major route of 
NO destruction in vivo, accounting for as much as 96% of 
NO catabolism [25]. Without this rapid destruction of NO by 
RBC hemoglobin, NO would likely lose its ability to act 
locally and be unable to function as an autocrine and para-
crine effector.

Cell-free hemoglobins, under development as blood sub-
stitutes, have been shown to have vasopressor activity in 
humans [26]. These effects have been shown to be mediated 
by hemoglobin-inactivation of NO [27–29]. Studies have 
also been conducted showing the ability of Hb to reverse 
LPS-induced vasodilation in vascular rings and to restore 
normal responsivity in pressor-refractory vessels [30]. Nitric 
oxide synthase inhibitors have been used in human septic 
shock and have been shown to reverse acute hypotension 
[31]. It was therefore proposed that NO scavengers, such as 
PHP, would be equally efficacious in this indication.

Both in vitro and in vivo studies demonstrated the effec-
tiveness of PHP in enhancing vascular tone and raising blood 
pressure of animals through an NO-dependent mechanism 
[38]. Enhancement of vascular tone was shown in vitro using 
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dog basilar arteries, which were constricted by low concentra-
tions of PHP.  Both stroma-free hemoglobin and PHP pre-
vented the vascular relaxation induced by arginine, an NO 
precursor, and acetylcholine, which acts through the release of 
NO. Studies in vivo using rats had shown that PHP  significantly 
raises blood pressure at doses less than 100 mg/kg. The blood 
pressure responses were not significantly antagonized by anti-
adrenergic or cyclooxygenase inhibitors. However, elevation 
of blood pressure by PHP was reduced by the administration 
of the NO synthase inhibitor, NG-monomethyl-L-arginine, 
which lowers available vasoactive NO [29].

PHP has been shown to be associated with restoration of 
blood pressure in a sheep model of hyperdynamic sepsis at 
doses as low as 50  mg Hb/kg. In addition, PHP has been 
shown to restore vascular responsiveness of rat aortic rings to 
the vasopressor phenylephrine after incubation with endo-
toxin (LPS).

 Chemistry and Physical Properties

See Fig.  38.1 for Hemoximer structural formula and 
characteristics.

See Table 38.1 for Characteristics of hemoximer.

 C. Safety

PHP is made from stroma-free hemoglobin (SFH) puri-
fied from outdated human red blood cells. The blood used in 
all manufacturing operations has been screened using FDA- 
licensed tests. All units used are negative for antibodies to 
HIV, hepatitis B core antigen, human T-cell lymphotropic 
virus, type I and hepatitis C. The units are also negative for 
hepatitis B core antigen and the level of alanine aminotrans-
ferase is within acceptable limits.

STRUCTURAL FORMULA  

(PLP)nHb (POE)m
PLP = Pyridoxal-5′-phosphate
Hb = Human hemoglobin
POE = Polyoxyethylene ( -carboxymethyl- -
carboxymethoxypolyoxyethylene)
POE = HO2CCH2(OCH2CH2)62OCH2CO2H, average molecular
weight 3000 

n = 3.3 ± 0.1, m = 5.0 ± 0.4

CHARACTERISTICS

Appearance 
Clear, deep red solution containing 8 g/dL of PHPon a 
hemoglobin basis.

Colloid Osmotic Pressure (Oncotic Pressure) 
At 8 g/dL the oncotic pressure of PHPis approximately 
49 mm Hg.

Viscosity 
At 8 g/dL the viscosity of PHP is approximately 3 centipoise 
(whole blood is 4.2 centipoise)

Fig. 38.1 Chemistry and 
physical properties, structural 
formula and characteristics
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In addition, the production process used to produce PHP 
has been demonstrated to be capable of removal and inacti-
vation of adventitious agents. Distinct, orthogonal steps for 
removal of enveloped and non-enveloped viruses and inacti-
vation of enveloped viruses are performed during the PHP 
production process. Studies have shown the process can 
remove and/or inactivate HIV, bovine viral diarrhea virus (as 
a model for hepatitis C), and hepatitis A.

PHP is a sterile product. The product contains no blood 
group antigens and does not require typing prior to adminis-
tration. Stroma components from the red blood cells are 
removed by the production process.

 Non-clinical Studies

Early studies of PHP were conducted by Ajinomoto in mod-
els of hemorrhagic shock [30–39]. The chemical and bio-
chemical properties of PHP, in particular, its antioxidant 
properties were examined in detail [40–54].

Extensive studies were conducted in a hyperdynamic sep-
sis model induced in sheep by infusion of live bacteria [55–
64]. In the septic sheep model, PHP normalized mean arterial 
pressure to pre-sepsis levels, increased systemic vascular 
resistance, reduced the dose of norepinephrine needed to 
increase blood pressure, and tended to improve myocardial 
contractility. Hypoxic pulmonary vasoconstriction was not 
affected by PHP. Regional blood flow was unchanged. PHP 
infusion increased renal glomerular filtration rate and urinary 
output. The results of these studies were consistent with the 
action of PHP as an NO scavenger and suggested potential 
benefit as a treatment for distributive shock related to sepsis.

 Clinical Studies

 Phase 1

The initial Phase 1 study [unpublished results] was a double- 
blind, placebo-controlled trial in 18 healthy volunteers to 

assess safety and tolerance to a range of PHP doses (25, 50, 
and 100 mg/kg) given by intravenous infusion over 30 min. 
The endpoints were clinical evaluation, laboratory tests and 
pharmacokinetics. The trial was completed in November 
1995, see Table 38.2 for results.

 Phase 2a

The Phase 2a trial [unpublished results] was an open label 
study in 18 vasopressor-dependent septic shock patients to 
establish the appropriate dose and schedule for future pivotal 
trials. The dose range (25, 50, and 100 mg/kg) of PHP was 
given by a single intravenous bolus infusion over 30  min. 
The primary endpoints were safety, tolerance, and blood 
pressure effects. The secondary endpoints were vasopressor 
use and pharmacokinetics.

• All three doses of PHP increased MAP and in the two higher 
dose groups these changes obtained statistical significance. 
MAP was increased in 15 of 18 subjects within 5 min after 
the start of infusion. These dose levels did not have an effect 
on MAP in healthy volunteers. This may be of importance 
since other vasopressor agents tend to have a greater activity 
in normals than in septic shock patients. This suggests that 
PHP may have advantages over other agents due to its abil-
ity to directly target nitric oxide, the causative agent in 
shock. Further, it was noted that PHP had effects on MAP 
even in a population in which catecholamines, the current 
standard of care, were unable to stabilize blood pressure.

• The increases in MAP are mediated through changes in 
SVR. Human septic shock is characterized by a drop in 
SVR reflecting vasodilation induced by nitric oxide. As 
predicted by its mechanism of action of nitric oxide scav-
enging, PHP affects a change in MAP by reversing the 
NO-induced vasodilation and causing an increase in 
SVR. The SVR was increased in 17 of 17 patients by the 
end of the 30-min infusion.

• In the study population, vasopressor usage was reduced in 
12 of the 18 patients.

• Urine output was increased in 10 of 14 patients in the 
period 1-h post-infusion compared to 1  h pre-infusion. 
Since low urine output in this population is in part related 
to low renal perfusion pressures, this result suggests that 
PHP can have a positive effect on restoration of normal 
renal perfusion.

Table 38.1 Characteristics of hemoximer (average of 3 typical pro-
duction lots)

Characteristic Value
Hemoglobin concentration 8 g/dL
Methemoglobin content 1.9%
pH 7.4
Molecular weight 109,000
Osmolality 270 mmol/kg
P50 23.4 mm Hg
Pyrogenicity Non-pyrogenic
Sterility Sterile
General safety Safe in Guinea Pigs and Mice
Phosphatidylethanolamine content ≤0.25 ppm
Endotoxin content 0.11 EU/mL

Table 38.2 Hemoximer phase 1 study results

PHP treatment showed:
No significant adverse events
No significant changes in blood pressure
No significant gastrointestinal symptoms
No significant coagulation abnormalities
No significant effect on hematological parameters
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• One of the basic concepts in the use of PHP for the treat-
ment of shock is that nitric oxide overproduction is the 
result of a proinflammatory response that is independent 
of etiology. This is critical in enabling the selection of an 
appropriate patient population both for clinical trials as 
well as in its ultimate clinical use. In the group of 18 sub-
jects, there were nine that had no positive cultures identi-
fied. Of the nine where positive cultures were detected, 
the isolates included a variety of gram-negative bacteria, 
gram-positive bacteria, and yeast. The sources of isolates 
included blood, urine, peritoneal fluid, and tracheal fluid.

These results support the concept that NO-induced shock 
is independent of etiology and that it will be possible to 
select a targeted patient population with a high probability of 
therapeutic activity.

 Phase 2b

The Phase 2b [unpublished data] was an open-labeled 
ascending-dose study designed to assess the safety and toler-
ability of PHP in the presence of vasopressor infusion. A 
total of 23 patients were enrolled in this study and 22 were 
dosed. Patients were administered PHP as a continuous infu-
sion at doses of:

• Cohort 1: 160 mg/kg (10–20 mg/kg/h, N = 4),
• Cohort 2: 320 mg/kg (10–40 mg/kg/h, N = 5),
• Cohort 3: 640 mg/kg (10–80 mg/kg/h, N = 6),
• Cohort 4: 2560 mg/kg (10–80 mg/kg/h, N = 7).

The protocol for this study required the participant to be 
volume-resuscitated and maintained on vasopressor therapy 
at the time of PHP infusion. The type(s) and number(s) of 
vasopressor(s) administered to the patient were not specified 
by the protocol, but by the conventional treatment at each 
site. The following four vasopressor/inotrope agents were 
administered to patients in the study: dopamine, norepineph-
rine, epinephrine, and phenylephrine. (Note: patients could 
be receiving more than one agent). The amount of each vaso-
pressor administered was monitored for up to 168 h (7 days) 
post initiation of PHP infusion. Dobutamine and ≤5 μg/kg/
min dopamine were not considered vasopressors for this 
study.

During the infusion of PHP, 21 of 25 vasopressor doses 
were reduced (4, 1, 12 and 4 for dopamine, epinephrine, nor-
epinephrine and phenylephrine, respectively). Of the 21 
vasopressors that were reduced, 9 were weaned (reduced to 
zero) (2, 5, and 2 for dopamine, norepinephrine and phenyl-
ephrine, respectively). Six patients were weaned from all 
standard vasopressors during PHP infusion.

An anticipated effect of PHP is reduction in the amount 
of vasopressor needed to maintain acceptable arterial blood 
pressure for patients with shock secondary to sepsis or pre-
sumed sepsis. At the start of PHP infusion, there were a total 
of 25 vasopressor doses being administered to the 22 patients. 
There were 4 patients receiving dopamine, 1 patient receiv-
ing epinephrine, 15 patients receiving norepinephrine, and 5 
patients receiving phenylephrine.

Examined as a whole, the use of vasopressors decreased 
during the PHP infusion and for at least 24 h after the com-
pletion of the infusion. Cohort analysis revealed that all PHP 
dosage groups demonstrated reductions in vasopressor use 
during the 12 h window following introduction of PHP. 
The effect of PHP on vasopressor usage was observed both 
during its infusion (from 8 to 53.5 h) and at least 24 h follow-
ing the completion/stopping of the infusion.

The mean MAP for all patients at baseline was 
69.3 ± 8.3 mmHg and means for the cohorts ranged between 
64.5 and 75.3  mmHg. The median was 67.5  mmHg, the 
range was 55–90 mmHg, and 13 patients had baseline values 
less than 70 mmHg, the therapeutic target. The normal range 
for MAP is 70–105 mmHg. During the PHP infusion there 
were positive trends in most cohorts and statistically signifi-
cant increases in MAP for all groups combined at 0.5, 1, 2, 
and 8 h after the start of PHP infusion despite the concomi-
tant decrease in catecholamine dose. See Table 38.3 for sum-
mary of study.

 Phase 3a

Following completion of the Phase 2b study the Data Safety 
Monitoring Board recommended that the development pro-
ceed to Phase 3. The FDA agreed and a Phase 3 protocol was 
accepted. It was designed as a phase 3 multicenter, random-
ized (1:1), placebo-controlled study but was terminated early 
due to poor enrollment. There was a high frequency of screen 
failures due to the inclusion criteria requiring a pulmonary 
artery catheter. The study was evaluated as a phase 2 study.

Table 38.3 Hemoximer summary of phase 2b study

PHP infusion permitted a decrease in vasopressor utilization while 
maintaining or increasing MAP
PHP infusion increased SVRI and decreased HR
PHP infusion was relatively safe and well-tolerated in shock patients
Resolution of shock following PHP infusion may be useful as an 
efficacy endpoint in future studies
SIRS and shock criteria select a patient population with elevated 
plasma nitrite + nitrate levels
Vasopressor activity of PHP is independent of etiology of shock or 
infectious agent
Vasopressor activity of PHP is consistent with a NO scavenging 
mechanism
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The study was conducted at fifteen intensive care units in 
North America [65]. Sixty-two patients with distributive 
shock, >2 systemic inflammatory response syndrome crite-
ria, and persistent catecholamine dependence despite ade-
quate fluid resuscitation (pulmonary capillary wedge [65] 
pressure >12) were enrolled.

Randomized patients received either PHP at 0.25  mL/
kg/h (20 mgHb/kg/h), or an equal volume of placebo, infused 
for up to 100 h, in addition to conventional vasopressor ther-
apy. Treatment could not be blinded due to the color of PHP. 
Vasopressors and ventilatory support were weaned by 
protocol- defined procedures.

Enrollment of an appropriate population is a precondition 
for success in clinical trials. PHP is a NO scavenger that is 
designed to treat disorders where NO is present in excess. It 
is well documented in the literature that NO, a potent vasodi-
lator, is the causative agent of distributive shock. Excess NO 
production is determined by measuring plasma nitrite plus 
nitrate (NOx) levels, the end products and biomarker of NO 
metabolism. If the target population was correctly selected, 
then they would have abnormally high levels of the NO bio-
marker. Normal levels of NOx are ~20  uM.  The average 
NOx levels in the 62 patients enrolled was 120.3 uM in the 
PHP group and 110.6 uM in the placebo. This clearly dem-
onstrates that the target population was selected with high 
precision.

The second goal of the study was to demonstrate the 
activity of PHP at the dose used in the study. Since it has 
been demonstrated that the enrolled patients have high 
NOx levels, PHP should reverse the vasodilation caused by 
the excess NO. This would mean that PHP could replace 
the catecholamines that patients were receiving. This can 
be measured in several ways. Since all the patients are 
receiving catecholamines at time 0, the time to first with-
drawal of catecholamines should be shorter in the PHP 
group. Catecholamines were withdrawn from the PHP 
group an average of 12.55 h earlier than from the control 
(P = 0.07).

Another way to assess PHP vasoactivity is to determine 
the time alive and free of catecholamines. The PHP group 
was alive and free of catecholamines for an average of 30.2 h 
more than the placebo group. From day 6 to 16 the PHP 
group diverges from the placebo group. This shows that cat-
echolamines are being withdrawn more rapidly in the PHP 
group. This data convincingly demonstrates that PHP is 
active as a vasopressor at this dose and can replace catechol-
amines, the standard of care for distributive shock.

The primary endpoints were tiered and look at both mor-
tality and morbidity. Tier 1 is superiority of mortality; Tier 2 
is noninferiority of mortality and superiority in cardiovascu-
lar and pulmonary function; Tier 3 is noninferiority in other 
organ function. Superiority of PHP in either Tier 1 or Tier 2 
would demonstrate efficacy.

28-Day all-cause mortality was 57.6% for PHP and 58.6% 
for placebo. The unadjusted relative risk was 0.90 while the 
adjusted risk was 0.79. The lower adjusted risk was due to 
the covariates, in particular the APACHE II scores. This 
score showed that the PHP group was more severely ill at 
time 0 and had a higher predicted mortality that the placebo 
group. The SOFA scores also show the increased severity of 
illness in the PHP group at time 0.

It is also important to note that there was an early trend 
towards improved mortality. At day 7 there was a 15% differ-
ence between the PHP group and placebo (P = 0.27). A treat-
ment for shock would be expected to work early in the course 
of illness, suggesting that PHP is working as expected based 
on its mechanism of action.

Tier 2 morbidity was measured by days alive and free of 
cardiovascular dysfunction and/or mechanical ventilation. A 
day free of cardiovascular dysfunction was a full 24-h period 
when a patient received no vasopressors and did not have a 
systolic blood pressure below 90  mmHg. The worst score 
was zero and the highest score is 56 days. If a patient died in 
the 28-day study period, they automatically received the 
worst score of zero. Since deaths receive the worst score of 
zero and the mortality in the PHP and placebo group were 
similar, the outcomes for the survivors drives the results. The 
PHP survivors group was free of cardiovascular dysfunction 
for 1.8 days more than the placebo group and free of mechan-
ical ventilation for seven more days. The combined days 
alive and free of shock and vent for survivors was 8.8 days 
(P = 0.21).

Tier 3 is a safety endpoint designed to show that PHP has 
no adverse effect on other organ function such as liver, kid-
ney, CNS, or coagulation. This was measured as days alive 
and free from medical interventions for treatment of organ 
dysfunction. The PHP group was numerically superior show-
ing that PHP did not adversely affect these organs or require 
additional therapeutic intervention.

There were also other measures that supported the posi-
tive trends in morbidity. The PHP survivors group was in the 
ICU for 13.6 days and the placebo group for 17.9 days 
(P = 0.209). This is supporting evidence that the survivors in 
the PHP group are getting better faster and are not just lin-
gering longer in the ICU and remaining critically ill. Shorter 
time in the ICU is a beneficial outcome for patients as well as 
for the pharmacoeconomics of PHP treatment.

In addition to the reduced ICU time, there is also a posi-
tive trend in hospital discharge rates for survivors in the PHP 
group. Eight of 14 PHP survivors were discharged by day 28 
compared to 5 of 12 for the placebo.

In summary, the Phase 3a trial demonstrated that the tar-
geted population was selected with high precision and using 
the Phase 3 dosing regimen, PHP was vasoactive. 
Furthermore, there were positive trends in all tiers of the pri-
mary efficacy, secondary, and safety endpoints.
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 Phase 3b

A redesigned multicenter, randomized, placebo-controlled, 
open-label phase 3 study [66] was conducted to compare the 
effectiveness and safety of PHP vs. placebo in patients with 
vasopressor-dependent distributive shock.

The study was conducted at sixty-one participating ICUs 
in six European countries (Austria, Belgium, Germany, the 
Netherlands, Spain, and United Kingdom).

Patients with distributive shock, defined as the presence 
of at least two systemic inflammatory response syndrome 
criteria, persisting norepinephrine dependence and evidence 
of organ dysfunction/hypoperfusion despite adequate fluid 
resuscitation were randomized to receive 0.25 mL/kg/h PHP 
(20  mg Hb/kg/h) or an equal volume of placebo, infused 
until resolution of shock or for up to 150 h, in addition to 
conventional vasopressor therapy.

The study was stopped for futility after interim analysis 
showed higher mortality in the PHP group and an increased 
prevalence of adverse events. At this time, 377 patients had 
been randomized to PHP (n  =  183) or placebo (n  =  194). 
Demographics and baseline measures were similar between 
groups. Twenty-eight-day mortality rate was 44.3% in the 
PHP group versus 37.6% in the placebo group (OR, 1.29; 
95% CI, 0.85–1.95; p = 0.227). In patients with higher organ 
dysfunction scores (Sepsis-related Organ Failure 
Assessment > 13), mortality rates were significantly higher 
in the PHP group when compared with those in placebo- 
treated patients (60.9% vs 39.2%; p = 0.014). Survivors who 
received PHP had a longer vasopressor-free time (21.3 vs 
19.7 d; p = 0.035). PHP decreased the need for vasopressors 
but was associated with a trend to increased mortality.

While the Phase 3 trial failed for futility with trends 
towards increased mortality, PHP performed exactly as 
designed and predicted. The hypothesis being tested was that 
PHP would scavenge NO and reduce mortality in a septic 
shock population with high NO.

The major weakness of the study was that there was no 
point of care mechanism to test for NO during the trial. A 
surrogate of high catecholamine was used, assuming the 
high catecholamine requirements correlated with high 
NO. This was supported by earlier observational/epidemio-
logical studies. However, that assumption proved to be false 
and there were many subjects enrolled that had low NO.

In a subgroup analysis, the group with nitrate/nitrite 
above the median (the end-product of NO metabolism) had a 
non-significant trend towards improved mortality outcome. 
The group low nitrate/nitrite below the median had a non- 
significant trend towards worsened mortality outcomes. This 
result is consistent with the principal hypothesis that high 
NO levels are toxic and its corollary that further reduction of 

existing low levels of NO would be detrimental. This is a 
major lesson of the study and of significance for patient 
selection in any clinical trial of a hemoglobin-based 
therapeutic.

 Conclusions

Two major challenges for the HBOC field have been the 
short half-life of HBOCs and the adverse effects associated 
with their use. The major adverse effect observed in most 
cases was increased blood pressure associated with vasocon-
striction. In the late 1980s, following the discovery of NO as 
EDRF, the field began to make the connection between 
hemoglobin and NO. Apex Bioscience, originally founded to 
engineer hemoglobin in yeast, attempted to address the 
hemoglobin-NO interaction through protein engineering. 
The company ultimately adopted the viewpoint that hemo-
globin is a multifunctional protein that carries oxygen, car-
bon dioxide, carbon monoxide and NO.  In addition, 
hemoglobin possesses antioxidant properties to destroy NO, 
peroxynitrite and other reactive oxygen and nitrogen 
species.

Following extensive animal pharmacology studies and 
initial human clinical studies, PHP failed in its phase 3 trial. 
This was, at least in part, due to the inability to recruit sub-
jects with elevated NO levels. Another factor was likely 
related to changes in standard of care including the common 
use of corticosteroids, an anti-inflammatory that would affect 
NO production. A third factor was country variation in stan-
dard of care and patient selection. For example, the placebo 
to PHP mortality was 27–44% in one country compared with 
53–36% in another country. The study did demonstrate that 
PHP was an effective NO scavenger. But of greater impor-
tance it demonstrated that scavenging NO in patients with 
low NO levels could be detrimental and worsen outcomes.

This is an important lesson not just for the use of PHP as 
an NO scavenger but also for the use of HBOCs in general. 
The two phases of hemorrhagic shock, compensated vs. 
decompensated, have different patterns of vasoactive 
response. The compensated phase is a high catecholamine, 
low NO, vasocontrictive state. This is not an appropriate set-
ting to give an NO scavenger. The decompensated phase is 
the reverse. It is a proinflammatory state [67] where NO is 
produced. Vasodilation causes blood pressure to decrease, 
thereby worsening the microcirculation and organ perfusion. 
This is potentially an optimal condition for administering an 
HBOC.  It will deliver volume, oxygen, and reduce 
NO.  Therefore, careful consideration of patient selection 
based on physiological and biochemical states and its rela-
tion to the multiple functions of hemoglobin is critical.
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Key Points
• Hemoglobins are multifunctional proteins for gas/liquid 

transport but also possess antioxidant functions
• PHP is an effective NO scavenger in vivo
• Scavenging of NO by hemoglobins may be beneficial in 

states with excess NO
• Alternatively, NO scavenging in low NO states may be 

detrimental
• Clinical designs should take into account the multifunc-

tionality of hemoglobin as well as the physiological state 
of subjects with respect to NO levels.
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Hemoglobin-Based Oxygen Carrier 
Solutions for Organ and Tissue 
Preservation and Transplantation

Paulo A. Fontes, William Rick Light, Arjan van der Plaats, 
Elyse M. Cornett, and Alan D. Kaye

 Introduction

 Machine Perfusion for Organ and Tissues 
Preservation

Organ perfusion was first attempted in mid-nineteenth cen-
tury by Loebel, who conducted preliminary perfusion studies 
of isolated organs in 1849. Langendorf developed a simple 
and non-pulsatile organ perfusion apparatus where a perfus-
ate reservoir and a siphon tube were attached to the organ in 
1895. The organ was perfused by gravity in an open system 
without recirculation of the perfusate [1]. Knowlton and 
Starling introduced the first heart-lung preparation in 1912, 
by combining active perfusion with blood oxygenation [2]. 
Bainbridge and Evans reported the first successful kidney 
perfusion experiments in 1914. They achieved sustainable 

blood flow ex vivo while keeping the temperature and vascu-
lature pressures within physiological ranges. This normo-
thermic kidney perfusion yielded normal arterial blood gases 
values while allowing the kidney to produce urine [3].

Carrel joined Rosenberg in 1930 to develop a new auto-
mated perfusion system composed of a combined metal and 
glass pump. Organ perfusion experiments became rather 
routine during the second and third decades of twentieth cen-
tury. Charles Lindbergh devised a new all-glass apparatus at 
the Rockefeller institute in 1935, becoming the first one to 
provide flow under pulsatile pressures and within sterile con-
ditions [4]. In the mid-1960s the Naval Medical Research 
Institute, MD, USA became interested in ex vivo organ per-
fusion. Lindbergh was brought in to assist the research insti-
tute, where he successfully reproduced and validated his 
previous experiments.

Kidney transplantation was clinically attempted in the 
early 1960s despite the lack of progress in organ preserva-
tion. Early attempts to induce total body hypothermia in liv-
ing kidney donors were performed with the technology 
initially developed for open heart procedures [5]. 
Hypothermia was further utilized by Lillehei to extend organ 
preservation by immersing small bowel loops in iced saline 
before doing autotransplants [6]. Hypothermia was readily 
accepted as beneficial for organ preservation in the 1960s, 
despite the lack of technological developments in solutions 
and machine perfusion (MP) devices. Subsequent preclinical 
experiments in dogs showed the beneficial effect of hypo-
thermia by infusing cold solutions through the portal vein in 
liver allografts prior to transplantation.

The same principle was applied in clinical kidney trans-
plantation, where cold lactated Ringer’s or low-molecular- 
weight dextran solutions were infused through the renal 
artery in kidney allografts immediately after the initial pro-
curement. Continuous hypothermic perfusion of cadaveric 
livers and kidneys allografts became routine long before 
brain death was accepted as a clinical condition for organ 
donation. The first human liver transplant in 1963 was con-
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ducted after the cadaveric allograft was perfused ex vivo by a 
machine perfusion developed by Starzl and his Denver 
group. Ackerman and Barnard reintroduced the Carrel/
Lindberg MP system by perfusing kidney allografts with 
continuous low flow using a perfusate primed with blood and 
oxygenated within a hyperbaric chamber [7]. Ex vivo oxy-
genation appeared to be a feasible technique and it was fur-
ther utilized for the preservation of hepatic allografts [8].

Belzer discarded the use of hyperbaric chamber in 
combination with blood products and developed a new 
preservation solution for CS, showing remarkable results 
in a 72-hour kidney preservation model [9]. Their new 
solution was further optimized as the first blood-free per-
fusate for MP.  Belzer’s team introduced hypothermic 
machine perfusion (HMP) using cryoprecipitated plasma 
as the perfusate in a protocol involving 17-hour preserva-
tion prior to kidney transplantation [10]. They extended 
their studies with HMP and developed a hyperconcotic 
heterostarch-based solution, the University of Wisconsin 
machine perfusion solution (MPS), which became the 
gold standard MPS for several decades [11]. Pienaar 
achieved a remarkable 87.5% survival in a liver transplant 
dog model where they utilized HMP for 72 hours, using 
pulsatile perfusion through the portal vein with high pres-
sures (16–18 mmHg) and switching the Na+/K+ ratio of 
their original MPS solution [12].

Subsequent developments in MP were further promoted 
by Dutkowski, who introduced the concept of end-ischemic 
hypothermic oxygenated perfusion (HOPE) for liver preser-
vation where they reintroduced MP for a short period prior to 
organ implantation [13]. Their extensive studies in rodents 
and preclinical large animal models showed their ability to 
reduce endothelial shear stress while minimizing the release 
of reactive oxygen species (ROS) by providing a short period 
(1–3 hours) of oxygenation under hypothermic conditions. 
They developed a pressure-sealed chamber capable to deliver 
intermittent positive/negative pressure with an amplitude of 
8  mbar, producing physiological flow profiles between 
32–36 mL/minute. This fluctuating and oscillating pressure- 
controlled perfusion through the portal vein, was thought to 
progressively restore mitochondrial function and promote 
effective ATP reconstitution during a short but effective per-
fusion time [14, 15]. Normothermic (37  °C) MP was also 
reintroduced by Neuhaus [16] in 1993 and further optimized 
by Friend [17] in 2009. HMP (4 °C) was reintroduced again 
by Guarrerra in 2005, who further pioneered the clinical 
applications in MP in the USA by conducting a successful 
feasibility trial with 20 patients in 2009 [18]. A subsequent 
clinical trial was conducted by Friend in Oxford, UK, where 
a new NMP device utilizing human red blood cells (RBCs) 
as the OC solution [19].

Fontes et  al. developed the first use of modified 
hemoglobin- based oxygen carrier (HBOC) solutions in com-

bination with MP [20] in swine liver transplantation experi-
ments in which the novel MP/HBOC system was compared 
with cold static preservation. Liver preservation has been 
performed within a wide temperature range while migrating 
from 4 °C (cold storage) to full MP at 37 °C (normothermic). 
Interesting developments in mitochondria function, ATP 
reconstitution and cell membrane integrity have paved the 
way to a new understanding of the true biological impact of 
prolonged ischemic insult following the initial liver procure-
ment. This chapter summarizes recent developments in MP 
for liver and vascularized composite allografts (VCA) pres-
ervation. We highlight our experience in 21 °C (subnormo-
thermic) MP, while emphasizing the biological implications 
in the metabolism and function when effective oxygenation 
is provided ex vivo with hemoglobin-based oxygen carrier 
(HBOC) solutions. We also share our recent developments in 
data analysis, where computational biology tools are used to 
integrate data from transcriptomics, inflammatory markers, 
and metabolomics.

 Rationale for the Use of Machine Perfusion 
Devices

MP devices have emerged to provide sustained flow 
(continuous and/or pulsatile) into organ allografts to 
enhance/extend organ preservation while reducing 
ischemia reperfusion damage [21]. The following are 
the primary issues at stake in MP:

 1. Constant circulation and improved flow through the 
macro- and microcirculations

 2. Effective oxygenation to meet/repair the metabolic 
demands of the organ

 3. Elimination of metabolic byproducts and poisons
 4. Provide a chance to evaluate the function and via-

bility of organs.
 5. Improve clinical results by encouraging ex  vivo 

organ rescue/amelioration prior to implantation and 
allowing for the use of donors who meet enlarged 
criteria (ECDs),

 6. Extend preservation time without imposing further 
ischemia-reperfusion injuries (IRIs),

 7. Promote the ex vivo administration of cytoprotec-
tive and immunomodulatory substances,

 8. Improve transplant outcomes by decreasing the 
incidence of early graft dysfunction and PNF, 
which would impact directly on the length of hospi-
tal stay, subsequent posttransplant admissions and 
improved graft and patient survival rates. See 
Table 39.1.
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Table 39.1 Risks & benefits of MP

Advantages Disadvantages
Lower incidence of delayed graft 
function

Higher cost and enhanced 
logistics

Continuous monitoring of 
parameters

New requirements for organ 
manipulation ex-vivo

Decrease vasospasm when 
avoiding prolonged hypothermia

Endothelial injury is possible if 
flows are not properly controlled

Ability to provide metabolic 
support

New requirements for ex-vivo 
monitoring and the development 
of new biomarkers

Potential for pharmacologic 
manipulation

Possible equipment failure

Immunomodulation Infection
Control of inflammation 
(DAMPs)
Development of new biomarkers 
to monitor and predict organ 
function

Increase costs in organ 
preservation

 Developing HBOCs for Specific Ex-Vivo 
Utilization in Organ and Tissue Preservation

Machine perfusion with an oxygen carrier has the potential 
to narrow the gap between organ supply and demand. 
Acellular Hemoglobin-Based Oxygen Carriers (HBOCs) 
have several acknowledged advantages as an ex vivo storage 
solution (versus blood) including ease of use (no blood typ-
ing), simplified storage logistics (room temperature stable 
for years), efficient oxygenation over a wide range of tem-
peratures, and sterility. And unlike blood in vivo where coag-
ulation is required, the technical and operational problems 
related blood coagulation ex vivo can be totally avoided by 
the use of HBOC in combination with MP.

W. Richard Light (Rick) and Paulo Fontes developed and 
patented (WO2014059316 A1, PCT/US2013/064607) a new 
Hemoglobin Based Oxygen Carrier (HBOC) solution that 
was successfully utilized as a new perfusate for a machine 
perfusion (MP) system with dual pressures and under sub-
normothermic conditions (21  °C) [20]. This new solution 
was based on the combination of bovine-based HBOC-201 
with a heterostarch (HES) based colloid solution (Belzer 
MPS  – BMPS, Preservation Solutions Inc., Elkhorn, WI) 
that added several new properties to the original HBOC-201 
solution as a more effective promoter of organ preservation:

 (a) Increased oncotic pressure by the addition of imperme-
ants and colloids

 (b) Addition of 2 new buffers (H2PO4 and Hepes)
 (c) Alteration of the Na+/K+ ratio
 (d) Addition of free radical scavengers (glutathione and 

allopurinol)
 (e) Addition of insulin as a liver growth factor
 (f) Addition of glucose as a nutrient

 (g) Addition of a purine nucleobase (adenine) as a cofactor 
for cellular respiration

 (h) Addition of a pentose (ribose) as an energy substrate
 (i) Decrease (dilutional effect) of the original hemoglobin 

concentration from 13 g/dl to 3 g/dl.

Related to major regulatory issues with FDA regarding 
bovine-derived products, a new human-based HBOC was 
subsequently designed (OxyBridge™, VirTech Bio, Natick, 
MA) with following additional benefits:

 1. the hemoglobin (Hb) is human-derived, decreasing major 
CMC regulatory concerns from previous IDE applica-
tions with the FDA.

 2. the Hb polymer (OxyBridge) is larger than most other 
HBOCs (1600 kD versus 250 kD) to minimize 
extravasation,

 3. unique solution properties (COP and viscosity) modeled 
after pRBCs,

 4. cost-effective manufacturing able to be implemented at a 
Contract Manufacturing Organization (CMO)to maxi-
mize the HBOC clinical and commercial potential.

OxyBridge is formulated in a balanced salt solution similar 
to Ringer’s lactate. The resulting purified hemoglobin solu-
tion does not contain any cells and has no issues regarding 
xeno antigens for subsequent use in human tissues [5]. 
OxyBridge is human derived, glutaraldehyde polymerized, 
with a higher molecular weight (MW  ≈  1600 kD, 
p50 = 36 mmHg) and is engineered for cost-effective pro-
duction through scalable filtration technology to be Contract 
Manufacturing Organization ‘friendly’.

OxyBridge has a total oxygen-carrying capacity like that 
of native, corpuscular hemoglobin, but the average 
OxyBridge molecule is less than 1/100,000,000th the vol-
ume of a red blood cell. Upon infusion, this stabilized hemo-
globin distributes throughout the plasma. Thus, OxyBridge 
increases the oxygen content of the intravascular solution, 
‘plasma’. OxyBridge plasma is in continuous contact with 
blood artery walls, where oxygen is transported to tissues. 
Plasma circulates in all locations where blood normally cir-
culates and can even circumvent partial blockages or pass- 
through constricted arteries that are too narrow to carry red 
blood cells normally. The result is that OxyBridge facilitates 
enhanced diffusive oxygen delivery while improving tissue 
oxygenation more efficiently than non-hemoglobin crystal-
loid and colloid preservation solutions. OxyBridge can bind 
the same amount of oxygen as the hemoglobin molecules in 
red blood cells, on a gram-for-gram basis, and release oxy-
gen more readily than red blood cells.

OxyBridge is formulated at a concentration (11 g/dl) to 
facilitate mixing with standard organ storage solutions to 
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match the specific requirements of a particular organ. For the 
liver perfusion experiments, OxyBridge was combined with 
Belzer machine perfusion solution (BMPS, Preservations 
Solutions Inc., Elkhorn, WI). For other organs, additional 
mixing solutions can potentially be used. BMPS is a modifi-
cation of the University of Wisconsin solution (UW), which 
has been the gold standard for organ preservation around the 
world since 1989 [11]. BMPS was originally developed in 
1986 and it has been extensively used in machine perfusion 
applications for kidneys and livers. BMPS has been used as 
a modified solution (Vasosol) in more than 20 patients who 
received liver allografts preserved with an hypothermic 
machine perfusion system (HMP) [18].

 Pharmacodynamics (PD) and Pharmacokinetic 
(PK) Experiments with OxyBridge

Additional PK/PD and validation experiments were con-
ducted in our lab using a 12-hour liver perfusion model with 
MP. Three liver allografts were obtained from Landrace pigs 
(average weight  =  60  kg) within standard operative tech-
niques for organ recovery in clinical transplantation. The liv-
ers were perfused in our MP system for 12 hours at 21 °C 
using OxyBridge as the perfusate in combination with 
Belzer UW® MPS. The liver allografts received dual inflow, 
with pulsatile flow in the hepatic artery (map = 30 mmHg) 
and continuous flow in the portal vein (mvp = 4 mmHg). The 
pH of the perfusate was maintained by repeated measure-
ment of blood gases and adjustments of the FiO2 and sweep 
gas rates through the oxygenators using common clinical 
practices. Pharmacokinetic (PK) characterizations were per-
formed by verifying the half-life of the HBOC solution by 
sampling at pre-determined times during perfusion of the 
isolated livers. The hemoglobin content was also measured 
overtime. PD characterizations were performed by establish-
ing O2 dissociation (p50) curves. Additional measurements 
of oxidative phosphorylation via mitochondrial functional 
assays were also performed. Direct and indirect measures of 
oxygen delivery and oxygen consumption by the liver 
allografts were obtained. Subsequent measurements of the 
oncotic pressure, viscosity, osmolality, electrolyte composi-
tion, cTHb, FO2Hb, FHHb, FMetHb and MW distribution 
were further obtained.

 Perfusate (OxyBridge) Gas Analysis

Each sample of the perfusate solution obtained for blood gas 
analysis was obtained in a 1  mL tuberculin syringe and 
capped until analysis to prevent gas exchange prior to analy-
sis. Samples were loaded into the ABL Flex 800 (Radiometer, 
Copenhagen) blood gas analyzer. Sample pH and pCO2 was 

temperature correct to the recorded OALD system tempera-
ture of 21 °C. pH (mmHg), pO2 (mmHg), pCO2 (mmHg), K+ 
(mmol/L), Cl− (mmol/L), Na+ (mEq/L), Ca2+ (mmol/L), 
Lactate (mmol/L), and Glucose (mmol/L) were measured via 
electrode chemistry. Hb (g/dL), sO2 (%), FO2Hb (%), FCOHb 
(%), and FMetHb (%) were measured on the ABL 800 Flex 
via color oximetry.

 Hemoximetry

Oxy-Hb association and dissociation curves for the 
OxyBridge solution obtained for hemoximetry were ana-
lyzed using the Hemox Analyzer (Model B, TCS Scientific 
Corp, New Hope, PA). All measurements for hemoximetry 
were performed at 37 °C. Briefly, each sample of the HBOC 
solution were warmed to 37 °C prior to sample preparation. 
Two hundred fifty microliters of the HBOC solution sample 
was added to a clean polystyrene cuvette containing 4 mL of 
Hemox Solution (TCS) and 20 μL of anti-foaming agent A 
(TCS). The contents of the cuvette were mixed and loaded 
into the sample analyzer, which consisted of a glass chamber 
with a magnetic stir bar in the bottom. A precise mix of nitro-
gen and oxygen was bubbled through the solution and mea-
surements of the log-transformed optical density at 560 nm 
(measuring wavelength) and 570 nm (isosbestic wavelength) 
were made. The p50, which is the partial pressure of oxygen 
where 50% of the Hb molecules contain oxygen, was 
obtained using a built-in software algorithm for the Hemox 
Analyzer and recorded. The raw data from the oximetry was 
exported to a spreadsheet package (Microsoft Excel 2010, 
Microsoft Corporation, Seattle, WA) for graphical represen-
tation of the average saturation and partial pressure of oxy-
gen over the time course of samples for each experiment.

 Results: Perfusion Parameters Ex-Vivo

Machine perfusion was conducted with full oxygenation 
(FiO2 = 60%). Perfusate’s oxygenation was kept in the 550–
650 mmHg range in the arterial port, where an oxygen satu-
ration of 90% was obtained. The venous port was kept in the 
250–450 mmHg range, where an oxygen saturation of 70% 
was consistently maintained. The systolic arterial pressures 
(hepatic artery) were kept at 30 mmHg, and the venous pres-
sures (portal vein) were kept at 4  mmHg. The perfusion 
flows were kept between 300–600  ml/min in the PV and 
100–200 ml/min in the hepatic artery. There were no signs of 
vasoconstriction as seen in previous in-vivo experiments 
with the HBOC-201 when this component was utilized in 
much higher concentration (13 g/dL) and without the pres-
ence of colloids and additional scavengers. The liver 
allografts had clear signs of progressive vasodilatation as the 
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arterial flows (through the hepatic artery) showed a 150% 
increase over the course of the experiments. The perfusate 
temperature was kept steadily at 21  °C.  The pH was kept 
within a slightly alkalotic range (7.50–7.58). No NaHCO3 
infusions were required to keep the pH within the physiolog-
ical range. Liver allografts cleared lactate (dropping down to 
values around zero) and produced bile consistently through-
out the duration of the experiments (12 hours). Oxygen satu-
ration reached 100% with normal pO2 values.

 Mitochondrial Function

Fresh liver tissue was obtained during preservation and mito-
chondrial functional analyzed in a sealed oxygraph chamber 
fit with a Clark-type oxygen electrode (Instech Laboratories 
Inc., Plymouth Meeting, PA, USA) connected to a data 
recording device (DATAQ Systems) [1]. The respiratory con-
trol ratio (RCR), which is well accepted as the most useful 
general measure of function of isolated mitochondria was 
normal and stable throughout the entire duration of the 
experiments, revealing adequate oxidative phosphorylation 
by the tissues perfused with the HBOC. Basal ATP genera-
tion rate was quantified to determine whether energetics 
were sufficient throughout the experiment. Additionally, 
mitochondrial hydrogen peroxide production was measured 
as an indicator of ROS generation in the tissue (a natural 
response to ischemia/reperfusion) [22].

Cell-free hemoglobin, in either its oxygenated or deoxy-
genated state, can react almost instantaneously with NO 
(k = ∼107 M−1 · s−1) resulting in hypertension when cou-
pled with the relatively high concentrations of heme (at the 
mM level) arising from HBOC administration during resus-
citative therapies through a significant inhibition of local NO 
signaling within the endothelium. In order to assess addi-
tional pathways that could trigger further hemoglobin oxida-
tion leading into methemoglobinemia, nitrite-dependent 
oxidation was serially assessed every 3  hours during the 
12-hour perfusion protocol. The major products of the nitrite/
oxyHb reaction are nitrate, metHb, and H2O2 (ROS). Nitrate 
is a benign component but metHb and ROS can be further 
reduced by metHb reductase and dismutated by catalase, 
respectively. Nitrite reduction can take place from a direct 
reaction with the ferrous heme group of deoxygenated hemo-
globin. Further reaction of nitrite with oxyhemoglobin 
(oxyHb) generates nitrate and methemoglobin (metHb).

 Nitrite and Nitrate Measurements

Nitrite and nitrate concentrations were measured by reduc-
tive chemiluminescence as previously described [23]. 
Briefly, nitrite was measured by injecting samples into a 

purge vessel containing a solution of triiodide, connected 
in line to a Nitric Oxide Analyzer (Sievers, GE). Nitrate 
was measured by injecting identical samples into a vessel 
purged with helium containing vanadium chloride to 
reduce nitrate to NO. The NO was detected by the Nitric 
Oxide Analyzer.

 Mitochondrial Respiration Measurements

Mitochondria were isolated from liver by differential cen-
trifugation and resuspended in Respiration buffer (120 mM 
KCl, 25 mM sucrose, 10 mM HEPES, 1 mM EGTA, 1 mM 
KH2PO4, 5 mM MgCl2). for oxygen consumption measure-
ments utilizing a Clark electrode as previously described 
[14]. Briefly, mitochondria were suspended at 1 mg/ml and 
oxygen consumption monitored after the addition of succi-
nate (10 mM) and subsequently ADP (25 mM). Respiratory 
control ratio was found by expressing State 3 (ADP depen-
dent rate) over State 4 (succinate dependent rate) [24].

 Reactive Oxygen Species (ROS) Measurements

Hydrogen peroxide (H2O2) generation was quantified in 
isolated mitochondria by measuring the rotenone sensitive 
oxidation of Amplex Red spectrophotometrically as previ-
ously described [25]. In the presence of nitrite, the nitrite 
reductase activity of deoxyhemoglobin creates a balance 
between NO formation and haem-based NO scavenging 
that dictates the degree to which NO can stimulate signal-
ing and vasodilation.

 Results

Four different hemoglobin (Hb) species are commonly rec-
ognized: oxyhemoglobin (oxy-Hb), deoxyhemoglobin 
(deoxy-Hb), and methemoglobin (met-Hb). During the 
12-hour perfusion there was no change in total Hb concen-
tration, which indicates the lack of precipitation and/or filter-
ing during the machine perfusion procedure (Fig. 39.1).

The % of oxyhemoglobin was also sustained over the 
12-hour period. Adequate oxygen delivery depends on the 
hemoglobin binding, transporting, and ultimately unloading 
O2 molecules. Each hemoglobin can bind zero oxygens, one, 
two, three, or four. This binding rate is directly related to 
oxygen content dissolved in perfusate. The higher the oxy-
gen content in solution (PaO2), the higher the hemoglobin 
binding (SaO2). OxyBridge was able to maintain a high per-
centage of oxyhemoglobin over the 12-hour period, which 
means that it sustained a high degree of oxygen delivery 
overtime to the hepatic tissue (Fig. 39.2).
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Fig. 39.1 Hb concentration (g/dL) during the 12-hour machine perfusion liver preservation protocol
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Fig. 39.2 Percent oxyhemoglobin during the 12-hour machine perfusion liver preservation protocol

Methemoglobin (MetHb) is a naturally occurring oxi-
dized metabolite of hemoglobin that decreases its ability to 
bind oxygen. MetHb contains iron in the ferric state (Fe3+) 
rather than the reduced ferrous form (Fe2+) found in hemo-
globin. % MetHb measures the inactive form of the protein 
and is used as a stability indicator. This undesirable oxida-
tion can be exacerbated by time and packing issues. 
OxyBridge show levels of MetHb lower than 3  in the bag 
and lower than 15 in the perfusate during machine perfusion 
(See Fig. 39.3).

The pO2 was continuously monitored in the perfusate 
with a ABL Flex 800 (Radiometer, Copenhagen) blood gas 
analyser. The machine perfusion protocol was conducted 

under a FiO2 = 60% at 21 °C. In spite having a low Hb (3 g/
dL) concentration in the perfusate, the pO2 were consistently 
high over the 12-hour period. MetHb is a naturally occurring 
oxidized metabolite of hemoglobin that does not bind oxy-
gen and creates detrimental reactive oxygen species (ROS). 
To assess pathways that could trigger OxyBridge oxidation 
to metHb, nitrite-dependent oxidation was assessed every 
3  hours during the 12-hour perfusion protocol. The major 
products of the nitrite/oxyHb reaction are nitrate, metHb, 
and H2O2 (ROS). Nitrite reduction can take place from a 
direct reaction with the ferrous heme group of deoxygenated 
hemoglobin. Further reaction of nitrite with oxyhemoglobin 
(oxyHb) generates nitrate and metHb. Compared to data pre-
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Fig. 39.3 Percent methemoglobin during the 12-hour machine perfusion liver preservation protocol
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Fig. 39.4 Partial pressure of oxygen (pO2 – mmHg) in the perfusion solution during the 12-hour machine perfusion liver preservation protocol

viously reported in hamsters that received in-vivo infusion of 
HBOC-201 (Hemopure), nitrite/nitrate ratios showed signifi-
cantly lower values (baseline, <10× vs OxyBridge-infused, 
<100×) in the OxyBridge /MP experiments in pig liver 
(Fig. 39.4).

The presence of lactate would indicate anaerobic metabo-
lism. The livers cleared lactate within the first 3 hours and 
the values were kept within normal values throughout the 
remaining perfusion time. This is another sign of effective 
ex-vivo oxygenation provided by the OxyBridge component 
(Fig. 39.5).

The pH was also sustained within normal range over the 
12-hour period without the need of having NaHCO3 infu-
sions as seen in RBC-based systems (Fig. 39.6).

Mitochondrial function was depicted by Respiratory 
Control Ratio (RCR). Mitochondria were isolated from fresh 

liver biopsies by differential centrifugation and resuspended 
in Respiration buffer (120 mM KCl, 25 mM sucrose, 10 mM 
HEPES, 1  mM EGTA, 1  mM KH2PO4, 5  mM MgCl2) for 
oxygen consumption measurements utilizing a Clark elec-
trode. Respiratory control ratio was found by expressing State 
3 (ADP dependent rate) over State 4 (succinate dependent 
rate). Mitochondrial function was analyzed in a sealed oxy-
graph chamber fit with a Clark-type oxygen electrode (Instech 
Laboratories Inc., Plymouth Meeting, PA, USA) connected to 
a data recording device (DATAQ Systems. The mitochondria 
efficiency was calculated by RCR, which measures the ratio 
of mitochondrial respiration supporting ATP synthesis to that 
required to offset the proton leak. RCR was normal and stable 
throughout the entire 12 hours f MP and oxygenation with the 
HBOC, revealing adequate oxidative phosphorilation by the 
tissues perfused with the HBOC (Fig. 39.7).
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Fig. 39.5 Lactate concentration (mMOL) during the 12-hour machine perfusion liver preservation protocol
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Basal ATP generation rate was quantified to determine 
whether energetics were sufficient throughout the experi-
ment. ATP generation was sustained throughout the entire 
duration of the experiments (12 hours).

 Mitochondrial H2O2

Hydrogen peroxide (H2O2) generation was quantified in iso-
lated mitochondria by measuring the rotenone sensitive oxi-
dation of Amplex Red spectrophotometrically in the presence 
of nitrite, the nitrite reductase activity of deoxyhaemoglobin 
creates a balance between NO formation and haem-based 
NO scavenging that dictates the degree to which NO can 
stimulate signaling and vasodilation [26].

Additionally, mitochondrial hydrogen peroxide produc-
tion was measured as an indicator of ROS generation in the 
tissue (a natural response to ischemia/reperfusion). Notably, 
hydrogen peroxide generation remained steady and did not 
increase (as would be expected to occur in injured tissue). 
The levels of ROS were low in spite the high levels of oxy-
genation (pO2 = 600 mmHg) experienced with the HBOC 
solution (Fig. 39.8).

 Nitrite and Nitrate Measurements

Nitrite and nitrate concentrations were measured by reduc-
tive chemiluminescence. Briefly, nitrite was measured by 
injecting samples into a purge vessel containing a solution of 

tri-iodide, connected in line to a Nitric Oxide Analyzer 
(Sievers, GE). Nitrate was measured by injecting identical 
samples into a vessel purged with helium containing vana-
dium chloride to reduce nitrate to NO. The NO was detected 
by the Nitric Oxide Analyzer.

Our Nitrite/Nitrate data shows values significantly lower 
(baseline 10× lower and HBOC infused 100× lower) than the 
ones previously recorded in hamsters receiving in-vivo infu-
sion of HBOC-201 (Hemopure) [24] (Fig. 39.9a, b).

 Histopathology

The liver allografts sustained normal anatomical features 
throughout the entire experiment and had no signs of 
hypoxia and any other tissue damage during the 12-hour 
preservation. There were no signs of any damage to portal 
triads (hepatic artery, portal vein and bile ducts), hepatic 
sinusoidal system and central veins. There were no signs 
of edema and hepatic micro steatosis, which can be easily 
detectable within hours of low oxygenation to the hepatic 
tissue. Moreover, when compared to our previous experi-
ence with the bovine-derived (Hemopure) HBOC, there 
no signs of debris within the hepatic sinusoidal and com-
plete integrity of the sinusoidal endothelial cells (SEC), 
which is by itself a major milestone in 12-hour liver pres-
ervation. Furthermore, electron microscopy (EM) assess-
ment of the hepatocytes over this 12-hour period showed 
intact cell structures and preserved morphology of the 
mitochondria.
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Fig. 39.8 H2O2 production (pmol/min/mg) of the hepatic tissue tissue assessed over a 12-hour period from serial fresh biopsies
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Fig. 39.9 (a) Nitrite levels (μM) produced by the liver tissue over a 12-hour period. (b) Nitrate levels (μM) produced by the liver tissue over a 
12-hour period)

 Conclusions from the Liver Experiments

 1. The MP/HBOC preservation system was able to maintain 
full integrity and functionality of the liver allografts over 
a 12-hour period.

 2. There were no signs of excessive auto-oxidation of the 
HBOC product. The methemoglobin levels were lower 
than the original data from in-vivo studies.

 3. The levels of ROS were low in spite the high levels of 
oxygenation (pO2  =  600  mmHg) experienced with the 
HBOC solution.
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 4. There were no signs of vasoconstriction and hyperten-
sion. The machine perfusion parameters revealed 
 progressive vasodilation in the arterial bed over the 
12-hour period under sustained pulsatile pressures.

 5. Despite a low hemoglobin concentration (3.5  g/dl) the 
oxygen delivery was eight times higher than oxygen con-
sumption. Hepatocyte mitochondrial function was sus-
tained over a 12-hour period in spite having a low Hb 
concentration (3.5 g/dl) in the perfusate.

 6. The HBOC molecule showed sustained function (p50) 
and integrity (Hb content) over a 12-hour period.

 Preliminary Pre-clinical Studies 
with Vascularized Composed Allotransplants 
(VCA) Utilizing the MP/HBOC Preservation 
System at 21 °C

These experiments were sponsored by the US DOD award 
(MR120034P4 – “Ex-vivo machine perfusion in composite 
tissue allotransplants (CTA) with a novel oxygen carrier sys-
tem to enhance graft preservation and immunologic out-
comes, 2013–15). This proof-of-concept large animal 
(swine) model for CTA was based on the heterotopic allo-
transplant of a vertical rectus abdominis myocutaneous 
(VRAM) flap with two dominant vascular pedicles into a 
fully mismatched recipient.

These experiments with the VRAM grafts were conducted 
in 2 separate stages, aimed to elucidate both the ex-vivo and 
the post-reperfusion in-vivo impact of prolonged preserva-
tion (14 hours) with a machine perfusion (MP) system using 
a newly developed hemoglobin-based oxygen carrier 
(HBOC) solution as the main perfusate. The tissue preserva-
tion protocols were conducted at 21 °C under sterile condi-
tions and a full assessment of the biological modifications of 
the VRAM) grafts (e.g., histology, immunohistochemistry, 
inflammatory markers, and metabolomics) was conducted. 
Subsequent integrative analysis was performed with primary 
component analysis (PCA), dynamic Bayesian networks 
(DBN) inference and dynamic network analysis (DyNA). 
This has been an innovative approach to outline the biologi-
cal implications of effective and prolonged ex-vivo oxygen-
ation under subnormothermic (21 °C) conditions.

 Rationale and Unmet Clinical Needs for VCA

There have been over 95 upper extremities and 26 cranio-
maxillofacial vascularized composite allotransplants (VCA) 
performed around the world [27]. Unfortunately, the growth 
of the VCA field has been slower than initially expected, 
largely due to the limited techniques currently available for 

graft preservation and due to the major immunological barri-
ers faced after transplantation, where non-life saving proce-
dures can lead to a lifetime burden of complications related 
to aggressive immunosuppressive therapy [28].

Recent studies indicate that more than 28,000 potential 
organ donors die each year in the United States [29]. 
However, a major obstacle to organ and tissue transplanta-
tion today remains the limited supply of suitable donors and 
within a feasible geographic location. VCA programs in the 
US have come recently under United Network for Organ 
Sharing (UNOS) jurisdiction, which led into further over-
sight for all regulatory aspects of transplantation and graft 
allocation [30]. In VCA, unlike internal organs, matching of 
skin color, tone, gender and size of the graft in addition to 
blood type between donor and recipient imposes additional 
operational and logistic limitations that can significantly 
restrict graft allocation and transplantation within suitable 
matches [31]. The need for organ and tissue sharing across a 
wider geographic distance imposed by the national donor 
allocation system managed by the Organ Procurement and 
Transplantation Network (OPTN) has implicated in extended 
cold ischemia time (CIT) for the VCA community [32].

The implementation of federal policies for VCA alloca-
tion initially intended to enhance recipient matching has 
extended sharing across wider geographic areas, which 
might implicate on unacceptable CIT for several donor- 
recipient combinations separated by longer distances.

Cold static preservation (CSP) has been the standard of 
care for organ and tissue preservation for almost 40  years 
[11]. Cold ischemic injury can induce irreversible perturba-
tions in osmoregulation, energetics, and aerobic metabolism. 
In VCA, CSP induces a progressive reduction in interstitial 
oncotic pressure, allows interstitial expansion and edema 
and leads to further capillary compression and tissue injury 
[33]. Ischemia reperfusion injuries (IRI) have received fur-
ther attention in VCA, where injury patterns in striate muscle 
demonstrate parallels to cardiac myocytes experiencing isch-
emic insults [34]. In VCS, both muscle and adipose tissue 
have elevated metabolic rates and are therefore more suscep-
tible to damage during extended preservation and after reper-
fusion [35].

The heterogeneous composition of the VCA grafts can be 
further exemplified by the presence of viable skin (superfi-
cial) being found in musculocutaneous autografts, in spite 
the presence of significant necrosis within the muscular tis-
sue immediately following transplantation [36]. The military 
population has been significantly affected by devastating 
limbs and soft tissue injuries when experiencing major 
trauma in the battlefield. Over 87% of all injury mortality 
occurred in the premedical treatment facility (MTF) environ-
ment [28]. The injury focus in short term mortality was 
mostly related to physical dismemberment (32%), cata-
strophic brain injury (38%), and massive cardio- thoracic 
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injuries (24%) [30]. Destructive abdominopelvic injuries 
were responsible for more than 6% of these casualties.

The wars in Afghanistan and Iraq, the most prolonged 
military conflict in US history, resulted in over 40,000 
extremity injuries and 2500 amputations. Limb loss from 
upper extremities (UE) arterial injuries ranges from 1% to 
18%. UE injuries remain a major therapeutic challenge for 
early revascularization and subsequent soft tissue coverage. 
Mortality from UE has been recorded as high as 34% in 
recent series when combined to concomitant injuries.

These proof-of-concept pre-clinical studies in a large ani-
mal model (swine) were primarily designed to define the 
safety and the efficacy of machine perfusion preservation in 
VCA over a 14-hour period when compared to cold storage 
(CS) as the current standard of care. We also aimed to estab-
lish some mechanistic pathways for early inflammatory 
markers, while pursuing the subsequent metabolic impact of 
prolonged preservation followed by transplantation by con-
ducting extensive metabolomics analysis. To establish reli-
able clinical correlations, the preservation experiments were 
followed by graft implantation and a seven-day postopera-
tive follow up before an end-study necropsy.

 Methods

The surgical model for VCA was based on the heterotopic 
allotransplant of a vertical rectus abdominis myocutaneous 
(VRAM) flap with two dominant vascular pedicles into a 
fully mismatched recipient (Fig. 39.10).

These experiments with the VRAM grafts were conducted 
in two separate stages, aimed to elucidate both the ex-vivo 
and the post-reperfusion in-vivo impact of prolonged preser-
vation (14  hours) with a machine perfusion (MP) system 
using a newly developed hemoglobin-based oxygen carrier 
(HBOC) solution as the main perfusate. Briefly, ex-vivo 
experiments with the VRAM grafts were conducted over a 
14-hour preservation period at 21 °C. VRAM grafts were ini-
tially recovered under strict surgical techniques for tissue 
transplantation, meaning meticulous and bloodless dissec-

tion followed by isolation of both the arterial and venous 
vascular pedicles. No nerve reconstruction was performed. 
The VRAM grafts were subsequently preserved by two dif-
ferent modalities:

 1. study group – MP/HBOC (n = 4);
 2. control group – cold storage preservation (CSP) (n = 4).

The MP protocol of the VRAM grafts was performed with a 
prototype Liver Assist Device®, Organ Assist, Groningen, 
Netherlands in combination with our proprietary combina-
tion of HBOC solution with a HES-based colloid developed 
initially at University of Pittsburgh and further licensed by 
Virtech Bio Inc. (WO2014059316A1, PCT/US/2013/064607) 
[37]. The Liver Assist Device was further modified to accom-
modate a single arterial infusion port within a new set of 
pressures and flow. The perfusion chamber was modified and 
upgraded to accommodate a new medical PVC mesh 
designed to support the VRAM) graft in a horizontal position 
while allowing free venous and lymphatic drainage across 
the mesh.

For these experiments, the starting hemoglobin level as 
measured by an ABL800flex (Radiometer, Copenhagen) 
blood gas analyzer was 3.5 g/dL. The baseline settings for 
the MP system were: 60 mmHg pressure, 21 °C, FiO2 60%, 
sweep gas 0.3 L/min. Perfusion was begun at a pressure of 
60 mmHg with a pulse frequency of 1 Hz, achieving a flow 
rate of 10 mL/min. The initial saturation level of the blood 
gas was 93 percent. HBOC solution at a pO2 of ~400 mmHg. 
The MP device alters centrifugal pump speed to maintain a 
set pressure. After 2 hours, with flows exceeding 25 ml/min, 
the pressure set point was lowered to 50 mmHg where it was 
maintained throughout the remainder of the perfusion 
(Fig. 39.11).

After 14 hours, the VRAM) graft was removed from the 
MP device, weighted, and processed for additional studies. 
The subsequent in-vivo studies (Stage 2) were also com-
posed of 2 groups of 4 animals each. Both groups (MP, n = 4 
and CSP, n = 4) received heterotopic (cervical implantation) 
VRAM allografts after a period of 14 hours of preservation. 

Skin demarcation in the donor VRAM graft after removal Vascular pedicle

Fig. 39.10 Skin demarcation in the donor, VRAM graft, and vascular pedicle
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Fig. 39.11 Machine Perfusion device to preserve the VCA utilizing a single arterial infusion port

All animals (donors and recipients) were placed under gen-
eral anesthesia and fully monitored. All procedures were per-
formed under sterile conditions after being approved by the 
IACUC, U Pitt. The VRAM grafts were recovered en-bloc 
from an abdominal approach, where the vascular pedicle was 
fully isolated prior to systemic heparin infusion (20,000 U) 
and cross-clamp. The VRAM graft was removed from the 
field and immediately flushed (20 ml) with cold (4 °C) lac-
tate ringer (LR) after arterial cannulation was completed 
(18Fr). A brief backtable procedure was conducted, where 
baseline biopsies were obtained prior to VRAM graft weight 
measurements. The CS group grafts were flushed with addi-
tional 100 ml of UW and packed (double bag) prior to place-
ment into a temperature-controlled ice chest. The MP grafts 
were placed into the MP device, where the arterial cannula 
was immediately connected to the arterial infusion port. The 
MP preservation protocol was started and ABG samples 
from the perfusate were obtained every 15 minutes for the 
first hour and every hour for the remaining 13 hours.

After the completion of the preservation protocol, the 
VRAM grafts were implanted in an upside-down vertical 
orientation in the left cervical region in both groups, follow-
ing a left cervicotomy and a meticulous dissection of the vas-
culature (carotid artery and jugular vein). The donor 
epigastric artery was anastomosed in an end-to-end fashion 
with interrupted 8-0 Prolene sutures to the recipient left 

carotid artery and the donor epigastric vein was anastomosed 
in an end-to-end fashion with interrupted 8-0 Prolene sutures 
to the recipient left jugular vein. The VRAM grafts were 
fully reperfused after the completion of the vascular anasto-
mosis. The grafts were further secured without any vascular 
traction in the cervical region with additional subcutaneous 
sutures before the final skin closure with staples. A perma-
nent central venous access was instituted by placing a 
Broviac catheter (BC) into the right superior vena cava after 
the completion of the transplant procedure. This was 
achieved by a right cervicotomy followed by cannulation of 
the internal jugular vein and exteriorization of the BC in the 
right interscapular space through a subcutaneous tunnel. The 
animals were extubated in the operative room and kept in an 
intensive care unit for 24  hours. The animals were subse-
quently transferred into a single room where they recovered 
for 6 additional days under strict surveillance. All the ani-
mals received 1 g of Solumedrol IV in the operative room 
before VRAM) graft reperfusion and triple immunosuppres-
sive therapy after transplantation composed by Tacrolimus, 
Mycophenalate Mofetil and Prednisone. The animals had 
daily clinical and laboratorial assessment. Additional studies 
(histology, inflammatory markers and metabolomics) were 
performed to assess graft viability and the impact of isch-
emia reperfusion injuries (IRI) suffered after this prolonged 
period of preservation. The VRAM grafts were biopsied on 
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days 2, 4 and 7 after light IV sedation was provided and 
under sterile surgical technique with punch biopsy devices. 
To assess the potential degree of myolysis from IRI and the 
level of VRAM damage after 14 hours of preservation, myo-
globin levels were measured daily in the recipient’s periph-
eral blood after transplantation over a 7-day period.

 Histological Analysis

All biopsies’ samples from the VRAM grafts were fixed in 
10% buffered formalin, embedded in paraffin, sectioned 
(5 μm) and stained with hematoxylin and eosin for histologi-
cal analyses. The severity of VCA IR injuries was blindly 
graded by transplant pathologists initially using the 
International Banff Criteria [36]. The VRAM tissue obtained 
through punch biopsies contained skin, muscle, nerve, adi-
pose and muscular tissue segments.

 Inflammatory Markers

To quantify the inflammatory process triggered by IRI and 
the imminent alloreaction experienced by the VRAM after 
graft implantation, a full cytokine profile was obtained dur-
ing VRAM graft preservation in both groups (MP and CSP). 
Subsequent samples were obtained from tissue biopsies dur-
ing the postoperative period. Tissue and perfusate assays of 
interferon IFN-γ, IL-10, IL-12/IL-23 p40, IL-1β, IL-4, IL-6, 
IL-8 and tumor necrosis factor (TNF)-α were carried out 
using a Luminex™ beadset from Affymetrix (Santa Clara, 
CA). GM-CSF, IL- 1α, IL-1RA, IL-2 and IL-18 were mea-
sured using a Luminex™ beadset from Millipore (Merck 
KGaA, Darmsdadt, Germany). Tissue samples were normal-
ized by protein content to account for experimental variabil-
ity in cell number and protein concentration among individual 
samples.

Standard statistical analysis (ANOVA) of the cytokines’ 
concentration across time points did not show any significant 
difference between the two groups during the ex-vivo stage. 
A subsequent integrated system analysis utilizing primary 
component analysis (PCA), dynamic Bayesian networks 
(DBN) inference and dynamic network analysis (DyNA) 
was able to demonstrate the different inflammatory pathways 
experienced by the two groups regarding the preservation 
method over a 14-hour period [38].

Subsequent integrative analysis was performed with pri-
mary component analysis (PCA), dynamic Bayesian net-
works (DBN) inference and dynamic network analysis 
(DyNA). This has been an innovative approach to outline the 
biological implications of effective and prolonged ex-vivo 
oxygenation under subnormothermic (21 °C) conditions.

 Metabolomics

Tissue samples from the VRAM) grafts were obtained dur-
ing preservation (0, 5, 9 and 14 hours) and after the trans-
plant procedure on POD 0, 2, 4 and 7. These tissues were 
immediately frozen (OCT) and further submitted to 
Metabolon Inc., Raleigh, NC for metabolomics analysis. 
Samples were inventoried upon arrival and promptly kept at 
−80 °C [39]. At the time of analysis, Metabolon’s standard 
solvent extraction technique was used to extract and prepare 
samples for analysis. For analysis on the GC/MS and LC/MS 
systems, the extracted samples were divided into equal por-
tions. Instrument variability was determined by calculating 
the median relative standard deviation (RSD) for the internal 
standards that were added to each sample prior to injection 
into the mass spectrometers. The sample preparation process 
was carried out using the automated MicroLab STAR® sys-
tem from Hamilton Company. Recovery standards were 
added prior to the first step in the extraction process for QC 
purposes. Sample preparation was conducted using a propri-
etary series of organic and aqueous extractions to remove the 
protein fraction while allowing maximum recovery of small 
molecules. The resulting extract was divided into two frac-
tions, one for analysis by LC and one for analysis by 
GC. Samples were placed briefly on a TurboVap® (Zymark) 
to remove the organic solvent. Each sample was then frozen 
and dried under vacuum. Samples were then prepared for the 
appropriate instrument, either LC/MS or GC/MS. The LC/
MS portion of the platform was based on a Waters ACQUITY 
UPLC and a Thermo-Finnigan LTQ mass spectrometer, 
which consisted of an electrospray ionization (ESI) source 
and linear ion-trap (LIT) mass analyzer. The sample extract 
was split into two aliquots, dried, then reconstituted in acidic 
or basic LC-compatible solvents, each of which contained 11 
or more injection standards at fixed concentrations. One ali-
quot was analyzed using acidic positive ion optimized condi-
tions and the other using basic negative ion optimized 
conditions in two independent injections using separate ded-
icated columns.

Extracts reconstituted in acidic conditions were gradient 
eluted using water and methanol both containing 0.1% 
Formic acid, while the basic extracts, which also used water/
methanol, contained 6.5 mM Ammonium Bicarbonate. The 
MS analysis alternated between MS and data dependent MS2 
scans using dynamic exclusion. Overall process variability 
was determined by calculating the median RSD for all 
endogenous metabolites (i.e., non-instrument standards) 
present in 100% of the Client Matrix samples, which are 
technical replicates of pooled client samples. There were 653 
compounds analyzed. Following log transformation and 
imputation of missing values, if any, with the minimum 
observed value for each compound, Welch’s two-sample 
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t-tests were used to identify biochemicals that differed sig-
nificantly between experimental groups. To identify bio-
chemicals that varied substantially across experimental 
groups, Welch’s two-sample t-tests were performed. A false 
discovery rate (q-value) estimate was generated to account 
for the numerous comparisons that are common in 
metabolomic- based research. The q-value describes the false 
discovery rate; a low q-value (q < 0.10) is an indication of 
high confidence in a result. While a higher q-value indicates 
diminished confidence, it does not necessarily rule out the 
significance of a result [40].

 Statistical Analysis

To define statistically significant differences in inflammatory 
mediators assayed in graft tissue during the period of preser-
vation with MP /HBOC as a function of experimental group, 
we conducted standard statistical analyses of all data essen-
tially as previously described [41]. Analyses were performed 
using SigmaPlot™ 11 (Systat Software, Inc., San Jose, CA), 
(MatLab® (MathWorks, Inc., Natick, MA), and StatView® 
(SAS Institute, Inc., Cary, NC). Comparisons of Luminex™ 
and qRT-PCR gene expression data were analyzed using 
ANOVA and the Tukey-Kramer post hoc test where appro-
priate. When only two comparisons could be made, an 
unpaired two-sided t-test was used. Experimental results 
were determined to be statistically significant when p < 0.05. 
Continuous variables were expressed as mean ± SEM. For 
the ANOVA outcomes, 80% power and 5% significance were 
used to find a 25% difference in outcomes. We expected to 
find statistically significant differences in inflammatory 
mediators in samples from graft tissue preserved with MP /
HBOC vs. control.

To define principal drivers of inflammation in graft tissue 
during the preservation period with the MP /HBOC system 
as a function of experimental group, we carried out PCA of 
all data essentially as we described recently. The goal of this 
analysis was to identify the subsets of inflammatory media-
tors (in the form of orthogonal normalized linear combina-
tions of the original mediator variables, called principal 
components) that were most strongly correlated with a given 
experimental procedure or outcome, and that thereby could 
be considered principal drivers of each response.

To perform this analysis, the data was first normalized for 
each mediator (i.e., a given value divided by the maximum 
value for a given inflammatory mediator), so that all media-
tor levels could be converted into the same scale (from 0 to 
1). Thus, any artefactual effects on variance caused by the 
measured concentration ranges for various cytokines were 
removed. Only components accounting for at least 70% or 

95% of the variation in the data were evaluated. Each cyto-
kine’s coefficient (weight) was multiplied by the eigenvalue 
associated with each of these leading major components. 
This product quantified the contribution of a certain inflam-
matory mediator to the variation explained by a particular 
main component. The overall score given to each cytokine/
chemokine was the sum of its scores in each component. 
This gave us a measure of a cytokine’s contribution to the 
overall variance of the system. We expected to find different 
inflammatory drivers in graft tissue preserved with MP /
HBOC vs. control.

Dynamic Bayesian Network (DyBN) inference and 
Dynamic Network Analysis (DyNA) were used to define net-
works of cytokines and chemokines model the evolution of 
the probabilistic dependencies within a system over time. 
DyBN inference were carried out using MATLAB™ (The 
Math Works, Inc., Natick, MA), using an algorithm adapted 
from Grzegorczyk & Husmeier2 and revised recently by the 
Vodovotz group [42]. DyBN allowed us to assess the domi-
nant inflammatory mediators and the probable interaction 
among various mediators, including possible feedback loops. 
DyNA is an algorithm developed by the Vodovotz group 
using MATLAB™; though this algorithm cannot show feed-
back loops, it does highlight correlations across individual 
time intervals, allowing for a representation of the connectiv-
ity among inflammatory mediators as a function of time [35]. 
We expected to find different inflammatory networks in graft 
tissue preserved with MP-BMPS/HBOC vs. control, since 
we detected significant differences between the two groups 
after the initial clinical, histological and metabolomics 
analysis.

 Results

The MP/HBOC system provided low pressures (50–
55 mmHg), low flows (20–80 ml/min) and full oxygenation 
(FiO2 = 60% @ 400 ml/min) to the VRAM grafts (Fig. 39.12).

The MP/HBOC system stabilized the perfusate’s pH 
(7.55–7.6) while keeping lactate levels under 4  mmol/L 
(Fig.  39.3). In spite the prolonged period of perfusion 
(14  hours), there was no need to proceed with additional 
NaHCO3 infusions as seen in previous similar experiments 
with different MP systems (Fig. 39.13).

There were no technical complications from any of the 
surgical procedures and the animals recovered well from 
transplantation under strict USDA guidelines. Myoglobin 
blood levels were significantly higher in CSP flap recipients, 
showing the magnitude of the IRIs seen in the current stan-
dard of care for tissue preservation when compared to the 
MP/HBOC system (Fig. 39.14).
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allografts preserved be either Machine Perfusion (MP) or Cold Storage 
Preservation with UW (CSP)

 Clinical and Histopathologic Analysis

Initial histological assessment of buffered formaldehyde- 
fixed paraffin-embedded biopsies of skin, muscle, nerve, adi-
pose and muscular tissue was performed by a transplant 
pathologist (H&E staining). The VRAM allografts were 
biopsied every 4 hours during preservation and at days 2, 4 

and 7 after transplantation. Early damage on the CSP grafts 
was clearly detected within the initial samples (4 and 
8 hours). The presence of early hypercontracted sarcomeres 
(contraction bands – CB) and frequent sarcolemmal ruptures 
that gave rise to the term “contraction band necrosis” were 
observed in the sarcomeres, which were subsequently fol-
lowed by moderate to severe IRI in the CSP flaps in vivo. CB 
are thick, irregular, transverse eosinophilic bands in necrotic 
myocytes. The bands are small groups of hypercontracted 
and disorganized sarcomeres with thickened Z lines. The sar-
colemma is disrupted, and the mitochondria located between 
the CB swell. CB occur whenever there is a massive influx of 
Ca++ into the myocytes. The CB became more prominent 
after reperfusion and led into extensive necrosis within the 
CSP group. Adiponecrosis and skin necrosis were also sig-
nificantly higher in the CSP group.

 Post-reperfusion Findings

The VRAM grafts reperfused well and had no signs of early 
technical problems. Figure 39.9 shows the clinical aspects of 
the tissues after transplantation. Pen-Rose drains were uti-
lized to avoid fluid collection within the subcutaneous tissue 
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Machine Perfusion
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Day 0 Day 2 Day 4 Day 7 (necropsy)

Fig. 39.15 Macroscopic view of the VCA after the initial surgical implantation (day 0) in the recipients’ cervical area and over the postoperative 
period (days 2, 4 and 7)

that could compress the vasculature. The VRAM grafts from 
the MP/HBOC group were effectively oxygenated over a 
14-hour period at 21 °C. There were clear signs of vasodila-
tation within the graft, which re-perfused well after implan-
tation, contrary to the CSP grafts, which were cold and 
vasoconstricted (Fig. 39.15).

The skin portion of the VRAM grafts was mildly affected 
on both groups initially, which was disproportional to the 
lesions documented in the deeper layers (adipose and mus-
cle) over the postoperative period. The control CSP group 
progressed towards further necrosis within the adipose and 
muscle tissues, while showing scattered ischemic ulcerations 
within the skin. There were no clinical and histological 
abnormalities on the skin portion of the VRAM grafts from 
the MP/HBOC group. There were significant differences 
between the two groups (CSP and MP) when overall viabil-
ity and full thickness tissue integrity was assessed for 
IRI. The MP group had mild signs of IRI in the 3 segments 
of the graft (e.g., skin, adipose tissue and muscle). The CSP 
group had moderate to severe signs of IRI within the 3 seg-
ments of the VRAM grafts. There were also signs of consid-
erable irreversible damage within the vascular endothelial 
cells leading to further apoptosis and necrosis within the adi-
pose and muscular tissues in the CSP group. The presence of 
perivascular edema, red blood cell extravasation, leukocyte 
adhesion and infiltration, intraluminal thrombi of microvas-
culature and progressive loss of the endothelial cell layer in 
mid-size vessels were also observed in the CSP group. The 
initial endothelial cell dysfunction apparently led to further 
vascular leakage in the CSP group. Additional macrophage 
and eosinophilic infiltration were detected in the CSP group. 
Nuclear changes (e.g., pyknosis, karyorrhexis and karyoly-

sis) were further observed as signs of apoptosis and necrosis 
within the muscular layer in the CSP group. Furthermore, 
fiber disruption, loss of striation and additional decomposi-
tion of both the endomysium and epimysium were clearly 
noticed in the CSP group. These classic histological inflam-
matory features of significant IRI injuries were rarely noticed 
in the MP group. Figure 39.10 displays a comparison chart 
of the surgical wound and tissues obtained through punch 
biopsies from both groups (MP on the left and CSP on the 
right panel) at the second postoperative day. The degree of 
apoptosis and necrosis is significantly higher in the CSP 
group than the MP group, where intraseptal lymphocyte 
infiltration and progressive muscle fiber atrophy is also seen. 
Cell debris (from resident cell populations and infiltrating 
leukocytes); proteinaceous fluid containing fibrin, fewer 
macrophages and occasional lymphocytes and/or plasma 
cells are seen in the CSP. None of these changes are seen in 
the MP/HBOC group.

A comparison of the tissues obtained through punch biop-
sies from both groups (MP on the left and CSP on the right 
panel) during the postoperative period shows the progressive 
degree of ischemia leading to irreversible necrosis in the 
CSP group. The CSP displayed a higher degree of inflamma-
tion, with clear signs of myofiber necrosis, myopathic 
changes in addition to edema and/or hemorrhage. Progressive 
lymphocyte infiltration and areas of hemorrhage were seen. 
The loss of muscle fibers and hypereosinophilic degenerative 
fibers were also seen in the CSP. Progressive granulomatous 
inflammation is seen among several aggregated, large, acti-
vated macrophages, epithelioid macrophages, or multinucle-
ated giant cells The MP/HBOC group had muscle tissue with 
normal histological features.
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At termination of the study (euthanasia on the 7th POD), 
the MP/HBOC VRAM grafts had normal macroscopic fea-
tures while clear signs of extensive tissue necrosis within the 
subcutaneous tissues were seen in the CSP group. The MP/
HBOC graft showed full vessel patency and no signs of 
necrosis within the deep portions of the graft. The degree of 
necrosis and overall tissue damage was significantly higher 
in the CSP group. There were extensive necrotic areas with 
moderate to severe amount of inflammation. Progressive 
neutrophilic infiltration led to necrosis and loss of muscle 
fibers. Extensive macrophage infiltration was observed lead-
ing into granulomatous-like changes resembling pseudo- 
abscesses surrounded by epithelioid macrophages, or 
multinucleated giant cells were seen in the CSP, where 
extensive muscle fiber degeneration and mineralization 
within multinucleated giant cells were present. The MP/
HBOC group had muscle tissue with normal histological 
features. The MP/HBOC graft showed full vessel patency 
and no signs of necrosis within the deep portions of the graft. 
The control CSP group progressed towards progressive tis-
sue necrosis and ischemic ulcerations of the skin, whereas 
the study MP group stabilized. There were significant differ-
ences between the 2 groups (CSP and MP) when overall 
viability and full thickness tissue integrity was assessed for 
IRI. The MP group had mild signs of IRI in the 3 segments 
of the graft (e.g., skin, adipose tissue, and muscle). The CSP 
group had moderate to severe signs of IRI within the 3 seg-
ments of the VRAM grafts. There were also signs of consid-
erable irreversible damage within the vascular endothelial 
cells leading to further apoptosis and necrosis within the adi-
pose and muscular tissues in the CSP group. The presence of 
perivascular edema, red blood cell extravasation, leukocyte 

adhesion and infiltration, intraluminal thrombi of microvas-
culature and progressive loss of the endothelial cell layer in 
mid-size vessels were also observed in the CSP group.

The initial endothelial cell dysfunction apparently led to 
further vascular leakage in the CSP group. Additional mac-
rophage and eosinophilic infiltration were detected in the 
CSP group. Nuclear changes (e.g., pyknosis, karyorrhexis 
and karyolysis) were further observed as signs of apoptosis 
and necrosis within the muscular layer in the CSP group. 
Furthermore, fiber disruption, loss of striation and additional 
decomposition of both the endomysium and epimysium 
were clearly noticed in the CSP group. Punch biopsies from 
both groups at day 2 demonstrated increased apoptosis and 
necrosis in the CSP group than the MP group, with intrasep-
tal lymphocyte infiltration and progressive muscle fiber atro-
phy. Cell debris (both from the resident cell populations and 
from infiltrating leukocytes); proteinaceous fluid containing 
fibrin, fewer macrophages, and occasional lymphocytes and/
or plasma cells were seen in the CSP. None of these changes 
were seen in the MP/HBOC group.

 Inflammatory Markers

To quantify the inflammatory process triggered by IRI and 
the imminent alloreaction experienced by the VRAM after 
graft implantation, a full cytokine profile was obtained dur-
ing VRAM graft preservation in both groups (MP and CSP). 
We’re able to demonstrate again, analogue to our previous 
liver experiments, a central role for TNF-α in the CSP group 
as major promoter for sustained and enhanced inflammation 
as demonstrated by the initial DBN inference (Fig. 39.16).

IL-18

CSP group

IL-2IL-4

TNF-a

GM-CSF IL-6 IL-8

IL-18

Machine Perfusion/HBOC group

IL-2 IL-4 TNF-a

GM-CSF

IL-6 IL-8

Fig. 39.16 Dynamic Bayesian Network (DBN) diagrams comparing the complexity of the inflammatory network between the MP/HBOC and the 
CSP groups
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Subsequent dynamic network analysis (DyNA) showed a 
lower degree of complexity in the CSP inflammatory net-
work in spite of sustaining a similar number of connections 
displays a horizontal analysis of all interactions observed 
among all the measured cytokines.

Network complexity scores are consistently higher in tis-
sue networks than perfusate. For both sample types, the ini-
tial CSP network is the most complex, with CSP network 
complexity decreasing overtime. MP networks, which for 
both sample types start with lower complexity than CSP, 
remain relatively static in complexity throughout the preser-
vation period (Fig. 39.17).

This analysis was extended to all horizontal interactions 
of the inflammatory markers in each time point. This analy-
sis was also capable to reveal all positive (upregulation) and 
negative (downregulation) interactions among these inflam-
matory markers in a dynamic and rather precise manner. 
Furthermore, both groups (control and study) were able to be 
compared side-by-side in each time point and across the 
entire preservation period regarding the persistent interac-
tions among all the inflammatory markers. This dynamic 
approach wasn’t possible when standard statistical analysis 
was performed. Subsequent DyNA revealed rather interest-
ing inflammatory pathways overtime in both groups. This 
modality showed a leading role in TNF-α activation seen ear-
lier in the control group, where subsequent INF-ɣ activation 
was also detected.

This aggressive inflammatory pathway was very different 
than the one seen contemporaneously in the MP group, 
where a much simpler cytokine network was primarily driven 
by IL-4 and IL-6. Interesting enough, the histology analysis 

showed the early presence of contraction bands (CB) in the 
sarcomeres of the control group at the 4-hour mark, which 
remained anoxic and hypothermic for the entire duration of 
the experiment (14  hours). A similar histological pattern 
(CB) has been similarly described in the sarcomeres of the 
myocardium of patients with coronary artery disease in the 
period that precedes a well-defined ischemic myocardium 
infarct. Further analysis reveals the absence of any TNF-α in 
the MP group, showing the beneficial impact of effective ex- 
vivo oxygenation in this group. Previous clinical studies in 
patients with myocardium infarct (muscular damage from 
ischemia-reperfusion) have shown a major role in TNF-α 
and IL-1RA in the initial upregulation of the inflammatory 
process following myocardium damage from prolonged 
ischemia [43].

CSP and MP groups are compared. IL-18; IL-1b, IL-1RA 
and IFN-g are among the variables included in every tissue 
DyNA network. In the CSP analysis a complex initial net-
work is followed by two networks in which a majority of 
variables only have two edges and whose structures are 
almost identical. Unlike CSP, the MP networks continue to 
fluctuate throughout the experimental time course.

Figure 39.18 shows a comparative assessment overtime of 
the complexity of the inflammatory networks. In spite mov-
ing towards a lower number of connections, the control 
group (CSP) yielded a more robust ischemia-reperfusion 
injury after the VRAM implantation into the recipients. This 
is a very important finding that reinforces the need for 
extended assessment of IRIs after graft reperfusion, rather 
than a brief ex-vivo assessment by blood flush as previously 
seen in additional studies [44].
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Fig. 39.18 Tissue sample DyNA networks suggest different network stability between preservation methods

When al data the data was combined and plotted in a 
dynamic fashion using DyNA tools, the control group 
showed an early upregulation of GM-CSF, which was fol-
lowed by activation of both INF-ɣ and IL-2. These cyto-
kines have been previously shown as potent mediators of 
early inflammation in patients undergoing controlled limb 
ischemia during elective procedures [45]. Further immune 
activation was provided by upregulation of IL-1a, IL-1b 
and IL-1RA, stemming by direct upregulation from IL-12, 
IL-10 and IL-8. Interestingly, the MP group showed a dif-
ferent inflammatory pathway in-vivo during the first 4 days 
[2–4], where GM-CSF appeared to downregulate the acti-
vation of the same cytokines (IL-10, IL-8 and IL-1b). 
Histologically, the amount of inflammation experienced by 
the MP group was significantly lower after VRAM implan-
tation into the recipients. As we extended our follow up 
towards postoperative days 4–7, the MP group showed a 
sustained GM-CSF interaction with IL-12, IL-10 and IL-1a 
(intra VRAM cytokine levels). Histologically, the MP 
group showed decreased inflammation, absence of acute 
cellular rejection and progressive recovery from mild IRIs. 
On the contrary, the CSP group showed an intra VRAM) 

graft inflammatory pathway characterized by the absence 
of GM-CSF and INF-ɣ interactions, in a cytokine network 
with fewer overall connections when compared to the MP 
network. The CSP intra-graft profile appeared to sustain a 
close loop interaction between IL-1a and IL-1b, which 
leaked into additional activation of IL-12, Il-10, IL-8 and 
IL-6. Histologically, this inflammatory network was char-
acterized by progressive muscle necrosis and a higher 
degree of early leukocyte infiltration.

There were clear signs of subsequent myofiber necrosis, 
myopathic changes in addition to edema and/or hemorrhage 
in the CSP group. Subsequent neutrophil infiltration and 
expanded areas of hemorrhage were clearly seen in the CSP 
group. The loss of muscle fibers due to hyper eosinophilic 
degeneration was significant. Progressive granulomatous 
inflammation evolved overtime among several aggregated, 
large, activated macrophages and epithelioid macrophages. 
There were extensive necrotic areas with moderate to severe 
amount of inflammation on day 7  in the CSP group. 
Progressive neutrophilic infiltration was seen around exten-
sive necrosis and loss of muscle fibers. Late macrophage 
infiltration (day 7) was also observed, leading into 
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granulomatous- like changes resembling pseudo-abscesses 
surrounded by epithelioid macrophages, or multinucleated 
giant cells. This extensive muscle fiber degeneration evolved 
into further mineralization within aggregates of multinucle-
ated giant cells.

Similar to the data from the ex-vivo stage, the complexity 
of the cytokine network appeared to have a bimodal  behavior, 
where the level of complexity increased in the MP group 
overtime while the level of complexity decreased in the CSP 
over the 7 day period.

 Metabolomics

The VRAM grafts in the MP system sustained an intact ener-
getic metabolism fueled by glucose over the 14-hour period 
of preservation when compared to the CSP group. MP sus-
tained normal skeletal muscle glycolysis as evident by 
higher: glucose 6-phosphate (↑23-fold, p = 0.01), fructose- 6- 
phosphate (↑12-fold, p  =  0.03), and phosphoenolpyruvate 
(↑8-fold, p = 0.03). Nucleic acid synthesis was significantly 
higher in the MP flaps: cysteine (↑3.88-fold, p = 0.02), ribose 
(↑22-fold, p  <  0.001), ribonate (↑37-fold, p  <  0.001), and 
ribitol (↑10.5-fold, p < 0.001). MP led to significantly higher 
levels of reactive oxygen species (ROS) scavengers in the 
VCAs: glutathione-cysteine disulfide (↑5.6-fold, p  =  0.01) 
and N-acetylcysteine (↑40-fold, p  =  0.007). Furthermore, 
SNMP provided sufficient energy precursors and metabo-
lites: adenine (↑129-fold, p  =  0.002), cAMP (↑3.7-fold, 
p = 0.02), AMP (↑3.2-fold, p = 0.01) and 3’-AMP (↑2.3 fold, 
p = 0.01). CSP grafts faced extensive amino acid metabolism 
dysregulation as suggested by significantly higher levels of: 
N6-succinyladenosine (p  <  0.01), valine (p  <  0.01), 
2- methylbutyrylcarnitine (p  =  0.01), 3-hydroxyisobutyrate 
(p  =  0.01), and ethylmalonate (p  =  0.009) tissue levels. 
Glycogen reserves were higher in the MP group. There was 
adequate glucose supply in the MP and no signs on glycogen 
breakdown. The pentose metabolites were significantly 
higher in the MP group, showing a higher anabolic state 
when compared to the CSP group. The CSP group appeared 
to have a sustained catabolic state when compared to the MP 
group. There were signs of higher production of nucleotides 
and nucleic acids precursors in the MP. As previously seen in 
our experience with liver allografts under the MP/HBOC 
system, there was a significant (30-fold higher) increase in 
the metabolic pathways related to cell regeneration once 
oxygenation was effectively provided ex-vivo during preser-
vation. There were signs of higher production of aromatic 
amino acids in the MP group when compared to the CSP 
group. The MP/HBOC system provided more effective anti-
oxidant pathways when compared to the CSP group. There 
were higher levels of end-products from oxidized stress in 

the MP group, which can be seen as an indirect sign of lower 
stress from less significant IRIs when compared to the CSP 
group.

Contrary to our previous experience with livers, the 
VRAM) grafts under the MP/HBOC system showed lower 
fatty acid β-oxidation when compared to the CSP group. 
This means a lower of fatty acids into the mitochondria as a 
source of fuel. This also favors our initial findings regarding 
the preferential pathway for glucose as the primary source of 
energy in striated muscles. Further analysis of the purine 
metabolism (adenine components) showed indirect signs of 
higher ATP production in the MP group when compared to 
the CSP. The adenine family has a variety of roles in cellular 
respiration and protein synthesis. There were higher levels of 
cAMP in the MP group, showing higher ATP production in 
this group. AMP is used as a monomer in RNA synthesis. 
The cAMP as a derivative of ATP has a significant role in 
signal transduction. SNMP increased fatty acids (FAs) 
Ω-oxidation pathway as evidenced by significantly higher 
tissue levels of dicarboxylic FAs: 2-hydroxyglutarate (↑4.8 
folds, p  =  0.02), adipate (↑5.55 folds, p  =  0.003), and 
2-hydroxyadipate (↑2.5 folds, p  =  0.01). Reduction of 
β-oxidation was evident by substantial increase in the levels 
of acyl-carnitine metabolites in the SNMP/HBOC grafts: 
cis-4-decenoyl carnitine (↑8 folds, p = 0.04), laurylcarnitine 
(↑8.3 folds, p = 0.02), oleoylcarnitine (↑9.5 folds, p = 0.01), 
myristoleoylcarnitine (↑22 folds, p = 0.006), and adipoylcar-
nitine (↑7 folds, p < 0.001). This was mirrored by signifi-
cantly higher levels of end-products of β-oxidation pathway 
in the CSP group as shown by 4-hydroxybutyrate (p < 0.01). 
Cellular membrane integrity was well preserved histologi-
cally and further evidenced by significantly higher levels of 
phospholipids in the SNMP/HBOC group: oleoylcholine (↑5 
folds, p < 0.01) and choline (↑3 folds, p = 0.01). In addition, 
early signs of myopathy were observed with significantly 
higher tissue levels of butyryl-carnitine (p = 0.04) in the CSP 
grafts, which were further corroborated by histopathologic 
analysis (Fig. 39.19).

 Discussion

This extended preservation period in a pre-clinical large ani-
mal model (swine) appeared to induce significant oxidative 
cell damage in the CSP group. Well established cytokine 
pathways (e.g., TNF-α and IL-1 upregulation) were initially 
seen in the CSP group. Histologically, significant neutrophil 
followed by macrophage infiltration were extensively docu-
mented in the CSP group, where significant muscle necrosis 
led to irreversible muscle fiber degeneration followed by dif-
fuse mineralization surrounded by aggregates of multinucle-
ated giant cells (pseudo-abscess like lesions). This subsequent 

39 Hemoglobin-Based Oxygen Carrier Solutions for Organ and Tissue Preservation and Transplantation



406

80
12

Phosphoenolpyruvate (PEP)

10
8
6
4
2
0

BL 5h 9h
Ex-Vivo
Cysteine

14h

7
6
5
4

2
3

1
0

–1
BL 5h 9h

Ex-Vivo
Ribose

14h

40

30

20

10

0

–10
BL 5h 9h

Ex-Vivo
Ribitol

Ribonate

14h

70
60
50
40

20
30

10
0

–10
BL 5h 9h

Ex-Vivo

Cysteine-glutathione disulfide

14h

6
5
4

2
3

1
0

BL 5h 9h
Ex-Vivo

14h

Adenosine 3’,5’-cyclic monophosphate (cAMP)

1200

800
1000

600

200
400

0

–400
–200

BL 5h 9h
Ex-Vivo

14h

Adenine
3.5

3
2.5

2

1
1.5

0.5
0

–0.5
BL 5h 9h

Ex-Vivo
14h

300
250
200
150

50
100

0
–50

–100
BL 5h 9h

Ex-Vivo
14h

14
12
10
8

4
6

2
0

–2
BL 5h 9h

Ex-Vivo

N-acetylcysteine

14h

Recipient myoglobin

CSP UW 4°C
SNMP/HBOC 21°C

CSP UW 4°C
SNMP/HBOC 21°C

60

40ng
/m

L

20

0
BL 0 1 2 3

Days
4 5 6 7

Fig. 39.19 Daily (base line (BL to 7) myoglobin levels (ng/ml) in the 
recipient’s blood after the VCA transplants and selected metabolomics 
(phosphoenolpyruvate, cysteine, ribonate, adenosine monophosphate, 
ribose, ribitol, adenine, cysteine-glutathione and N-acetylcysteine) iso-

lated from the MP system’s perfusate during preservation (BL to 
14 hours) showing the differences between the CSP and the MP/HBOC 
groups)

dynamic analysis of the inflammatory markers using PCA, 
DBN and DyNA tools was able to establish a more reliable 
link to the significant differences between the two groups 
documented by the initial histological analysis [46].

The MP/HBOC system can effectively preserve VRAM 
allografts when compared to CSP. MP significantly mitigates 
IRI, which was manifested earlier within the first 4 hours in 
the CSP group. Effective ex-vivo oxygenation with HBOC 
decreases post-transplant inflammation in skeletal muscle 
fibers and upregulates regenerative metabolic pathways driv-
ing early recovery from IRI. There is a similar up-regulation 
of TNF-α in the CSP group, which is similar to our previous 
data obtained in liver allografts after a period of 9 hours of 
preservation. Effective ex-vivo oxygenation with the MP/
HBOC system avoids the early (hours) formation of hyper-
contracted sarcomeres (CB) and the subsequent develop-
ment (days) of myofiber necrosis, myopathic changes, edema 
and hemorrhage seen extensively in CSP as the current stan-

dard of care. The significant IRI observed in the CSP group 
yielded a significant hypereosinophilic sarcomere degenera-
tion leading into irreversible loss of muscle fibers, followed 
by progressive granulomatous inflammation accompanied 
by the infiltration of large, activated macrophages, epitheli-
oid macrophages, and multinucleated giant cells, leading 
into terminal mineralization and complete loss of muscle 
mass. Metabolic precursors of nucleotide synthesis were sig-
nificantly upregulated in the MP/HBOC group.

These precursors appear to be implicated in a strong 
regenerative response elicited by effective oxygenation of 
skeletal muscle, which also has a positive impact in energy 
utilization and ROS scavengers. The MP/HBOC also pro-
moted effective ex vivo oxygenation and shifted skeletal 
muscle metabolic profile from β-oxidation towards 
Ω-oxidation during VCA preservation when compared to the 
prolonged anoxia under hypothermic conditions induced by 
CSP. This can be interpreted as a sign of mitochondrial dys-
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function experienced by the CSP group. In fact, Ω-oxidation 
is linked to balanced redox state and less oxidative damage 
during stressful conditions induced by these experiments. In 
contrast, CSP appears to increase a reactive skeletal muscle 
β-oxidation pathway, which leads into oxidative damage and 
disintegration of cellular membranes when prolonged 
 hypothermia, anoxia, and limited glucose supply is imposed. 
Contrary to the CSP group, MP/HBOC protects skeletal 
muscle against early graft myopathy. These complex meta-
bolic features seen in the both the muscle and adipose tissue 
were extensively corroborated by the serial histological find-
ings, revealing in a close analogy the same protective role 
exerted by effective ex-vivo oxygenation documented exten-
sively in our previous liver experiments.

 Final Conclusions

These pre-clinical experiments with large animal models 
(pigs) have shown the capabilities of the HBOC solution in 
promoting effective ex-vivo oxygenation in solid organ 
allografts (liver) and composed tissues (VCA). Both preser-
vation protocols were conducted with MP devices that 
allowed continued pulsatile pressures and oxygenation over 
extended periods of time (e.g., 12-hours for the livers and 
14 hours for the VCA).

The primary goal of the liver experiments was towards the 
characterization of a newly developed HBOC (OxyBridge). 
This initial and promising data showed the ability of this 
polymer to provide effective oxygenation to the liver tissue 
without inducing vasoconstriction and excessive ROS, 
despite the high pO2 levels (>500 mmHg) seen in the perfus-
ate overtime. Moreover, the prompt impact on lactate clear-
ance and the ability to sustain a stable pH overtime without 
the need for additional buffers was truly remarkable. 
OxyBridge ex-vivo allows the utilization of a wide range of 
temperatures, which is something unthinkable when stan-
dard RBCs components are utilized over extended periods of 
time.

The VCA experiments generated a massive amount of 
information in both the ex-vivo (during VCA perfusion with 
the MP/HBOC system) and in-vivo (after VCA transplanta-
tion) stages. These are the first experiments in VCA compar-
ing the MP/HBOC system with cold static preservation 
(CSP) as the current standard of care for clinical applica-
tions. The histological findings are staggering, revealing 
clear full thickness necrosis of the allografts after the 14-hour 
preservation protocol. However, the same preservation time 
with the MP/HBOC system showed complete allograft via-
bility over a 7-day period after the initial transplant, which is 
a remarkable finding when all the biproducts of the ischemia- 
reperfusion cascade were analyzed extensively with metabo-
lomics and inflammatory markers.
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Resuscitation of Traumatic  
Hemorrhagic Shock
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 Introduction

Trauma is the leading cause of death in the 1–45 age group 
and is the fourth leading cause of death in all age groups glob-
ally. Exsanguination and traumatic brain injury (TBI) are the 
major contributors to mortality in trauma with exsanguination 
accounting for 60,000 deaths annually in the United States 
and 1.5 million deaths worldwide [1]. Death due to exsangui-
nation occurs early after injury with 50% of deaths occurring 
in the prehospital setting or the first 6 hours of hospitalization. 
This is largely preventable and resuscitation practices play a 
major role in achieving hemorrhage control.

A multitude of factors contribute to bleeding and trauma- 
induced coagulopathy (TIC) is a global failure of the coagu-
lation cascade. Coagulopathy is seen in 25% of severely 
injured patients and has been associated with a mortality rate 
of 35–40% [2]. TIC is initiated by an endogenous entity 
known as acute traumatic coagulopathy (ATC) and it is fur-

ther perpetuated by the ‘lethal triad’ (Fig. 40.1). It is vital to 
tailor resuscitation practices to achieve hemostasis breaking 
the vicious cycle of coagulopathy.

 Pathophysiology of Coagulopathy in Trauma

ATC is seen within minutes of trauma and it is unrelated to 
resuscitation practices [3]. ATC occurs in approximately 
one-third of severely injured patients and correlates with a 
higher requirement of blood product transfusion and a four- 
fold increase in mortality [3, 4]. Severe tissue injury, tissue 
hypoperfusion and endothelial disruption result in increased 
thrombin-thrombomodulin generation which activates 
Protein C [3, 5]. Activated protein C (APC) produces an anti-
coagulant effect through (i) inhibition of factor V and VIII 
and (ii) fibrinolysis through inhibition of plasminogen acti-
vator inhibitor (PAI). Protein C activation has been corre-
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lated with decreased survival, increased transfusion 
requirements and critical care length of stay [3, 6]. Selective 
Protein C inhibition in mice models has been demonstrated 
to prevent early coagulopathy [7].

ATC causes a functional decline in clot generation and 
clot strength, typically measured by thrombelastometry (clot 
amplitude at 5 min < 35 mm) with minimal changes in con-
ventional clotting assays [5]. Increased thrombin generation 
with peaks in thrombin concentration have been reported in 
the early phases of trauma [8, 9] which may explain the pre-
served clotting parameters.

Coagulopathy is further propagated by the lethal triad of 
hypothermia, acidosis and hemodilution exacerbated by sub-
optimal resuscitation practices. Severe hypothermia (<32 °C) 
decreases platelet activity and the synthesis of coagulation 
factors and fibrinogen. Metabolic acidosis in shock is due to 
anaerobic metabolism and lactic acid generation and it is 
worsened by resuscitation with crystalloids. Clotting factors 
exhibit suboptimal activity in an acidotic mileu and admis-
sion lactate levels have been correlated with increased mor-
tality [10]. Additionally, anaerobic metabolism is less 
exothermic contributing to hypothermia. Hemodilution 
worsens coagulopathy by lowering the concentrations of cel-
lular elements and clotting factors. Crystalloids although 
inexpensive and widely used, contain high concentrations of 
chloride leading to hyperchloremic metabolic acidosis.

The components of ATC and TIC perturb the hemostatic 
mechanism resulting in uncontrolled hemorrhage secondary 
to (i) endothelial dysfunction (ii) hyperfibrinolysis and dysfi-
brinogenemia (iii) platelet dysfunction and (iv) inflamma-
tory response.

Traumatic hemorrhage and shock disrupt the glycocalyx 
due to tissue trauma, hypoperfusion, inflammation and cat-
echolamine surge. Endothelial glycocalyx disruption 
results in heparan sulphate release, APC activation and 
fibrinolysis due to production of tissue plasminogen activa-
tor (tPA). tPA release is further enhanced by epinephrine 
and vasopressin [11].

Fibrinogen is the earliest clotting component to decline in 
trauma and early fibrinogen supplementation has been cor-
related with improved outcomes. Although the exact mecha-
nism of fibrinogen depletion is not clearly understood, 
decreased production and hyperfibrinolysis have been pro-
posed as underlying causes. Hypothermia and acidosis lower 
fibrinogen production, which is further exacerbated by 
hemodilution. The pro-coagulant properties of thrombin in 
fibrin generation is dampened with the activation of Protein 
C by the thrombin-thrombomodulin complex. In addition, 
decreased production of the thrombin activatable fibrinolysis 
inhibitor (TAFI) [12] shifts the dynamics to a hypocoagula-
ble state.

Platelet dysfunction and dilutional thrombocytopenia 
secondary to platelet-excluding resuscitation practices con-
tribute to platelet abnormalities. Platelet dysfunction despite 
normal counts has been reported in 86% of trauma patients 
correlating with increased in-hospital and 24-hour mortality 
rates [13]. “Exhausted platelet syndrome” has been 
described by Wolhauer et  al. as a phenomenon of initial 
platelet hyperactivation due to widespread release of ADP 
by endothelial cells after which platelets become unrespon-
sive. Impairment of the ADP pathway and proteins released 
from lysed platelets increase the sensitivity to tPA, enhanc-
ing fibrinolysis.

Trauma also results in activation of the inflammatory cas-
cade. In the early phase of injury and tissue damage, endog-
enous triggers such as damage associated molecular patterns 
(DAMPs) or alarmins are released by the activated immune 
cells. DAMPs activate complement and inflammatory cells 
resulting in systemic inflammatory response syndrome 
(SIRS). This non-specific activation exhausts the body’s 
immune response increasing susceptibility to infections via 
Pathogen-Associated Molecular Patterns (PAMPs). Activated 
platelets that are vital to clot formation also trigger the 
release of inflammatory cytokines. In contrast, APC has anti- 
inflammatory and cytoprotective effects, and its excessive 
activation and depletion results in loss of this protective 
effect. In vitro studies have suggested the cytoprotective role 
of APC in maintaining the pulmonary capillary endothelial 
barrier function and increased rates of pneumonia have been 
correlated with decreased APC levels [14, 15].

 Resuscitation Practices in Trauma

 Damage Control Resuscitation (DCR)

DCR evolved as an extension of damage control surgery and 
emerged as a strategic approach for bleeding trauma patients 
in extremis. The core concepts of DCR are to correct coagu-
lopathy, attain hemostasis, and restore tissue perfusion to 
limit hypoxia [16]. Originating from military experience, 
DCR is also the standard of care now for civilian resuscita-
tion practices. DCR comprehensively addresses all compo-
nents of the lethal triad, and it is initiated after the rapid 
initial assessment of the patient in the emergency room and 
is continued through the operating room and ICU.

The components of DCR include: (i) hypotensive resusci-
tation to mitigate re-bleed (ii) appropriate hemostatic resus-
citation (iii) early recognition of massive transfusion 
requirement (iv) prevention of acidosis and hypothermia (v) 
empirical use of hemostatic adjuncts to limit blood loss (vi) 
immediate arrest of hemorrhage.
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 Permissive Hypotension

Early and aggressive fluid administration to restore the circu-
lating volume have been the cornerstones of traditional 
resuscitation in severe trauma and shock. Permissive hypo-
tension is a restrictive approach for patients with severe inju-
ries where minimal resuscitation to maintain tissue perfusion 
is maintained until active bleeding is controlled. This 
approach lowers the intravascular volume and mean arterial 
pressure (MAP), preserves local vasoconstriction, decreases 
the risk of clot dislodgement and hypothermia and avoids 
hemodilution thus decreasing the risk of active blood loss 
and re-bleeding [17]. However, there is a risk of tissue hypo-
perfusion and it is not indicated in patients with TBI or spinal 
cord injury.

Excessive infusion of saline-based fluids is associated 
with acidosis, coagulopathy, cardiac dysfunction, ACS, 
inflammation, ARDS, MODS, and increased mortality [18]. 
Balogh et  al. correlated supranormal resuscitation with 
abdominal compartment syndrome even in the absence of 
abdominal injuries [19]. In a landmark study, Bickell et al. 
reported improved survival in penetrating torso patients 
whose fluid resuscitation was delayed until hemorrhage con-
trol was achieved. A follow-up prospective trial demon-
strated survival benefits in a combined cohort of patients 
with blunt and penetrating trauma [20].

Schreiber et al. demonstrated the safety and feasibility of 
controlled resuscitation both in the pre-hospital and hospital 
settings in hypotensive trauma patients. In addition, con-
trolled resuscitation correlated with early blood product 
transfusion, decreased volumes of crystalloid infusion and 
decreased 24-hour mortality in patients with blunt trauma 
[18]. A recent meta-analysis correlated permissive hypoten-
sion with improved in-hospital and 30-day mortality, 
decreased blood loss and fewer blood product requirements 
(pooled OR 0.7, 95% CI 0.53–0.92) [21].

 Appropriate Hemostatic Resuscitation

The goal of resuscitation is to restore hemostasis by blood 
product transfusion that closely mimics the functionality 
of whole blood while limiting crystalloids to avoid hemo-
dilution. The order of preference for fluid administration 
should be (i) whole blood (ii) 1:1:1 component ratio 
(plasma:RBC:platelet) (iii) plasma: RBC 1:1 (iv) plasma 
with or without RBC and (v) RBC alone.

 Whole Blood

Whole blood (WB) transfusion is a balanced resuscitation 
that restores the cellular and coagulation components in 

physiological ratios. WB use offers the advantages of (i) 
transfusion of younger RBCs (ii) correction of coagulopathy 
because all components are present (iii) simplification of 
resuscitation logistics and (iv) decreased preservative use 
[22–24].

Transfusion practices evolved during World War II with 
the advent of component separation techniques and blood 
banking shifting the resuscitation practice from WB towards 
components which continued in the war in Vietnam [25]. 
Fractionation of blood into components allows for safe and 
targeted resuscitation with effective resource utilization. 
However, component resuscitation carries the risk of hemo-
dilution. For instance, 180 ml of additives are required for 
the processing of a 500 ml donation into leukoreduced com-
ponents. In addition, hemodilution due to mixing of compo-
nents and addition of anti-coagulant and additive solution 
results in (i) drop in plasma coagulation factors to ~60% and 
hematocrit to less than 30%(ii) dilution of platelets to 
80 × 109/L with only two thirds of platelets remaining viable 
and (iii) a loss of 15 ml of RBCs [26]. Hence, component 
resuscitation specifically in the setting of MT can worsen 
coagulopathy.

WB is typically administered as either fresh whole blood 
(FWB) in combat scenarios or as liquid cold stored WB that 
is stored at 1–6 °C. Type-specific fresh whole blood (FWB) 
can be stored at 22 ° C for up to 8 hours and can be stored up 
to 48 hours at 1–6 °C. The logistic constraints of blood com-
ponent storage and resuscitation, specifically platelets led to 
the use of FWB in deployed environments. The WB that is 
collected on site in these settings is obtained from a select 
donor population and undergoes rapid testing that is 85% 
sensitive for transfusion-transmitted diseases. An aliquot of 
this blood is sent for formal testing. Type-specific FWB 
availability can be challenging due to a limited pool of 
donors with ABO compatibility. Type O FWB has been 
shown to be safe when used as a universal donor [22]. Recent 
studies have associated FWB with decreased mortality in the 
military setting [27, 28]. US military guidelines recommend 
FWB for patients requiring MT when component therapy is 
unavailable. Nessen et al. reported the overall safety and sur-
vival benefit of FWB used in addition to components (RBC 
and FFP) when compared to components alone even in the 
setting of MT requirement in combat settings.

Cold stored WB with low titres of anti-A and anti B is 
used in civilian setting because FWB is not approved for use 
due to inherent transfusion-transmitted disease potential. 
Although there are no accepted guidelines to define low 
titres, IgM <200 is the commonly used cut-off by most insti-
tutions. LTOWB can be stored for 21 days with the addition 
of minimal volume of CPD/CP2D solution, and the addition 
of CPDA-1 solution extends the shelf life to 35  days. 
Additionally, LTOWB that is unused within its shelf life can 
be fractionated into pRBC thus avoiding blood wastage. The 
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current AABB guidelines requiring ABO compatibility only 
for RBCs, has made LTOWB resuscitation feasible in the 
early hospital and prehospital course where the recipient 
ABO status is often unknown.

Data on the use of WB in civilian trauma is limited, and 
most studies are retrospective comparing combined use of 
WB plus components to components alone. Retrospective 
studies from civilian settings have shown WB transfusion to 
be safe with evidence of decreased component use. 
Prospective studies from University of Pittsburgh and the 
University of Texas Health Center showed improved plasma/
RBC ratio but no survival benefits with LTOWB when used 
in small volumes (<6  units) except in a small subset of 
patients with traumatic brain injury [29–31]. The follow-up 
trial from University of Pittsburgh by Seheul et al.  comparing 
LTOWB with conventional component therapy showed no 
significant differences in outcomes or transfusion require-
ment, although the time to normalization of lactate levels 
was shorter in the LTOWB group [32]. Additionally, in a 
recent systematic review of retrospective studies by Malkin 
et al., WB was found to be safe with no survival benefit or 
reduced transfusion requirement [33]. A study by Shea et al. 
from Barnes in St. Louis did show reduced component utili-
zation and improved survival in patients who received 
LTOWB in addition to components compared to patients 
who received components alone [34].

In the setting of massive transfusion, Gallaher et al. dem-
onstrated that LTOWB in addition to component therapy was 
found to be safe and feasible with no differences in 24-hour 
and 30-day mortality when compared with component resus-
citation alone. Furthermore, this study showed that LTOWB 
transfusion also better approximates the 1:1:1 ratio of 
RBC:platelets:plasma [35], and this ratio has been associated 
with improved hemostasis and fewer deaths from exsangui-
nation in the PROPPR trial [23]. Additionally, a recent case 
report from the US with MT of WB (38 units) along with 
components was found to be safe [36].

WB is often leukoreduced to lower the risk of pathogen 
transmission, transfusion reactions and alloimmunization to 
HLA due to WBCs. The initial leukoreduction also filtered 
platelets, which was later modified with platelet sparing fil-
ters. Studies have shown that leukoreduction with a platelet 
sparing filter still causes an early reduction in platelet count 
and function [37, 38], although this effect is not persistent 
and does not have well established clinical implications. 
Additionally, effects of leukoreduction on platelet number 
and function are attenuated on cold stored WB, with 
improved platelet function observed when stored at 4  °C 
[39–41].

WB transfusion even with LTOWB raises the concern of 
Rh immunisation in child-bearing women, which can be 
addressed by using Rh negative LTOWB, albeit a scarce 

resource. The benefit of LTOWB even with Rh positive WB 
in exsanguination outweighs the low future risk (0.3%) of 
alloimmunization.

 Blood Product Ratio

Considerable variations in transfusion practices prevail 
across various level 1 trauma centres, although high compo-
nent ratios closely resemble the functionality of whole blood. 
The PROMMTT study demonstrated the time varying nature 
of component resuscitation in trauma. 1:1 or 1:2 (plasma: 
RBC or platelets: RBC) were the most common component 
ratios transfused, with only 72% of patients receiving plate-
lets and the median time to death due to exsanguination was 
3  hours [42]. Higher blood product ratios correlated with 
lower early in-hospital mortality within the first 6-hours, fol-
lowing which this protective effect diminished. This trend is 
explained by the dynamic course of events in traumatic inju-
ries, with non-hemorrhagic complications playing a bigger 
role in mortality after the first 24-hours of admission. The 
multisite phase 3 PROPPR trial compared the safety and effi-
cacy of early 1:1:1 (n = 338) with 1:1:2 (n = 342) component 
resuscitation in patients at risk for severe hemorrhage who 
were predicted to require MT (>10 U RBCs within 24 hours). 
Mortality due to exsanguination was significantly lower in 
the 1:1:1 group both within the first 24 hours and 30-days 
post-injury; and a higher percentage of patients attained 
hemostasis. No differences in 24-hour mortality, 30-day 
mortality or safety profile were seen between the groups.

 Plasma

Resuscitation with plasma has been demonstrated to improve 
survival and reverse the coagulopathy in trauma even in the 
absence of PRBC transfusions [43, 44]. The beneficial effects 
of plasma in trauma are not limited to replenishing clotting 
factors alone. Plasma also helps in volume expansion, pro-
vides fibrinogen (2 g/L or 0.6 g/300 ml) and improves acido-
sis by acting as a buffer [45]. Furthermore, plasma has been 
demonstrated to stabilize systemic vascular architecture by 
modulating the endotheliopathy of trauma. Plasma also 
reduces inflammation, edema and vascular permeability by 
repair of the glycocalyx and tight junctions [46]. Plasma has 
been shown to reduce inflammation in animal models and it 
also lowers the risk of hypercoagulability by regulating 
thrombin generation [47–49].

Plasma is predominantly used as fresh frozen plasma 
(FFP) in the US and is stored frozen at −20 °C. FFP is either 
derived from whole blood units or from plasma collected by 
apheresis in a citrated solution and frozen within 8  hours 
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(FFP). Type AB plasma is the universal donor but type A or 
type specific plasma can also be used as only 4% of donors 
are type AB. FFP has a shelf life of 365 days and is thawed 
prior to transfusion. Thawing of plasma takes around 
20–30 minutes and thawed plasma can be stored at 1–6 °C 
for up to 5 days. The recent PAMPer trial demonstrated sig-
nificantly improved 30-day mortality associated with pre- 
hospital thawed plasma use when compared to standard 
resuscitation (23.2% vs. 33%, difference − 9.8%, p = 0.03) 
[50]. The COMBAT trial found no survival benefit with early 
plasma but transport times were very short [51]. Transfusion 
requirements for trauma patients are often unpredictable and 
it can be challenging to find a balance between thawing ade-
quate plasma to avoid delay in resuscitation and avoiding 
wastage of valuable resources. Thawed plasma stored at 4 ° 
C has the advantage of being immediately available for 
emergent scenarios [46, 52].

Plasma is associated with risks of transfusion associated 
lung injury (TRALI), ARDS, hypocalcelima, blood-borne 
disease transmission and a potential for fluid overload which 
can be limiting in the setting of cardiac/renal or liver failure. 
FP24 is plasma that is stored within 8–24 hours of donation 
and its clotting factor levels are comparable to that of FFP 
[53]. Longer time from donation allows for adequate time to 
test HLA antigen thus lowering the risk of TRALI [54]. Most 
blood banks only use plasma from males to also reduce the 
risk of TRALI.

Liquid plasma (LQP) is an alternative form of plasma that 
is never frozen, and it is stored at 2–6 ° C for up to 26 days. 
LQP has the advantages of (i) ease of availability (ii)superior 
clotting factor profiles when compared to fresh frozen plasma 
and sustained hemostatic benefits throughout storage [55].

 Massive Transfusion Protocol

3% of civilian trauma patients and 8% of military injuries are 
reported to require massive transfusion (MT). Such patients 
have a 40–60% mortality rate and utilize 70% of the overall 
blood transfused in trauma centers [56]. MT calls for an 
unprecedented requirement of massive volumes of blood 
products that must be coordinated and rapidly delivered with 
a multidisciplinary team involving the trauma service, emer-
gency department, blood bank, anaesthesia, and the operat-
ing room. The development of a massive transfusion protocol 
(MTP) has been associated with better patient outcomes with 
reduced mortality and effective resource utilization. MTP 
allows for empirical treatment in patients with severe hemor-
rhage where resuscitation cannot be put on hold awaiting 
laboratory parameters.

The definition for massive transfusion (MT) continues to 
evolve and the current widely accepted definition is transfu-

sion of more than 10 units of PRBC over a 24-hour period. 
The historical definition with a 24-hour time frame is often 
futile in managing a patient with ongoing hemorrhage and 
the intensity of resuscitation is not often taken into account. 
Additionally, critically ill patients succumb to exsanguina-
tion before satisfying the transfusion criteria. These short-
comings are addressed by the critical administration 
threshold (CAT) which defines massive transfusion as 
receipt of at least 3 units of blood in a 60 minute time period 
[57].

Modern MTP protocols are formulated with a balanced 
component resuscitation approach. Death due to exsanguina-
tion typically occurs in the first 6 hours and most institutions 
require a longer survival time to implement higher compo-
nent ratios. Early prediction of MT although challenging is 
critical for improving outcomes. The Assessment of Blood 
Consumption (ABC) score is a widely accepted scoring sys-
tem that helps in rapid and easy identification of such patients 
in the trauma bay. It is based on four equally weighted 
parameters (i) pulse >120/min (ii) SBP <90 mm Hg (iii) pos-
itive FAST and (iv) penetrating torso trauma and a score ≥ 2 
warrants MTP activation (PPV 50–55%, NPV 95%).

MTP activation requires significant preplanning to rap-
idly deliver preset boxes of blood components in predeter-
mined ratios and sequences until hemorrhage slows after 
which resuscitation can be guided by laboratory parameters. 
MTP at a center should be a well written-easily accessible 
document, with initial training and subsequent drills to main-
tain competency. Cotton et al. showed MTP with early proto-
col activation with pre-defined blood product ratio was an 
independent predictor of survival and reduced blood product 
wastage [30].

Once the MTP is activated, the blood bank delivers 
plasma and RBCs in a 1:1 ratio. One apheresis unit of plate-
lets is required for each 6 units of RBCs and plasma to main-
tain a 1:1:1 ratio. When the recipient blood type is unknown, 
transfusion with O Rh + RBCs is appropriate for all patients 
except for females of childbearing age who require Rh- 
blood. Type AB or type A plasma is utilized until type spe-
cific product can be delivered. Further boxes of 6:6:1 
components are prepared as mandated by the hemostatic 
requirements of the bleeding patient. For actively bleeding 
patients identified within 3 hours of injury, TXA is adminis-
tered as 2 g bolus. Figure 40.2 describes a typical MTP acti-
vation at Oregon Health & Science University.

Baseline and serial monitoring of laboratory parameters 
to assess coagulopathy (INR, aPTT, fibrinogen, CBC), arte-
rial blood gas, ionized calcium and point-of care testing 
(ROTEM/TEG) is necessary. Thrombelastometry should be 
ordered at the initiation of MTP and every 30–60 minutes in 
case adjunctive blood products are required to achieve nor-
mal coagulation.
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MT carries risks related to storage and transfusion of 
large volumes of blood products. Hypocalcemia secondary 
to calcium chelation by citrated blood products is potentiated 
with hemorrhagic shock, rapid blood product resuscitation 
and decreased hepatic clearance. A common practice is to 
give calcium gluconate after 4 units of blood product admin-
istration and to monitor ionized calcium levels every 
30–60  minutes for the duration of the MTP.  Other risks 
include hyperkalemia, acidosis, transfusion associated car-
diac overload (TACO) and TRALI.

 Adjuncts

 Tranexamic Acid

Tranexamic acid (TXA) is an anti-fibrinolytic agent and has 
long been used for reducing blood loss in the perioperative 
setting in elective surgeries and for short-term prevention of 

bleeding in patients with hemophilia. TXA inhibits the 
kinase dependent activation of plasminogen to plasmin 
thereby preventing fibrinolysis. In TBI, this kinase-blocking 
action of TXA has been shown to maintain vascular endothe-
lial integrity by attenuating glycocalyx breakdown and thus 
mitigating further coagulopathy [58].

Henry et al. in a Cochrane database review of 20,781 elec-
tive surgery patients demonstrated that TXA use reduced 
blood loss and transfusion requirements (RR 0.61, 95% CI 
0.54–0.70), with no impact on mortality, thromboembolic or 
cardiovascular events [59]. The CRASH-2 (Clinical 
Randomisation of an Antifibrinolytic in Significant 
Hemorrhage 2) trial assessed the role of TXA in 20,211 
hypotensive adult trauma patients across 274 hospitals in 40 
countries. Bolus infusion of 1 g of TXA over 10 minutes fol-
lowed by another 1 g over 8 hours correlated with decreased 
all cause-mortality (16% vs. 14.5%, RR 0.91, 95% CI 0.85–
0.97, p–0.0035) and the risk of death due to exsanguination 
(RR O.85, 95% CI 0.76–0.96, p = 0.0077) [60].

Massive Transfusion Protocol (MTP) Transport Process

Massive Transfusion
Protocol (MTP) Patient

identified by team

Paging operators sends
out MTP transport

activation page on pager
group #12 (Lift team,
blood bank, transport

dispatch, AOD)

Designated runner
transports products
to patient location

and stays available to
transport samples to

Blood Bank

Designated Runner
runs to Blood Bank and
awaits blood products

Lift team member
responds by Vocera
within 30 seconds to

Transportation Dispatch
stating their availability

to be Runner

Team calls Blood Bank
and requests activation

of MTP 4-8537

Blood Bank calls 4-9000 to initiate
the MTP Transport process
stating “Send group page to
Group 12, Massive Transfusion
Protocol. Patient on unit ——'
Patient name is ——”

Fig. 40.2 Massive transfusion protocol at Oregon Health & Science University
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Post-hoc analysis of the CRASH-2 trial demonstrated that 
early TXA use within 1 hr. and within 3 hr. significantly low-
ered the risk of death due to bleeding by 2.4% and 1.6%, 
respectively. In contrast, delayed TXA administration 
increased the risk of death due to exsanguination possibly 
due to elevated PAI-1 levels at a later stage.

 Kcentra

The four-factor prothrombin complex concentrate (PCC, 
proprietary name Kcentra) contains the vitamin K dependent 
coagulation factors (II, VII, IX, X), Protein C, Protein S, 
antithrombin III, heparin, protein Z and other unlisted pro-
teins whose functions are not fully understood. PCC has a 
higher concentration of clotting factors when compared to 
FFP and does not require thawing. It is now increasingly 
used in trauma either alone or in conjunction with FFP.

PCC is available as a lyophilized powder, easily reconsti-
tuted and allows for rapid intravenous administration in 
small volumes. Thus, PCC has logistic benefits in austere, 
rural, and prehospital settings as an adjunct for blood prod-
ucts. Originally developed for the treatment of hemophilia, 
PCC use has evolved with two current FDA- approved indi-
cations: (i) reversal of warfarin-induced bleeding and (ii) for 
patients requiring major surgeries or invasive procedures 
who are on warfarin.

PCC use in conjunction with FFP and fibrinogen has been 
shown to have beneficial effects in trauma [61, 62]. A pro-
pensity analysis on a large American College of Surgeons 
(ACS) Trauma Quality Improvement Program dataset 
(TQIP) (FFP n = 243, FFP + PCC =243) showed use of PCC 
in conjunction with FFP was associated with significantly 
improved in-hospital mortality, decreased requirement of 
plasma and pRBC at 4 hours and 24 hours following admis-
sion. Additionally, there was a lower risk of AKI and ARDS 
possibly due to the lower volumes of FFP transfused. 
Kuckelman et  al. demonstrated improved clotting time, 
coagulopathy and decreased lactic acidosis in a hemorrhagic 
swine model, while Jehan et al. showed decreased require-
ments of pRBC and FFP and earlier correction of INR when 
PCC was administered along with FFP in patients with 
severe hemorrhage [61, 62].

PCC has been shown to have favourable effects on the 
endotheliopathy of trauma similar to FFP in mice models 
[63]. In a follow up study on rat models, PCC did not show 
discernible benefits on the pulmonary vasculature, although 
there was a moderately increased clotting potential in 
shocked animals which suggests the possible independent 
effects of PCC in EOT and coagulopathy [64].

PCC has a theoretical risk of thromboembolic complica-
tions due to its higher concentration of clotting factors. 
Studies have shown divergent conclusions about the of 
thromboembolic risk of PCC and hence PCC use in trauma 
calls for a cautious approach with careful assessment of risk- 
benefit profile.

 Cryoprecipitate

Cryoprecipitate (CP) is the current standard of care for 
fibrinogen supplementation in bleeding trauma patients with 
dysfibrinogenemia [65]. Cryoprecipitate (CP) consists of 
factor VIII and vWF,, fibrinogen, fibronectin, platelet mic-
roparticles and other plasma proteins that decrease fibrinoly-
sis [66]. CP is derived from WB or through apharesis and is 
prepared by thawing FFP to 1–6 ° C and extracting the pre-
cipitate which is refrozen within an hour of thawing to −18 ° 
C. Crossmatching is not required due to the small volume of 
plasma transfused. It has a shelf-life of 12 months. Each unit 
contains at least 80 IU of factor VIII and 150 mg of fibrino-
gen and its fibrinogen content per unit of CP is widely vari-
able (7–30  g/L). However, when used in the setting of 
hypofibrinogenemia, it allows for administration of smaller 
volumes when compared to FFP (100  ml CP vs. 1000  ml 
FFP) [67]. CP needs to be thawed prior to use which causes 
a delay in its administration and it must be given within 
4–6  hours of thawing potentially leading to resource 
wastage.

The use of CP in resuscitating bleeding trauma patients is 
relatively uncommon and varies across trauma centres. There 
is paucity of data on its use as an adjunct to transfusion [68]. 
Additionally, CP is more commonly administered late in 
MTP and after hypofibrinogenemia has developed (fibrino-
gen levels <1  g/L). In a recent study, CP was shown to 
decrease endotheliopathy of trauma in vivo and invitro, simi-
lar to the effects of FFP [69]. A retrospective review of 
severely injured patients requiring MT in the ACS-TQIP 
database demonstrated a significant decrease in 24-hour 
mortality (24% vs. 31%, p < 0.01, OR 0.78) and in-hospital 
mortality (42% vs. 49%, p  <  0.01, OR 0.79) for patients 
receiving CP as an adjunct to PRBC.  No increase in in- 
hospital complication rates were noted with CP use [70]. The 
CRYOSTAT-1 trial demonstrated the feasibility of delivering 
CP within 90 minutes of admission (median time 60 min), 
with early administration correlating with a fibrinogen level 
of over 1.8  g/L [71]. The CRYOSTAT-2 trial ISRCTN 
14998314) is currently underway to assess the role of early 
supplementation of high-dose fibrinogen in the form of CP in 
reducing mortality in patients requiring MT.
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 Fibrinogen Concentrate

Critically low concentrations of fibrinogen have been associ-
ated with massive bleeding, increased transfusion require-
ments, impaired hemostasis and poor clinical outcomes in 
severe trauma [72–75]. The current European guidelines rec-
ommend maintaining a fibrinogen level of 1.5–2  g/l in 
patients with significant hemorrhage and with an evidence of 
functional fibrinogen deficit on thromboelastometry [76]. 
The optimal timing, method and dose of fibrinogen remains 
debated. There is growing interest over the past decade in 
fibrinogen supplementation for patients with severe hemor-
rhage [77] and this can be achieved by the administration of 
(a) Fresh Frozen Plasma (FFP) (b) Cryoprecipitate (CP) and 
(c) Fibrinogen concentrate (FC). FC derived from human 
plasma, is virus inactivated by pasteurization and potentially 
free of antibodies thus conferring the advantages of decreased 
risk of blood borne pathogen transmission and adverse 
effects related to allogenic blood product use. The lyophi-
lized form of FC is readily available, can be easily reconsti-
tuted and rapidly administered even in the pre-hospital 
setting with a shelf life of 5  years when stored at room 
 temperature (25 ° C). FC allows for administration of higher 
concentration of fibrinogen with smaller volumes (20  g/l, 
200 ml to administer 4 g fibrinogen) when compared to FFP 
(2 g/L) or CP (8–16 g/L).

In a retrospective analysis of 128 patients by Scochl 
et al., thromboelastometry-guided administration of FC in a 
dose of 2–4 gm in conjunction with PCC was demonstrated 
to have beneficial effects with an observed mortality that 
was lower than predicted based on TRISS methodology 
[78]. The recent FiiRST trial has demonstrated the early FC 
use in trauma is feasible and is associated with increased 
plasma fibrinogen levels in hemorrhage [79]. However, 
Hamada et al. in a recent study on 1027 patients with hem-
orrhagic shock from the French Trauma registry demon-
strated no significant benefits with fibrinogen administration 
within 6 hours on 24-hour mortality [risk difference − 0.031 
95% CI (−0.084–0.021)]. Hence, it is desirable to further 
evaluate the timing of FC administration on outcomes in 
trauma [80]. Although fibrinogen supplementation raises 
significant concerns about the risk of thromboembolic com-
plications, data from prior studies have shown no evidence 
of such risk [81].

 ROTEM and TEG Guided Resuscitation

Viscoelastic hemostatic assays (VHA) assess overall clot 
formation in whole blood providing numerical and graphi-

cal details about the kinetics of clot formation in a single 
assay. The VHAs capture the evolution of a clot as opposed 
to the cross-sectional details obtained from conventional 
coagulation tests (CCT). CCTs are not ideal in predicting 
TIC, do not accurately reflect fibrin formation and are time 
consuming. Hyperfibrinolysis is associated with higher 
mortality when identified by VHAs. TEG and ROTEM, the 
two commonly used VHAs provide a graphical presentation 
of clot formation with time on the x-axis and strength of the 
clot on the y-axis. VHAs have been proven to be effective in 
decreasing transfusion requirements, morbidity and health 
care costs [82]. A typical TEG and ROTEM tracing is 
described in Fig.  40.3a and Fig. 40.3b, respectively [83]. 
VHAs can depict specific coagulation abnormalities 
enabling goal-directed resuscitation and monitoring 
(Fig. 40.4 [84]) of post-injury coagulation status thus avoid-
ing complications from overzealous resuscitation.

VHAs) should be ordered in patients receiving or requir-
ing MT and a goal-directed resuscitation should be carried 
out based on an institutional algorithm. Schöchl et al. dem-
onstrated a significant association between ROTEM use and 
decreased transfusion requirements of platelets and PRBC 
[78, 85]. The same group also predicted the need for MTP 
initiation based on FIBTEM values and the survival benefit 
from ROTEM-guided resuscitation when compared to pre-
dicted mortality from injury severity.

 Summary

Resuscitation strategies for exsanguinating trauma patients 
have continued to evolve over the past two decades and 
appropriate hemostatic resuscitation has now emerged as a 
pivotal component of damage control resuscitation to reverse 
coagulopathy [41]. Whole blood administration when feasi-
ble and balanced component resuscitation along with the use 
of adjuncts while limiting aggressive crystalloid administra-
tion improves outcomes in traumatic hemorrhage.

Key Points
• Hemorrhage is a major cause of preventable mortality in 

trauma and multiple factors contribute to coagulopathy.
• Appropriate hemostatic resuscitation practices with a 

goal to closely resemble the functionality of blood is vital.
• Whole blood resuscitation is superior followed by bal-

anced component resuscitation and early recognition of 
massive transfusion requirement is critical.

• Early plasma administration is beneficial.
• Resuscitation should be goal directed with appropriate 

use of adjuncts and guided by viscoelastic assays.
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Fig. 40.3 (a) shows TEG tracing and (b) shows ROTEM tracing
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Hemoglobin-Based Oxygen Carrier 
(HBOC) Development in Trauma: 
Previous Regulatory Challenges, 
Lessons Learned, and a Path Forward

Peter E. Keipert

 Introduction

Hemoglobin-based oxygen carriers (HBOCs) have histori-
cally been referred to as “blood substitutes,” which is a 
misnomer considering their transient circulatory half-life 
(i.e., typically ~24  h) versus transfused red blood cells 
(RBCs) that remain in circulation for weeks. As a result, 
there have been significant regulatory challenges to develop 
an HBOC as an alternative to RBC transfusion in clinical 
settings where blood transfusion is typically part of the 
standard of care. The risk of viral disease transmission 
from donor RBCs is always a concern to patients, even 
though the blood banking industry has implemented numer-
ous strategies and new tests to reduce these risks to exceed-
ingly low levels [1]. To market an HBOC for reduction or 
avoidance of RBC transfusion, regulators demanded com-
pelling clinical data to demonstrate equivalent safety ver-
sus allogeneic donor RBCs. This would have required 
unrealistically large numbers of patients, and an unreason-
able cost and time commitment. Commercial development 
therefore re-focused on alternative clinical scenarios where 
the physicochemical properties of the HBOC are used to 
enhance oxygen delivery to hypoxic tissues in ischemic 
organs. By acting as an “oxygen therapeutic” agent, the 
HBOC can be used as a “bridge” to transfusion, or as an 
alternative to RBCs in situations where transfusion is not 
an established therapy or may be contraindicated [2]. This 
provides a greater opportunity to prevent or treat ischemia-
related morbidity and to potentially reduce mortality, and 
thereby demonstrate sufficiently compelling efficacy to sat-
isfy the regulatory requirement for clinical benefit to gain 
marketing approval of an HBOC.

 Medical Need in Trauma and Rationale 
for HBOCs

Mortality following blunt or penetrating injuries in trauma 
patients is typically caused by acute hemorrhagic shock 
resulting from severe and uncontrolled blood loss, and hem-
orrhage accounts for 30–40% of all deaths after trauma [3]. 
Shock is characterized by inadequate perfusion (ischemia) 
that leads to a shortage of cellular substrates, and insufficient 
oxygenation of vital organs (tissue hypoxia). Most tissues 
initially maintain adequate energy generation to support cel-
lular metabolism by anaerobic glycolysis, resulting in lactic 
acid production in proportion to the overall oxygen debt. It is 
hypothesized that following severe shock, damage to the 
microcirculation delays restoration of normal perfusion, 
which is a significant contributor to worse outcome due to 
delayed resolution of the lactic acidosis.

Studies have shown that the severity of lactic acidosis in 
trauma is closely associated with worse outcomes [4, 5]. 
Moreover, the time needed to resolve lactic acidosis may be 
more important than the peak value reached, and prolonged 
elevation of lactate levels has been correlated with increased 
risk of organ failure and higher mortality [6]. Currently there 
is no approved medication or therapy to specifically address 
the altered state of the microcirculation during hemorrhagic 
shock. In order for an HBOC to perform as an “ischemic 
rescue” therapeutic agent, it must augment oxygen transport 
in the microcirculation, improve homogeneity of oxygen 
flux in capillaries, and facilitate diffusion of oxygen from 
RBCs to the endothelial cells lining vessels in hypoxic 
tissues.

The average mortality rate in modern trauma centers has 
reached low levels (~ 12–15%), which makes a pure 
mortality- based primary outcome for an HBOC trial a diffi-
cult hurdle to achieve. For those trauma patients in severe 
hemorrhagic shock who also exhibit higher levels of blood 
lactate (>5 mmol/L) due to critical tissue ischemia, a recent 
analysis by Lefering et al. (2013) showed that mortality rates 
are about two-fold higher (~ 25–30%) [7]. This higher-risk 
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patient population therefore represents an opportunity for 
HBOC treatment, given as an adjunct to standard-of-care 
resuscitation, to improve survival as part of a composite clin-
ical efficacy endpoint to demonstrate patient benefit in late- 
stage clinical trials.

 Clinical Experience: Lessons Learned 
with HBOCs in Trauma

Several different HBOC formulations that demonstrated effi-
cacy in preclinical animal models of hemorrhagic shock 
resuscitation, have also been tested in clinical trials in 
trauma: Baxter’s α-α diaspirin crosslinked human Hb 
(HemAssist®), Biopure’s glutaraldehyde-polymerized 
bovine Hb (Hemopure®), Northfield’s glutaraldehyde- 
polymerized human Hb (PolyHeme®), and Sangart’s 
maleimide- pegylated human Hb (MP4OX). The important 
lesson that has been learned in the past 10–15 years from 
these studies is that the physicochemical properties of each 
HBOC (e.g., lower P50, higher COP, degree of pegylation, 
type of chemical modification, molecular size, lower Hb 
concentration, physiological viscosity) play a role in deter-
mining both its safety profile, and whether a particular 
HBOC will enhance microvascular perfusion in critical 
organs and restore oxygenation of ischemic tissues suffi-
ciently to reverse any accumulated oxygen debt. Despite suc-
cess in preclinical animal models, several early-generation 
HBOC formulations (Baxter, Biopure, and Northfield) 
with higher P50 and lower COP were unable to translate 
their preclinical efficacy into patient benefit in late-stage 
human trauma trials [8].

One of the frequently observed adverse events (AEs) 
associated with earlier generation HBOCs was hypertension, 
caused by vasoconstriction secondary to scavenging of nitric 
oxide. This vasoconstriction effect had the unfortunate con-
sequence of compromising the intended benefit of adminis-
tering an HBOC to treat tissue ischemia in trauma. Perhaps 
more importantly, trial design issues played a role in limiting 
the ability of earlier HBOC trauma studies to demonstrate 
compelling clinical efficacy. By defining inclusion criteria 
that were overly broad, these studies allowed for inclusion of 
patients at both ends of the injury spectrum, i.e., those 
severely injured and likely to die no matter what intervention 
was given, and those with non life-threatening injuries who 
survive regardless of treatment. Using the degree of hypoten-
sion based on a patient’s systolic blood pressure (SBP) < 90 
mmHg as a criterion for inclusion may have limited proper 
evaluation of the severity of hemorrhagic shock, resulting in 
poor patient selection, potential under-resuscitation, and 
possibly inappropriate dosing. The Northfield study also 
withheld potentially life-saving RBC transfusions for 12 h 
post-injury. These protocol design issues represent short-

comings of the Baxter and Northfield trauma studies that 
may be partly to blame for their inability to demonstrate suf-
ficient efficacy. When combined with the observations that 
the incidence of some serious adverse event (SAE) rates 
(including MI, hypertension, coagulopathy) and mortality 
were higher in HBOC-treated patients, it became impossible 
to achieve a favorable demonstration of clinical benefit and 
produced negative opinions and rejections from regulatory 
authorities. After their Phase 3 programs failed, both Baxter 
and Northfield decided to terminate their HBOC develop-
ment due to insufficient funding to pursue new studies and 
based on other commercial and business considerations.

Sangart’s recent Phase 2 trauma program with MP4OX 
added an important design feature missing from previous 
protocols, i.e., an elevated blood lactate ≥5 mmol/L as a 
physiological biomarker for inclusion at randomization to 
prospectively select patients who had suffered sufficient 
blood loss to reach a critical level of tissue ischemia [9]. 
Sangart completed a 51-patient pilot Phase 2a feasibility 
study in 2010 to compare two doses, and a 329-patient multi- 
center, randomized, single-dose Phase 2b study in 2012. 
Both of these studies were double blinded, and demonstrated 
the safety and potential efficacy of a low dose of MP4OX 
given as an adjunct to standard fluid resuscitation and blood 
product therapy (i.e., RBCs, FFP, platelets, as needed) in 
severely injured trauma patients. The Phase 2a study demon-
strated more rapid reversal of lactic acidosis and a correla-
tion with better outcomes when lactate levels normalized 
(≤2.2 mmol/L) within 8 h or when lactate decreased by 
≥20% in 2 h [10]. In the Phase 2b study, a numerically higher 
percentage of patients treated with MP4OX were alive and 
discharged from hospital at Day 28 (primary efficacy end-
point) versus controls (57% vs. 50%; p = 0.18). Overall mor-
tality in the MP4OX-treated patients was slightly lower 
compared to controls (11.6% vs. 13.9%; p = 0.73), which 
represents the first and only trauma study to demonstrate 
fewer deaths in HBOC-treated patients. There were no dif-
ferences in the frequency of SAEs or AEs between the two 
groups. Multiple secondary endpoints also showed promis-
ing trends in the MP4OX group (i.e., fewer days on ventila-
tor, in the ICU and in the hospital, as well as faster times to 
complete resolution of organ failure) [11].

In hindsight, the Phase 2b study was underpowered to 
confirm the efficacy of the 250-mL MP4OX treatment. One 
shortcoming of the Sangart Phase 2 program was the pre-
mature selection of a single low dose for the Phase 2b study, 
based on insufficient dose escalation to evaluate higher doses 
in the Phase 2a feasibility study, which resulted in the need 
for an additional follow-up study to complete a proper dose 
comparison. As a result, a 570-patient double-blind, con-
trolled, Phase 2c dose-comparison protocol was designed to 
determine whether treatment with a 500-mL or 750-mL dose 
of MP4OX versus standard-of-care might improve patient 
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outcomes and demonstrate compelling efficacy in severely 
injured trauma patients with evidence of lactic acidosis due 
to hemorrhagic shock.

 Regulatory Challenges, Safety, 
and a Pathway Forward

Previous regulatory guidance from the Food and Drug 
Administration (FDA) had suggested sponsors demonstrate 
safety of HBOCs in clinically stable elective surgery patients 
before moving to high-risk trauma patients [12]. Ironically, it 
is precisely in trauma patients where an HBOC with appro-
priate properties may have the greatest opportunity to show 
clinical benefit, as these patients present with a significant 
burden of morbidity and risk of death from severe hemor-
rhagic shock and the adverse ischemic consequences of tis-
sue hypoperfusion. In April 2008, a conference sponsored by 
the FDA, the Dept. of Defense, and the National Institutes of 
Health (NIH) was convened to review the current status and 
safety of various HBOCs in development. The FDA’s posi-
tion and premise for holding this conference at that time was 
that similar SAE profiles amongst several HBOC products 
were raising questions regarding the possibility of common 
underlying mechanism(s) of toxicity despite differences 
between these HBOC formulations. A variety of opinions 
were expressed regarding these safety concerns; however, 
most experts suggested that the biggest challenge for the 
field was to identify appropriate clinical situations where 
there would be a more favorable balance of benefit to risk for 
HBOCs, and finding appropriate methods to evaluate the 
efficacy and safety of HBOCs in these settings [13].

Coincident with the FDA workshop, was the release of a 
publication by Natanson et al. reporting a meta-analysis to 
evaluate the relative risk of MI and death in patients enrolled 
in various HBOC trials [14]. Despite significant method-
ological issues and questionable statistical validity of a sta-
tistical analysis that aggregated disparate trials from a variety 
of patient populations (i.e., elective surgery vs. emergency or 
trauma), with different controls (patients receiving crystal-
loids vs. colloids vs. blood products), and HBOC prepara-
tions with diverse physicochemical properties, Natanson 
concluded that HBOCs were associated with an increased 
relative risk of death and MI. Due to concerns raised by this 
meta-analysis, the FDA imposed an immediate clinical hold 
on all HBOC trials that were either ongoing or planned in the 
USA at that time. Not surprisingly, several scientific experts 
and commercial HBOC developers challenged the validity of 
the methodology and conclusion(s) of this meta-analysis and 
the FDA’s reaction to it [15].

Fortunately, regulatory authorities within the European 
Union (EU) and in multiple countries worldwide disagreed 
with the FDA-imposed moratorium, and decided to allow 

clinical studies to continue after performing their own inter-
nal safety review of all relevant clinical and preclinical data 
provided to them. At that time, Sangart decided to re-focus 
their clinical development from elective orthopedic surgery 
to a high-risk trauma indication where MP4OX would have a 
greater opportunity to demonstrate patient benefit, using 
Sangart’s clinical data from two previous Phase 3 trials in 
hip arthroplasty [16, 17] as a supporting safety database. 
Regulators in South Africa, France, Germany, and the UK 
approved the Phase 2a pilot trauma study in 2009. 
Subsequently, from 2011 to 2012, Sangart also completed 
a larger Phase 2b trauma trial after successfully obtaining 
regulatory approvals in 14 countries worldwide (not includ-
ing the USA).

While the FDA was intrigued by the success of the Phase 
2a trial and the safety profile for MP4OX in that study, they 
were still unwilling to allow US sites to participate in the 
Phase 2b trauma trial. However, the FDA was eager for 
Sangart to show them the results from the Phase 2b study. 
To help the FDA understand that their pegylated and high 
affinity MP4OX formulation was different from most early- 
generation HBOCs, Sangart agreed with the FDA’s request 
for a new submission to summarize all relevant biophysical 
characterization data, preclinical hemodynamic pharmacol-
ogy and oxygenation findings, and any new clinical results 
available from the trauma program. A follow-up pre-IND 
submission for a new Phase 2c trauma study to compare two 
higher doses of MP4OX was submitted to the FDA in 2013, 
and the FDA agreed that Sangart could include US sites in 
this international trial.

Unfortunately, this positive opinion from the FDA came 
too late for Sangart to initiate patient enrollment in the 
Phase 2c study, because a failure to secure new funding 
forced Sangart to terminate development and cease opera-
tions in December 2013. Nevertheless, efforts are still under-
way to secure new funding to re-establish clinical 
development of MP4OX and other HBOC formulations for 
potential future applications in trauma and other ischemia- 
related clinical settings.

 Future Directions and Indications for HBOC 
Development

There have been many potential clinical indications pro-
posed for using HBOCs to prevent or treat acute ischemic 
conditions [18]. These cover a range of potential applica-
tions: (i) protection/maintenance of the functional integrity 
of vital organs at risk from various medical conditions and/or 
surgical procedures, e.g., brain (stroke, TBI), spinal chord 
(vascular surgery), heart (MI, cardiac arrest, angioplasty, 
CPR, bypass surgery), kidney (transplant surgery), and gut 
(surgery, shock); (ii) oncology applications to enhance oxy-
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genation of solid tumors (during radiation and/or 
 chemotherapy); (iii) organ transplantation (ex vivo perfusion 
to prolong storage hold-time for heart, lung, kidney, or liver), 
(iv) drug delivery (targeting oncology drugs conjugated to 
Hb to the liver); (v) ischemic limbs (peripheral vascular dis-
ease, diabetes); (vi) wound healing; (vii) Sickle Cell Disease 
(acute vaso-occlusive crisis); sepsis (refractory hypotensive 
shock); (ix) acute hemolytic anemia (oxygenation bridge); 
(x) veterinary use (due to limited availability of species-spe-
cific animal blood); and (xi) compassionate use (as a tempo-
rary blood substitute) for life-threatening anemia when 
RBCs are not available.

A number of ischemia-related indications were being pur-
sued by Prolong Pharmaceuticals (South Plains, NJ) in 
early-stage clinical trials using their pegylated bovine car-
boxyHb (Sanguinate™). By correcting oxygenation levels 
and down-regulating inflammation, Sanguinate may have 
the potential to effectively treat many of the debilitating 
comorbidities of Sickle Cell disease (SCD) and other disor-
ders caused by anemia and/or hypoxia/ischemia [19]. These 
include preventing delayed graft function following kidney 
transplantation, treating painful vaso-occlusive crises in 
adult patients with SCD and beta-Thalassemia, and reducing 
or preventing delayed cerebral ischemia following subarach-
noid hemorrhage.

Recent research in the field has focused on the oxidative 
properties of Hb and how they can be modified to reduce the 
potential intrinsic toxicity of exogenously added iron and 
heme when HBOCs are infused. One such approach, devel-
oped by SynZyme Technologies (Sioux Falls, SD) [20] 
involves polynitroxylation of a pegylated Hb to create PNPH 
(aka SanFlow, or nanoRBC) as a nanomedicine for use in 
critical care and resuscitation following hemorrhagic shock 
[21]. Polynitroxylation adds superoxide dismutation activi-
ties to the Hb, which when infused create a superoxide-free 
vascular space. This helps to conserve endogenous nitric 
oxide levels within the vasculature, thereby preventing vaso-
constriction and maintaining microcirculatory blood flow. 
PNPH has been evaluated in preclinical animal studies in 
stroke [22] and traumatic brain injury (TBI) [23], and has 
demonstrated both safety and neuroprotective properties 
(i.e., prevent neuronal death, restore MAP, reduce brain 
edema and increase cerebral perfusion pressure) following 
resuscitation in a murine model of combined TBI plus hem-
orrhagic shock [24].

Traumatic hemorrhage from penetrating and/or blunt 
injury offers a huge potential market for an HBOC as an 
adjunct to early resuscitation in both military and civilian 
settings. Similarly, non-traumatic hemorrhagic shock repre-
sents a potential expansion of the trauma indication, by using 
HBOC treatment following cerebral bleeding, ruptured aor-
tic aneurysms, iatrogenic hemorrhage during vascular sur-
gery, or obstetric bleeding from a ruptured placenta. TBI 

represents a subset of trauma with perhaps the highest mor-
tality and longest hospital and ICU stays. Any HBOC that 
can treat oxidative stress from superoxide, down-regulate 
inflammation, and deliver oxygen to ischemic tissue holds 
great promise as a potential therapeutic agent in trauma, TBI, 
SCD, and possibly in stroke.

Acknowledgments PEK was formerly employed by Sangart Inc. 
(San Diego, CA) as VP, Clinical Development, during the conduct of 
the MP4OX clinical trials in trauma.

References

 1. Epstein JS, Jaffe HW, Alter HJ, et  al. Blood system changes 
since recognition of transfusion-associated AIDS.  Transfusion. 
2013;53:2365–74.

 2. Mitchell P, Weiskopf R, Zapol WM. NIH/FDA/DOD interagency 
working group on oxygen therapeutics. In: Kim HW, Greenburg 
AG, editors. Hemoglobin-based oxygen carriers as red cell substi-
tutes and oxygen therapeutics. Berlin: Springer; 2013. p. 141–7.

 3. Kauvar DS, Wade CE. The epidemiology and modern management 
of traumatic hemorrhage: US and international perspective. Crit 
Care. 2005;9:S1–9.

 4. Abramson D, Scalea TM, Hitchcock R, et al. Lactate clearance and 
survival following injury. J Trauma. 1993;35:584–9.

 5. Manikis P, Jankowski S, Zhang H, et al. Correlation of serial blood 
lactate levels to organ failure and mortality after trauma. Am J 
Emerg Med. 1995;13:619–22.

 6. Regnier MA, Raux M, Le Manach Y, et  al. Prognostic signifi-
cance of blood lactate and lactate clearance in trauma patients. 
Anesthesiology. 2012;117:1276–88.

 7. Lefering R, Zielske D, Bouillon B, et al. Lactic acidosis is asso-
ciated with multiple organ failure and need for ventilator sup-
port in patients with severe hemorrhage from trauma. Eur J 
Trauma Emerg Surg. 2013;39(5):487–93. https://doi.org/10.1007/
s00068- 013- 0285- 3.

 8. Jahr JS, Akha AS, Holtby RJ. Crosslinked, polymerized, and PEG- 
conjugated hemoglobin-based oxygen carriers: clinical safety and 
efficacy of recent and current products. Curr Drug Discov Technol. 
2012;9:158–65.

 9. Brohi K, Plani F, Moeng M, et  al. Multicenter randomized con-
trolled trial TRA-204 to evaluate the safety and efficacy of MP4OX 
in lactate clearance following trauma hemorrhage. Crit Care Med. 
2010;38:749.

 10. Brohi K, Levy H, Keipert PE, et al. Normalization of lactate within 
8 hours or ≥20% clearance in initial 2 hours correlate with out-
comes from traumatic hemorrhage. Crit Care Med. 2011;39:643.

 11. Brohi K, Boffard K, Zielske D, et al. Effects of MP4OX, an oxy-
gen therapeutic, on clinical outcomes in trauma patients with 
hemorrhagic shock: a phase IIb multi-center randomized placebo- 
controlled trial. Poster presentation: American Association for the 
Surgery of Trauma (AAST) meeting, San Francisco. 2013.

 12. US Food and Drug Administration. Draft guidance for industry: 
criteria for safety and efficacy evaluation of oxygen therapeutics 
as red blood cell substitutes. Issued Oct 2004 www.rsihata.com/
updateguidance/usfda2/bio1/ucm080290. 2004.

 13. Silverman TA, Weiskopf RB.  Hemoglobin-based oxygen car-
riers: current status and future directions. Anesthesiology. 
2009;111:946–63.

 14. Natanson C, Kerns SJ, Lurie P, et al. Cell-free hemoglobin-based 
blood substitutes and risk of myocardial infarction and death. A 
meta-analysis. JAMA. 2008;299:2304–12.

P. E. Keipert

https://doi.org/10.1007/s00068-013-0285-3
https://doi.org/10.1007/s00068-013-0285-3
http://www.rsihata.com/updateguidance/usfda2/bio1/ucm080290. 2004
http://www.rsihata.com/updateguidance/usfda2/bio1/ucm080290. 2004


425

 15. Letters to the Editor (2008) Hemoglobin-based blood substitutes 
and risk of myocardial infarction and death. JAMA 300:1295–1300.

 16. Olofsson CI, Górecki AZ, Dirksen R, et al. Evaluation of MP4OX for 
prevention of perioperative hypotension in patients undergoing pri-
mary hip arthroplasty with spinal anesthesia: a randomized, double- 
blind, multicenter study. Anesthesiology. 2011;114:1048–63.

 17. Van der Linden P, Gazdzik TS, Jahoda D, et  al. A double-blind, 
randomized, multicenter study of MP4OX for treatment of periop-
erative hypotension in patients undergoing primary hip arthroplasty 
under spinal anesthesia. Anesth Analg. 2011;112:759–73.

 18. Winslow RM. Clinical indications for blood substitutes and opti-
mal properties. In: Winslow RM, editor. Blood substitutes. London: 
Elsevier; 2006. p. 115–25.

 19. Misra H, Lickliter J, Kazo F, et al. Pegylated carboxyhemoglobin 
bovine (Sanguinate): results of a phase I clinical trial. Artif Organs. 
2014;38:702–7.

 20. Hsia JC, Ma L.  Compositions and methods of use of neurovas-
cular protective multi- functional polynitroxylated pegylated 

carboxy hemoglobins for transfusion and critical care medicine. 
2012. US Patent 8273857B2 (https://patents.google.com/patent/
US8273857B2/en).

 21. Hsia CJC, Ma L.  A hemoglobin-based multifunctional thera-
peutic: polynitroxylated pegylated hemoglobin. Artif Organs. 
2012;36:215–20.

 22. Zhang J, Cao S, Ma L, et al. Protection from transient focal cerebral 
ischemia by transfusion of polynitroxylated pegylated hemoglobin. 
Stroke. 2013;44:A154.

 23. Shellington DK, Du L, Wu X, et  al. Polynitroxylated pegylated 
hemoglobin: a novel neuroprotective hemoglobin for acute 
volume- limited fluid resuscitation after combined traumatic brain 
injury and hemorrhagic hypotension in mice. Crit Care Med. 
2011;39:494–505.

 24. Brockman EC, Bayir H, Blasiole B, et  al. Polynitroxylated- 
pegylated hemoglobin attenuates fluid requirements and brain 
edema in combined traumatic brain injury plus hemorrhagic shock 
in mice. J Cereb Blood Flow Metab. 2012;33:1457–64.

41 Hemoglobin-Based Oxygen Carrier (HBOC) Development in Trauma: Previous Regulatory Challenges, Lessons Learned…

https://patents.google.com/patent/US8273857B2/en
https://patents.google.com/patent/US8273857B2/en


427© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
H. Liu et al. (eds.), Blood Substitutes and Oxygen Biotherapeutics, https://doi.org/10.1007/978-3-030-95975-3_42

Use of Oxygen Therapeutics in Patients 
for Whom Blood Is Not an Option

Aryeh Shander, Sherri Ozawa, and Mazyar Javidroozi

 Background

Patients for whom transfusion of blood components is not an 
option represent a diverse group. Some patients refuse trans-
fusions due to personal convictions, religious beliefs or con-
cerns over risks and complications of blood [1, 2]. There are 
patients who cannot be transfused due to medical reasons 
such as presence of alloantibodies and increased risk of 
hemolytic reactions [3]. Additionally, unavailability of 
appropriate cross-matched blood units due to logistical con-
straints, shortages, disasters and disruptions in blood supply 
and distribution can effectively lead to scenario in which a 
patient in need of transfusion must be managed without allo-
geneic blood [2, 4].

The scientific and medical community owes a substantial 
part of its knowledge and expertise on treating severely ane-
mic patients without transfusion to those who belong to the 
Jehovah’s Witness faith. Based on their interpretation of 
various Biblical passages (e.g. Genesis 9:4 and Leviticus 
17:10), blood is considered sacred and abstaining from blood 
consumption (including transfusion) is a key principle of 
Jehovah’s Witness faith [5]. At times, this conviction has 
placed patients and their clinicians in a difficult situation in 
which a clinician had to refrain from administrating a seem-
ingly lifesaving treatment to a gravely ill patient.

Nonetheless, refusing one treatment modality should not 
be equated with refusing medical care altogether, and many 
other treatment modalities are often acceptable to these 
patients [2]. In response to the important challenge of pro-
viding effective care without violating patients’ values and 

maintaining their right of self-determination, various medi-
cal strategies have been developed that allow patient care 
without the use of allogeneic blood components. Known col-
lectively as Bloodless Medicine and Surgery, these strategies 
paved the way for development of the concept of Patient 
Blood Management which aims to improve the outcome of 
all patients (regardless of their view on transfusions) through 
the timely application of various evidence-based medical 
and surgical strategies to maintain hemoglobin concentra-
tion, support hemostasis, minimize blood loss and maximize 
oxygen delivery to tissues [4, 6, 7].

While many of these strategies predominantly place 
emphasis on preventive measures to avoid severe anemia that 
is likely to result in the need for transfusion (e.g. timely diag-
nosis and management of anemia before it gets too severe 
and prevention of blood loss), there are also treatment options 
that can be used in severe anemia to maintain oxygen deliv-
ery, support circulation, improve perfusion and reduce tissue 
ischemia and injury [2, 8–10]. Oxygen therapeutics such as 
hemoglobin-based oxygen carriers (HBOCs) are among the 
treatments that have been used in this context in patients for 
whom blood transfusion is not an option.

 Expanded Access and Right to Try

No HBOC products is approved for clinical use in the US 
and most other countries across the world (with the excep-
tion of South Africa and Russia) [11]. As such, access to 
these products is often limited and only possible through 
clinical trial protocols designed to study their safety and 
efficacy.

In the US, the Food and Drug Administration (FDA) has 
devised a process called Expanded Access (also known as 
“Compassionate Use”) to streamline the access to investiga-
tional products in a timely manner outside of clinical trials 
for patients with an immediately life-threatening condition 
or serious disease, when no satisfactory alternative treatment 
option is available [12]. The investigational treatment can be 
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provided under the Expanded Access program in one of the 
three categories: For individual patients (including for 
Emergency Use); for intermediate-size patient groups; and 
for widespread treatment use. FDA has provided guidelines 
to determine when Expanded Access to an investigational 
treatment may be considered (Table 42.1) [13].

The Emergency Use option under the single-patient 
Expanded Access category is intended to facilitate the use of 
investigational treatment when time is of the essence. The 
process starts by the treating physician making an emergency 
request (e.g. through a phone call or another rapid communi-
cation method) to the FDA with the request to use the inves-
tigational therapy. The request is reviewed expeditiously by 
an FDA medical officer and upon approval and authorization 
(which can be verbal), the manufacturer is notified to arrange 
for delivery of the medication/device. If there is no sufficient 
time to obtain Institutional Review Board (IRB) approval 
prior to the first use of the investigational treatment in the 
institution, treatment may be provided without prior IRB 
review and only with approval under Emergency Use, pro-

vided that it is reported to the IRB within 5 days. Any unused 
medication/device should be destroyed or returned to the 
manufacturer and this process must be started “from scratch” 
for every new patient [14].

In contrast, the second category of Expanded Access (for 
intermediate-size patient groups) can provide a more practi-
cal and streamlined process for making the investigational 
treatment available to patients in need, provided that proper 
planning and preparations have been made in advance. 
Under this category, an institution which is likely to encoun-
ter several patients who can be candidates for a specific 
treatment under Expanded Access program submits an 
Investigational New Drug (IND) application and protocol to 
the FDA and its IRB.  Once the protocol is approved and 
IND number is issued by the FDA, the manufacturer will be 
able to ship the investigational product to the institution to 
maintain an in- house stock to be used for future patients 
meeting the criteria of the Expanded Access protocol. This 
process can avoid the delays caused by the requirement to 
file multiple INDs and shipping investigational medication 
for individual patients [14].

Recently, another avenue to provide access to unapproved 
drugs (not devices) has become available through the 
federally- legislated “Right to Try” act [15]. The patient crite-
ria to be considered for this program are similar to those of 
Expanded Access (presence of a life-threatening condition, 
exhaustion of approved treatment options, inability to par-
ticipate in a clinical trial for the investigational treatment, 
and consenting to treatment). The investigational drug to be 
considered under this program should have completed a 
Phase 1 clinical trial and should be under active development 
or production and subject of an active investigational new 
drug (IND) application submitted to the FDA.  Unlike the 
Expanded Access program, the Right to Try program is only 
available to single patients, but it provides a streamlined pro-
cess to grant access to investigational drugs to patients with-
out FDA oversight. While the current federal Right to Try 
laws do not require IRB review, some states’ Right-to-Try 
access laws requires IRB oversight [15].

The policies and requirements of IRBs for Expanded 
Access and Right-to-Try may vary significantly at various 
institutions. Surveys have pointed out to variations in the 
requirements for full IRB reviews versus review by IRB 
chairs or individual members, timeline of the review process, 
policies related to financial aspects of the treatments and per-
mitted uses of clinical data from each case. Furthermore, 
identifying, understanding and interpreting IRB policies and 
regulations can be complicated, and even more challenging 
in cases of Expanded Access when clinicians are pressed for 
time, trying to expedite the care of their patients [16]. For 
these reasons, it is important that clinicians who are likely to 
see patients who might be candidates for Expanded Access 
or Right-to-Try, should engage in discussions with their 

Table 42.1 Patient conditions that should be met in order to consider 
expanded access or right to try for an investigational treatment accord-
ing to the FDA

Expanded Access Right to Try
Patient has a serious disease 
or condition, or whose life is 
immediately threatened by 
their disease or condition.

Patient has been diagnosed with a 
life-threatening disease or condition.

There is no comparable or 
satisfactory alternative therapy 
to diagnose, monitor, or treat 
the disease or condition.

Patient has exhausted approved 
treatment options.

Patient enrollment in a clinical 
trial is not possible.

Patient is unable to participate in a 
clinical trial involving the eligible 
investigational drug.

Potential patient benefit 
justifies the potential risks of 
treatment.
Providing the investigational 
medical product will not 
interfere with investigational 
trials that could support a 
medical product’s 
development or marketing 
approval for the treatment 
indication.

The investigational drug under 
consideration has completed a phase 
1 clinical trial, has not been 
approved or licensed by the FDA for 
any use, is under investigation in a 
clinical trial that is intended to form 
the primary basis of a claim of 
effectiveness in support of FDA 
approval and is the subject of an 
active investigational new drug 
application submitted to the FDA; or 
its active development or production 
is ongoing, and that has not been 
discontinued by the manufacturer or 
placed on clinical hold by the FDA

Patient or patient’s legally authorized representative has provided a 
written informed consent

https://www.fda.gov/news- events/public- health- focus/expanded- access 
and https://www.fda.gov/patients/learn- about- expanded- access- and- 
other- treatment- options/right- try [last accessed on 06/12/2021]
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IRBs ahead of time to identify the process and understand 
the requirements to avoid potential delays or other issues 
when the need arrives.

 Reports of Use of HBOCs Under Expanded 
Access Programs

HBOC products have been used under Expanded Access 
program for years in management of severely anemic patients 
when transfusion is indicated but not possible [14]. The goal 
is often to sustain the oxygen delivery to the tissues above 
the critical level needed to avoid tissue ischemia and injury 
and to buy some time for other treatments of anemia (such as 
erythropoiesis stimulating agents) to exert their effects and 
raise hemoglobin concentration. In other words, these agents 
act as “oxygen bridges” or “bridging treatments” to sustain 
the patients until their endogenous hemoglobin concentra-
tion has recovered [17–20]. To date, there is no reported case 
of Right-to-Try use for these products. The Expanded Access 
program has provided us with invaluable insight into the 
clinical use of these medications and has possibly contrib-
uted to patients surviving dire and life- threatening condi-
tions [18].

The HBOCs used under the Expanded Access program 
include Hemopure® (HBOC-201; hemoglobin glutamer  – 
250 [bovine]) and Sanguinate® (PEGylated bovine carboxy-
hemoglobin). Table  42.2 provides a summary of key 
characteristics of these products and they are discussed in 
detail in their respective chapters here [11, 18, 21, 22].

Mackenzie et al. reported 54 patients with life-threatening 
anemia (median hemoglobin 4  g/dL at time of HBOC 
request) for whom transfusion was not an option who were 
treated with Hemopure (60 to 300 g) across several institu-

tions [23]. The main causes of anemia in this case series were 
surgical blood loss (45%), malignancy (18%) and hemolysis 
(13%). Twenty three patients (41.8%) survived. Increased 
duration and severity of anemia, delayed HBOC infusion, 
and presence of malignancy or renal disease were associated 
with increased risk of mortality. There were no serious 
adverse events linked to Hemopure. The authors concluded 
that based on their findings, earlier treatment with HBOC is 
likely to lead to better survival [23].

Donahue et al. reported a Jehovah’s Witness patient who 
developed severe symptomatic anemia with hemoglobin 
reaching 3.1  g/dL following induction chemotherapy for 
acute lymphoblastic leukemia (ALL) [17]. The patient 
received 15  units of Hemopure over 12  days. During this 
period, total hemoglobin concentration was maintained 
between 3.6 and 5.3 g/dL and no evidence of organ ischemia 
or dysfunction was noted. The patient was able to complete 
the chemotherapy regimen and was discharged in stable con-
dition [17].

Fitzgerald et al. reported a Jehovah’s Witness patient with 
multiple traumatic injuries who developed severe anemia 
(hemoglobin 2.9 g/dL by the fifth day of admission) with evi-
dence of cardiac hypoxia (increased troponin I, widespread ST 
depression and a documented episode of ventricular tachycar-
dia) following significant blood loss and fluid resuscitation. 
The patient underwent slow infusion of 5 units of Hemopure 
over days 5 and 6, and patient’s hemoglobin increased to 6.2 g/
dL and troponin I levels and electrocardiography results nor-
malized, eventually allowing the patient to undergo fracture 
fixation. The patient was discharged with recovered hemoglo-
bin concentrations and in well condition [24]. In another 
trauma case report, a Jehovah’s Witness patient experiencing 
hemorrhagic shock due to acute blood loss with a nadir hemo-
globin concentration of 3.9 g/dL was successfully managed 

Table 42.2 Key characteristics of Hemopure® (HBOC-201; hemoglobin glutamer – 250 [bovine]) and Sanguinate® (PEGylated bovine carboxy-
hemoglobin), the HBOCs used on expanded access basis [11, 18, 21, 22]

Hemopure® Sanguinate® Human packed RBCs
Biochemical 
modifications

Purified, cell-free, glutaraldehyde 
crosslinked polymerized hemoglobin

Purified, cell-free, PEGylated (i.e. conjugated with 
polyethylene glycol) carboxyhemoglobin

None

Source of hemoglobin Bovine Bovine Human
Molecular weight (kD) 87–500 120 64
HBOC concentration 
(g/dL)

12–14 3–4 13

Oncotic pressure Normo-oncotic Hyper-oncotic Normo-oncotic
Unit size 250 mL 500 mL Varies
P50 (mmHg) 40 7–15 26
Circulatory half-life 
(hours)

18–24 13–20 (lower in healthy volunteers, higher in sickle 
cell anemia patients)

Several hundred hours

Cross-matching 
required?

No No Yes

Oxygen affinity affected 
by 2,3-DPG?

No No Yes

Storage and shelf-life Up to 3 years at room temperature Up to 2 years at room temperature Up to 4 days at 4 
degrees centrigrade
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and sustained with a multifaceted treatment strategy including 
early infusion with a HBOC until endogenous hemoglobin 
concentration raised sufficiently [25].

Jordan and Alexander reported a Jehovah’s Witness 
patient who presented with autoimmune hemolytic anemia 
[26]. The patient received treatment to control the hemo-
lytic anemia but the hemoglobin continued to drop from 
8.4 g/dL at admission to lowest concentration of 2.8 g/dL 
on the fourth day. After receiving 2 units of Hemopure, the 
patient’s hemoglobin concentration increased to 8.7 g/dL, 
her clinical condition improved and she was subsequently 
discharged [26].

Lundy et al. reported an elderly Jehovah’s Witness patient 
who had suffered extensive full-thickness burn [27]. 
Following severe anemia with evidence of critically low oxy-
gen delivery during the perioperative period of surgical exci-
sion, the patient received 6  units of Hemopure during the 
perioperative period. No adverse effect was noted, but the 
patient eventually died due to progressively worsening mul-
tiple organ failure [27].

Thenuwara et  al. reported a case of Jehovah’s Witness 
patient whose hemoglobin dropped from 12 g/dL to 3 g/dL 
within one day following cesarean section and postpartum 
hemorrhage, leading to acidosis [28]. The patient received 
supportive care (vasopressors, sedation and ventilation) and 
was treated with daily erythropoietin, iron and vitamin B12 
but as the bleeding continued, she was treated with Sanguinate 
under Expanded Access program. Her hemoglobin increased 
to 7 g/dL by the day 8 after surgery and she became hemody-
namically stable with no need to vasopressors and she was 
extubated and discharged from the ICU [28].

Sam et al. reported the first case of a Jehovah’s Witness 
patient with thrombotic thrombocytopenic purpura (TTP) 
who could not undergo therapeutic plasma exchange and 
was treated with Sanguinate [29]. The patient tolerated the 
treatment well, and the hemoglobin concentration and plate-
let count improved leading to the patient’s discharge [29].

Davis et al. described three critically ill patients for whom 
blood transfusion was not an option with multi-organ failure 
during sickle cell crisis [30]. The patients received between 
6 and 27 units of Hemopure (setting a record for the largest 
volume of Hemopure infused to a patient) and all three cases 
were discharged from the hospital [30].

DeSimone et al. reported a 42-year-old Jehovah’s Witness 
patient who presented with acute upper gastrointestinal (GI) 
bleeding leading to hemorrhagic shock [31]. The patient 
received 6 units of Sanguinate alongside with other support-
ive care and treatment for anemia. The patient’s shock and 
encephalopathy improved, and the patient was successfully 
extubated [31].

As indicated earlier, patients for whom blood transfusion 
is not an option represent a diverse group and not all cases 

are related to religious beliefs. Unnikrishnan et al. reported a 
patient with sickle cell anemia who developed an 
alloantibody- mediated life-threatening delayed hemolytic 
reaction following blood transfusion for acute chest syn-
drome [32]. The patient received Hemopure alongside with 
other treatments for hemolytic anemia [32].

Brotman et al. treated a 77-year-old Jehovah’s Witness 
patient who developed severe symptomatic anemia (hemo-
globin 4.5 g/dL) following cystoprostatectomy and radical 
nephrectomy with Sanguinate [33]. The patient’s anemia 
improved and he was discharged to a rehabilitation facility 
[33]. Sanguinate has also been used successfully in treat-
ment of a Jehovah’s Witness patient undergoing liver 
transplant [34].

Zumberg et  al. reported 10 severely anemic cases for 
whom blood was not an option who received high dose of 
Hemopure (defined as 10 units or more during hospital stay) 
[14]. The etiology of anemia in these patients included 
malignancy, sickle cell crisis, autoimmune hemolysis, red 
cell aplasia, post-partum hemorrhage, postoperative hemor-
rhage and GI bleeding. Patients had a median pre-infusion 
nadir hemoglobin concentration of 3.3  g/dL and they 
received an average of 16.2 units of Hemopure. Following 
Hemopure treatment, their median hemoglobin was 7.3 g/
dL. The authors reported side effects including methemo-
globinemia, GI symptoms and hypertension but they did not 
report any serious adverse events and all patients survived 
[14].

In a case series that can highlight the limitations of use of 
HBOC product under current Expanded Access program, 
McConachie et  al. reported 3 Jehovah’s Witness patients 
with severe anemia (hemoglobin <5 g/dL) who were consid-
ered for treatment with Sanguinate under the Emergency Use 
program [35]. One patient died while waiting but the two 
others received the product. Among them, one died after 
receiving 5 units of HBOC and the other patient recovered 
and was discharged [35].

Mackenzie et al. have provided an account of the lessons 
learned during treatment of over 1700 patients with 
Hemopure under clinical trials and CU programs [36]. They 
listed increased blood pressure, oliguria, GI symptoms, yel-
low discoloration of sclera and skin and transient increase in 
blood methemoglobin and liver/pancreatic enzymes as the 
main reported adverse events and indicated that most were 
transient, self-limiting or easily manageable. The authors 
noted that issues related to improper consideration of the 
volume expanding effects of Hemopure and its half-life in 
the body which necessitates repeated infusions were the 
most common clinical management errors. They also under-
scored the importance of early use of HBOC under CU pro-
grams as soon as hemoglobin drops below 5 g/dL to improve 
survival [36].
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The impact of HBOC infusion goes far beyond the imme-
diate effect on hemoglobin concentration. As a matter of fact 
and as can be seen in Table 42.2, Sanguinate units have a 
hemoglobin concentration of less than 4  g/dL.  Therefore, 
infusion of Sanguinate in a patient with hemoglobin 
 concentration of over 4 g/dL can initially lead to hemodilu-
tion and further drop in hemoglobin concentration [18, 37]. 
How severely anemic patients could benefit from this prod-
uct can be explained by considering other characteristics of 
Sanguinate. Namely, the product has a low p50, which can 
assist in transferring oxygen from RBCs into ischemic tis-
sues with very low partial oxygen pressure. The smaller 
molecular weight of the Sanguinate and its dual role as oxy-
gen and carbon monoxide transfer agent might further assist 
oxygen delivery in hypoxic and ischemic tissues while 
reducing inflammation [18, 37]. The possibility of HBOCs 
further assisting hematopoiesis by providing bioavailable 
iron should also be considered.

Currently there are four active Expanded Access pro-
grams for HBOCs available and listed under ClinicalTrials.

gov. They offer Hemopure to treat life-threatening anemia in 
patents for whom blood transfusion is not an option 
(Table 42.3).

 Summary and Lessons Learned from the Use 
of HBOCs Under Expanded Access Programs

No medical treatment is without risks and practice of medi-
cine revolves around balancing the purported benefits of 
the treatments versus their potential risks in an effort to 
improve the outcomes of patients without violating per-
sonal choices and values. HBOCs are no exception to this 
principle. Earlier trials of HBOCs were remarkable for 
observed complications including increased risk of myo-
cardial infarction and death [38], leading to calls for mora-
torium on any further trials on these products [39]. What 
was left out in these arguments was the scenarios in which 
patients might be facing risks much graver that the risks of 
HBOCs with no other alternative treatments available. 

Table 42.3 Active expanded access programs for HBOCs currently available under ClinicalTrials.gov.

Title
ClinicTrials.gov 
identifier

Start 
year Product Eligibility criteria Exclusion criteria Location

Expanded access 
study of HBOC-
201 (Hemopure) 
for the treatment of 
life- threatening 
anemia

NCT01881503 2013 HBOC- 201 Consenting patients ≥18 years old with Hb 
≤8 g/dL with active bleeding, physiologic 
evidence of critical ischemia such as elevated 
troponins, altered mental status, acute renal 
failure, lactic acidosis or central nervous 
system supply dependency

Known 
hypersensitivity or 
allergy to beef 
products
Pre-existing 
uncontrolled 
hypertension, heart 
failure, renal 
failure, circulatory 
hypervolemia or 
systemic 
mastocytosisa

Eligibility for 
blood transfusions
Age > 80 years 
olda

Englewood 
Hospital 
and 
Medical 
Center, 
Englewood, 
NJ

Expanded access 
protocol using 
HBOC-201 to treat 
patients with life 
threatening 
anemia, for whom 
blood is not an 
option

NCT02684474 2016 HBOC- 201 Consenting critically ill patients ≥18 years old 
with Hb ≤6 g/dL (or 7–8 g/dL with significant 
active bleeding), and physiologic evidence of 
critical ischemia, for example: elevated 
troponins, altered mental status, acute renal 
failure, lactic acidosis or evidence of central 
nervous system acute deficits, when blood is 
not an option due to refusal of transfusion or 
lack of compatible red blood cells

The Johns 
Hopkins 
Hospital, 
MD

HBOC-201 
expanded access 
protocol for 
life-threatening 
anemia for whom 
allogeneic blood 
transfusion is not 
an option

NCT02934282 2016 HBOC- 201 Consenting critically ill patients ≥18 years old 
with Hb <5 g/dL (or 6–7 g/dL with significant 
active bleeding), and physiologic evidence of 
critical ischemia, for example: elevated 
troponins, altered mental status, acute renal 
failure, lactic acidosis or evidence of central 
nervous system acute deficits, when blood is 
not an option due to refusal of transfusion or 
lack of compatible red blood cells

Known 
hypersensitivity or 
allergy to beef 
products
Pre-existing 
uncontrolled 
hypertension, heart 
failure, renal 
failure, circulatory 
hypervolemia or 
systemic 
mastocytosisa

Eligibility for 
blood transfusions
Age > 80 years 
olda

Pregnancy or 
lactating

Jackson 
Memorial 
Hospital, 
Miami, FL

Expanded access 
IND administration 
of HBOC- 201 in 
patients with 
severe acute 
anemia

NCT03633604 2018 HBOC- 201 Consenting critically ill patients ≥18 years old 
with Hb ≤6 g/dL (or 7–8 g/dL with significant 
active bleeding), and physiologic evidence of 
critical ischemia, for example: elevated 
troponins, altered mental status, acute renal 
failure, lactic acidosis or evidence of central 
nervous system acute deficits, when blood is 
not an option due to refusal of transfusion or 
lack of compatible red blood cells

University 
of 
Pittsburgh 
Medical 
Center,
Pittsburgh, 
PA

aOn a case by case and quality of life determination basis
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Current HBOCs might not be a match for allogeneic blood 
transfusions in terms of their safety and efficacy profile. 
However, HBOCs can offer an “oxygen bridge” for severely 
anemic critically ill patients who are candidate for blood 
transfusions but cannot be transfused for any reasons 
(logistical, medical or patient’s personal preferences and 
convictions) and sustain them until their hematopoietic sys-
tem can produce enough RBCs [20, 40].

As can be seen in the reports summarized here, in the 
absence of FDA-approved HBOCs or ongoing clinical trials, 
Expanded Access programs have provided a potentially life- 
saving option for critically-ill severely anemic patients who 
cannot be transfused. While these case series offer a glimpse 
of hope for patients and their care givers, they should be 
interpreted in light of their limitations.

Case series of therapeutics might be more vulnerable to 
various types of bias (e.g. selection, reporting and publica-
tion bias) and as such, they are considered to offer a lower 
class of evidence [41]. Without concurrent control groups, it 
can be difficult to interpret the findings and determine the net 
benefit (or harm) of HBOCs. Nonetheless, a few reports of 
outcomes of severely anemic patients who did not receive 
any transfusions or blood substitutes are available and can 
provide us with a picture of potential consequences of criti-
cal anemia faced by these patients [8, 42]: It is estimated that 
the mortality rate increases by up to 2–2.5 fold for every 1 g/
dL drop in the hemoglobin concentration from a baseline 

range of 7–8  g/dL, reaching almost 100% at hemoglobin 
concentration drops below 2 g/dL [43]. Figure 42.1 depicts 
the probability of survival with various nadir postoperative 
hemoglobin concentrations in patients who were not trans-
fused nor received HBOCs, based on our data [8] and the 
results reported by Carson et al. [42].

The lowest hemoglobin concentrations reported in the 
case series discussed here are around 3 g/dL which corre-
sponds to a survival probability of around 50% according to 
the pooled data from Carson et al. and Shander et al. [8, 42] 
(Fig. 42.1). One might consider the reported survival of most 
patients in these HBOC case series against the expected sur-
vival rate of around 50% in this hemoglobin range as a par-
tial victory, notwithstanding the possibility of bias in case 
series. On the other hand, the larger case series by Mackenzie 
et al. [23] reported an overall survival rate of 41.8% with a 
median hemoglobin concentration of 4  g/dL at time of 
requesting the HBOC product (which corresponds to an 
expected probability of survival of 70% according to the 
Carson and Shander data (Fig. 42.1). They did not report the 
nadir hemoglobin concentrations in their case series and 
hence it is likely that their patients had a lower expected sur-
vival probability according to their nadir hemoglobin con-
centration. Additionally, they reported a significantly longer 
duration of time between first known hemoglobin concentra-
tion < 8 g/dL and the start of the HBOCs in patients who did 
not survive versus those who survived (median 8 vs. 4 days) 
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as well as variations in comorbidities (with none of the can-
cer patients surviving) [23]. These observations remind us of 
the difficulties of predicting the expected baseline survival 
rate in these patient populations without the use of HBOCs, 
which makes it difficult to determine the impact of HBOC on 
their outcomes.

Going through Expanded Access programs takes extra 
precious time during a critical period where every minute 
does count. As can be seen from the study by Mackenzie 
et al., likelihood of survival decreases as the duration of the 
time patients have suffered from severe anemia increases and 
it is not uncommon that days pass before the patient can 
receive the blood substitute. As previously indicated, the 
Expanded Access program for intermediate-sized patient 
group can facilitate the process by allowing the product 
stocked at the participating centers [23].

As discussed earlier, efforts to provide effective care for 
patients for whom transfusion was not an option led to the 
development of Bloodless Medicine and Surgery programs 
(and eventually, Patient Blood Management) [6]. For best 
outcomes, HBOCs should be used as part of comprehensive 
management protocols including several other strategies that 
increase oxygen delivery (e.g. supplemental oxygen and 
hyperbaric oxygen therapy), reduce oxygen demand (e.g. 
muscle blockers, maintenance of normovolemia, and avoid-
ance of fever), promote hematopoiesis (e.g. using erythro-
poiesis stimulating agents and iron), manage underlying 
causes of anemia and reduce further blood loss (including 
iatrogenic blood losses) [2, 4, 6, 7, 19, 44–46]. A proactive 
and preventive approach to optimize hemoglobin concentra-
tion during the preoperative period to better prepare patients 
for whom transfusion is not an option for potential surgical 
blood loss is critical and protocols to achieve this goal are 
suggested [19]. The case reports discussed here all provide 
examples of several of these strategies that have been used 
successfully alongside with HBOCs to improve the out-
comes of patients.

Key Points
• Patients for whom transfusion of blood components is not 

an option represent a diverse group including those who 
refuse transfusions due to personal convictions, religious 
beliefs or concerns over risks of blood, those who cannot 
be transfused due to medical reasons (e.g. alloantibodies) 
or logistical issues.

• Current HBOCs might not be a match for allogeneic 
blood transfusions in terms of their safety and efficacy 
profile, but they can offer an “oxygen bridge” for 
severely anemic critically ill patients who are candidate 
for blood transfusions but cannot be transfused for any 
reasons.

• In the US, HBOCs are available to these patients under 
the Expanded Access (or “Compassionate Use”) program 

that has been devised by the FDA to streamline the access 
to investigational products in a timely manner outside of 
clinical trials for patients with an immediately life- 
threatening condition or serious disease, when no satis-
factory alternative treatment options is available.

• Several case series describing the use of HBOCs under 
the Expanded Access program have been published, and 
they generally support the feasibility of the treatment, 
limited and well-tolerated side effects, and possible con-
tribution to improve outcome of the patients.

• For best results, HBOCs should be used as part of com-
prehensive Patient Blood Management protocols includ-
ing several other strategies aimed at increasing oxygen 
delivery, reducing oxygen demand, promoting hemato-
poiesis, managing underlying causes of anemia and 
reducing further blood loss.
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Regulatory Perspectives on Clinical 
Trials for Oxygen Therapeutics When 
Transfusion of Red Blood Cells is Not  
an Option

Toby A. Silverman

 Status of Red Blood Cell Transfusion 
in the United States

In the United States, there are mounting challenges to the 
provision of an adequate blood supply for current and future 
patients. These challenges relate to aging of the current 
donor pool and the need for continuous recruitment of blood 
donors including those newly eligible to donate; ensuring the 
adequacy of the blood supply in the case of public health 
emergencies such as emerging infectious diseases or radia-
tion/chemical agent threats; improvements to the cost and 
reimbursement model for blood and blood products; the lack 
of an integrated data system to monitor blood collection and 
utilizations as well as donor and patient safety; and the need 
for measures to promote safety and innovation such as the 
development, use, or implementation of new technologies, 
processes, and procedures to improve the safety and reliabil-
ity of the blood supply [1]. Weiskopf et  al. have recently 
summarized these issues related to adequacy of the blood 
supply, highlighting some issues that have emerged during 
the SARS-CoV-2 pandemic and pointing again to the recog-
nized need for innovation in the development of safe and 
effective alternatives to traditional transfusion blood prod-
ucts [2]. Scientific and regulatory considerations on the 
development of HBOCs for use in lieu of red blood cell 
transfusion when red blood cells are available and can be 
used have been discussed elsewhere [3]. Severe anemia when 
red blood cell transfusion is indicated but is not an option is 
a setting where a novel product would be of great use. Severe 
anemia meeting this requirement, outside of a wide-spread 
blood-borne infection or a mass casualty event, is a rare con-
dition; and the best information about the risk of morbidity 
and mortality has been collected among patients who have 
refused transfusion [2, 5].

At present, there are no available oxygen therapeutic 
agents for use in humans in the United States [6]. The 
development of oxygen therapeutics for clinical use there-
fore occurs in the context of a regulatory environment for 
approval of drugs and biologics which is briefly summa-
rized in the next section. These requirements should further 
be understood in the context of the complicated history and 
standards of review of efficacy performed under the Drug 
Efficacy Study Implementation program summarized by 
Weiskopf, et al. [4], the resulting unique standards applied 
since that time to the approval of blood and blood compo-
nents, and the differences between the regulation of manu-
factured products as compared with the regulation of blood 
and blood components. This chapter will discuss the stan-
dards for and special considerations for approval of oxygen 
therapeutics for use as (manufactured) drugs; it will not 
discuss the different regulatory considerations that would 
apply for use of oxygen therapeutics solely under the device 
regulations. FDA regulations confer great discretionary 
latitude to agency reviewers to interpret what is required to 
demonstrate an adequate benefit to risk ratio as discussed 
below.

 General Regulatory Background 
in the United States

 Requirements for Approval/Licensure of Drugs 
and Biologics

In the United States, new drugs and biologics must be 
approved before they may be marketed. Drugs are done so 
under authority of Section 505 of the Federal Food, Drug, 
and Cosmetic Act (the Act)(United States Code, Title 21, 
Chapter 9. Section 505 of the Act (21  U.S.C. §355) 
describes the legal framework for the evaluation, review, 
and approval of new drugs for introduction into interstate 
commerce. Biological products are approved under author-
ity of section 351 of the Public Health Service Act (PHS 
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Act) (42  U.S.C. §262). The requirements for licensure 
include a showing that the product is ‘safe, pure, and 
potent.’ The history of regulations under these two provi-
sions has been reviewed previously [3]. The most important 
regulatory concept relates to what constitutes “substantial 
evidence of effectiveness.”

‘Substantial evidence’ is defined in section 505(d) of the 
Act as ‘evidence consisting of adequate and well-controlled 
investigations, including clinical investigations, by experts 
qualified by scientific training and experience to evaluate 
the effectiveness of the drug involved, on the basis of which 
it could fairly and responsibly be concluded that the drug 
will have the effect it purports or is represented to have 
under the conditions of use prescribed, recommended, or 
suggested in the labeling or proposed labeling thereof.’ 
(The experts referred to in the law are the medical review 
staff at FDA). What constitutes “substantial evidence of 
effectiveness” has long been controversial, particularly as 
the term relates to rare diseases or to diseases that are seri-
ous and or life- threatening for which there is an unmet 
medical need.

Any clinical trial in support of an NDA or BLA designed 
to meet the standard of demonstrating ‘substantial evidence 
of effectiveness’ must also meet the requirements for being 
‘adequate and well controlled’ as defined in the Code of 
Federal Regulations at 21 CFR 314.126. What constitutes an 
adequate control in the case of rare or life-threatening dis-
eases for which there is an unmet medical need, to support a 
determination of substantial evidence of effectiveness, is dis-
cussed below.

In 2019, FDA updated its guidance on providing clinical 
evidence of effectiveness for human drug and biological 
products to include discussion of types of controls that may 
be accepted by the agency [7]. Specifically, the document 
addresses the issue of adequacy of ‘confirmatory evidence’ 
in the case of presentation of data from a single adequate and 
well-controlled clinical trial, noting that confirmatory evi-
dence could include …‘certain types of real world evidence 
such as …well-documented natural history of the disease.’ 
The wording of the guidance indicates significant discretion 
on the part of FDA reviewers as to the criteria for determin-
ing substantial evidence of effectiveness, an important point 
for development of any product for a rare or life-threatening 
condition.

For safety purposes, clinical trials capture information 
about new and/or novel adverse events, as well as quantita-
tive and/ or qualitative increases in expected adverse events 
above their underlying background rate/intensity. Studies 
may also be designed to capture interactions of study prod-
uct with a wide variety of co-morbid conditions. As noted 
above, for any indication, a drug or biologic must have a 
favorable benefit to risk profile, which is a subjective 
determination.

 Expedited Programs

As noted, the drug/biologic development pathway outlined 
above raises several concerns related to evaluation of prod-
ucts for serious or life-threatening diseases for which there is 
an unmet medical need. FDA had long had programs to 
expedite development of drugs and biologics to treat such 
diseases or conditions, captured in the regulations for expe-
dited programs [8]. The provisions for expedited programs 
have been modified a number of times and FDA has accord-
ingly issued new/updated guidance (extended expiration date 
of 04/30/2021) [9]. The four FDA programs outlined in the 
guidance are intended to facilitate and expedite development 
and review of new drugs to address unmet medical need in 
the treatment of a serious or life-threatening condition and 
include fast track designation, breakthrough therapy desig-
nation, accelerated approval, and priority review designa-
tion. The threshold conditions that must be met by all 
development programs under this guidance include a deter-
mination that the condition is serious, the drug/biologic is 
intended to treat a serious condition, and that there is an 
unmet medical need.

The programs differ based on the type and quantity of 
information needed to support the potential of the drug or 
biologic to address these various conditions (fast track ver-
sus breakthrough designation); and whether the efficacy 
endpoint(s) of the study measure an effect on irreversible 
morbidity or mortality (IMM) or symptoms that represent 
serious consequences of the disease, or on surrogate 
endpoint(s) or intermediate clinical endpoint(s) (defined as 
measurement of a therapeutic effect that can be measured 
earlier than an effect on IMM) that are reasonably likely to 
predict an effect on irreversible morbidity or mortality or 
other clinical benefit, taking into account the severity, rarity, 
or prevalence of the condition and the availability or lack of 
alternative treatments (priority review versus accelerated 
approval). The reader is referred to the guidance documents 
for a fuller explanation of the criteria for each of these 
programs.

 Real World Evidence

Since passage of the twenty-first Century Cures Act (Pub.L. 
114–255) in 2016, there has been considerable discussion 
about the role of “real world evidence” (RWE) to support 
and inform regulatory decision-making. Section 3022 of the 
Cures Act required FDA to establish a program to evaluate 
the potential use of RWE to help to support the approval of a 
new indication for a drug approved under section 505(c) of 
the Federal Food, Drug, and Cosmetic Act (FD&C Act) and 
to help to support or satisfy post-approval study require-
ments. In December 2018, FDA published its Framework for 
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FDA’s Real-World Evidence Program, providing examples 
where RWE has informed regulatory decision-making, as 
well as advantages and pitfalls of such data collection and 
use (such as lack of randomization, potential for bias, 
absence of blinding, data reliability and relevance, gaps in 
data capture, etc.), noting that “use of RWE for efficacy 
decision- making is relatively new” [10].

Real World Evidence is defined as “the clinical evidence 
about the usage and potential benefits or risks of a medical 
product derived from analysis of real-world data (RWD), and 
real-world data are defined as “data relating to patient health 
status and/or the delivery of health care routinely collected 
from a variety of sources.” The framework recognizes that 
RWE may contribute useful and important information 
including, for example, information from observational stud-
ies and patient registries, to data collected from traditional 
clinical trials that have carefully prescribed criteria for 
patient selection, patient care, data acquisition and data 
analysis.

Of importance for the development of hemoglobin-based 
oxygen therapeutics for rare or life-threatening disorders is 
the acknowledgment by FDA that it has exercised regulatory 
discretion in accepting real world evidence to support other 
drug and biologic product approvals where approval is based 
on a single-arm interventional trial in circumstances when 
the effect size is expected to be large and when randomiza-
tion is unethical or not feasible. The framework notes that 
“using external controls has limitations including difficulties 
in reliably selecting a comparable population because of 
potential changes in medical practice, lack of standardized 
diagnostic criteria or equivalent outcome measures, and vari-
ability in follow-up procedures.” FDA has stated its belief 
that collection of RWD on patients currently receiving other 
treatments, together with statistical methods such as propen-
sity scoring, may have the potential to improve the quality of 
the external control data that are used when randomization 
may not be feasible or ethical, provided there is adequate 
detail to capture relevant covariates [10].

 Rare Diseases

FDA defines an orphan condition as one that affects fewer 
than 200,000 persons in the United States, or as one that 
affects more than 200,000 persons in the United States for 
which there is no reasonable expectation that the cost of 
developing and making available in the United States a drug 
for such disease or condition will recovered from sales in the 
United States of such drug (Public Law 97–414, as amended; 
Last updated August 2013). For a drug to qualify for orphan 
designation both the drug and the disease or condition must 
meet certain criteria specified in the Orphan Drug Act and 
FDA’s implementing regulations at 21 CFR Part 316. Drugs 

for orphan indications must meet the same “substantial evi-
dence of effectiveness” standard for approval as drugs for 
more common conditions including a clear statement of the 
study objectives, design that permits a valid comparison with 
a control, and elements to reduce bias. As noted earlier, how-
ever, FDA has exercised significant discretion as to the kind 
and quantity of data a sponsor is required to provide for an 
individual drug.

FDA has issued two guidance documents on rare diseases 
that are relevant to the development of hemoglobin-based 
oxygen carriers for use when transfusion of red blood cells is 
indicated but is not possible [11, 12]. These guidance docu-
ments discuss, among other topics, the use of various types 
of natural history studies that may inform design, execution, 
and interpretation of “adequate and well controlled” clinical 
trials for rare diseases or conditions, and the advantages and 
disadvantages of retrospective and prospective natural his-
tory studies as external controls. FDA’s comments on types 
of controls considered appropriate for regulatory submis-
sions in the two guidance documents on rare diseases com-
port with its stance articulated within the context of the 
framework for real world evidence and highlights the cau-
tious approach FDA intends to take with regard to data 
obtained outside of traditional clinical trials.

 Animal Rule

An oxygen therapeutic may be used in situations where clini-
cal trials for the indication are not ethically possible. Clinical 
trials for the hematopoietic sub-syndrome of Acute Radiation 
Syndrome is an example of such a clinical scenario. The 
approval of new drugs when human efficacy studies are not 
ethical and field trials are not feasible is governed by regula-
tions codified in 21 CFR 314.600 through 314.650 for drugs 
and 21 CFR 601.90 through 601.95 for biological products. 
FDA has issued guidance on the development of products 
under the Animal Rule [13]. This guidance outlines consid-
erations for study design and analysis of studies to support 
approval under the Animal Rule and issues related to the 
choice of the animal model from which conclusions about 
likely efficacy in humans and translation of appropriate 
doses. The regulations are applicable only if human efficacy 
studies cannot be conducted because such trials are unethical 
and field trials after an accidental or deliberate exposure are 
not feasible. The pathway does not apply to drugs that can be 
approved for the proposed indication “based on efficacy 
standards described elsewhere in FDA’s regulations” and 
therefore would generally not relate to development of an 
oxygen therapeutic for use when red blood cell transfusion is 
indicated but is not possible. Four conditions must be met to 
support the use of the Animal Rule pathway: (1) the patho-
physiologic mechanism of toxicity of the inciting agent is 
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reasonably well understood; (2) with few exceptions, the 
effect is demonstrated in more than one animal species 
expected to react with a response predictive for humans; (3) 
the animal study endpoint is clearly related to the desired 
benefit in humans, generally the enhancement of survival or 
prevention of major morbidity; and (4) the data or informa-
tion on the kinetics and pharmacodynamics of the product or 
other relevant data or information, in animals and humans, 
allows selection of an effective dose in humans. A major 
consideration for the design, conduct, and interpretation of 
the results of animal studies of severe anemia relate to the 
requirements for ethical and humane treatment of animals 
and therefore the euthanasia criteria specified by local ani-
mal use committees. It is beyond the scope of this chapter to 
examine all of the issues related to care and treatment of ani-
mals in such experiments.

 Regulatory Programs to Permit Product Use 
Not Part of Drug Development Pathways 
Leading to Approval

The common theme for programs such as Expanded Access, 
Right to Try, and Emergency Use Authorization is that 
patients have a serious condition or in a life-threatening situ-
ation, that there is an unmet medical need of some sort, that 
participation in a clinical trial is not feasible, that the poten-
tial benefits of using the product outweigh the potential risks 
and that the potential risks are not unreasonable in the con-
text of the disease or condition being treated (captured as 
completion of Phase 1 clinical trials in the case of Right to 
Try). The programs are primarily intended to address certain 
exigent circumstances and, in general, would not be expected 
to provide sufficient evidence to support a submission (NDA 
or BLA) for regulatory approval for marketing purposes.

 Expanded Access

FDA’s regulations on expanded access to investigational 
drugs for treatment use under an investigational new drug 
application (IND) (21 CFR part 312, subpart I), went into 
effect on October 13, 2009. FDA issued guidance on 
Expanded Access, finalized in June, 2016 and updated in 
October, 2017 [14]. “Expanded access refers to the use of an 
investigational drug when the primary purpose is to diag-
nose, monitor, or treat a patient’s disease or condition rather 
than to obtain the kind of information about the drug that is 
generally derived from clinical trial.” The process is intended 
to facilitate “access to investigational drugs for treatment use 
for patients with serious or immediately life-threatening dis-
eases or conditions who lack therapeutic alternatives.” 
Patients for whom expanded access drug use is intended 

must have a serious or immediately life-threatening disease 
or condition for which there is no comparable or satisfactory 
alternative therapy to diagnose, monitor, or treat the disease 
or condition; the potential patient benefit must justify the 
potential risks of the treatment use; and those potential risks 
must not be unreasonable in the context of the disease or 
condition to be treated. Providing the investigational drug for 
the requested is not supposed to interfere with the initiation, 
conduct, or completion of clinical investigations that could 
support marketing approval of the expanded access use or 
otherwise compromise the potential development of the 
expanded access use.

 Right to Try

The Right to Try Act (Trickett Wendler, Frank Mongiello, 
Jordan McLinn, and Matthew Bellina Right to Try Act) was 
signed into law May 30, 2018 [15]. This law is applicable to 
patients with life-threatening diseases or conditions who 
have exhausted all approved treatments and who are not able 
to participate in a clinical trial. The Act permits patients who 
meet the conditions listed above and who have provided or 
for whom informed consent has been provided by a legally 
authorized representative to have access to an eligible inves-
tigational drug for which a phase 1 study has been completed 
and which has not been approved by FDA for any use. The 
product in question must be under investigation in a clinical 
trial that is intended to form the primary basis of a claim of 
effectiveness in support of FDA approval and which is the 
subject of an active investigational new drug application. 
Active development of the drug must be ongoing and use of 
the product must not be the subject of a clinical hold by 
FDA. This pathway is in addition to access to investigational 
drugs under the expanded access pathway for which FDA 
has also issued guidance. Use of a product in individual 
patients meeting the criteria of the Right to Try Act would 
generally not be anticipated to provide information to sup-
port a regulatory submission for approval. To date, it appears 
that use under this law has been very limited.

 Emergency Use Authorization

Section 564 of the Federal Food, Drug, and Cosmetic 
(FD&C) Act authorizes the Secretary of Health and Human 
Services to permit the emergency use of medical products by 
declaring an emergency or threat that justifies the emergency 
use. The purpose is to enable access to “unapproved” prod-
ucts and to enable use of approved products for a new, unap-
proved indication [16].

In January 2017, FDA issued guidance on Emergency 
Use Authorization of Medical Products and Related 
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Authorities (expires 08/31/2022) laying out FDA’s general 
recommendations and procedures for authorization of emer-
gency use of certain unapproved medical products or unap-
proved uses of a previously approved product to enhance 
national preparedness for public health, military, and domes-
tic emergencies involving chemical, biological, radiological, 
and nuclear (CBRN) agents, including emerging infectious 
disease threats such as pandemic influenza [17]. This author-
ity is separate and distinct from the authority to permit inves-
tigational uses of the same products under investigational 
new drug (IND) or investigational device exemption (IDE) 
regulations, or under Section 564A which provides for a 
streamlined mechanisms to facilitate preparedness and 
response activities involving certain FDA-approved MCMs 
without FDA issuance of an EUA.

In order for an EUA to be issued, the Secretary of Health 
and Human Services must determine that the conditions for 
emergency use exist. FDA may issue an EUA to allow an 
Medical Counter Measure (MCM) to be used in an emer-
gency to diagnose, treat, or prevent serious or life- 
threatening diseases or conditions caused by a Chemical/
Biological/Radiological/Nuclear (CBRN) agent. The 
issued EUA may also clearly define the conditions under 
which the product may be used and may set requirements 
for data reporting. The EUA may be revoked if the public 
health emergency ends or if the criteria under which the 
EUA was issued change, including, but not limited to, the 
scientific justification for its use. Critically, issuance of an 
EUA is not intended to be interpreted or seen as “approval” 
of the product, nor is it intended to establish the product as 
a new standard of care.

 Considerations for Use When Red Blood Cells 
Are Indicated but Are Not Available or 
Cannot Be Transfused

This document has reviewed some laws and regulations 
applicable to the development of hemoglobin-based oxygen 
carriers for use when red blood cell transfusion is indicated 
but is not possible. As noted above, programs such as 
Expanded Access, EUA, and Right to Try do not address the 
regulatory requirements for approval by the FDA even 
though they may provide temporary access to product. This 
review highlights the considerable challenges facing devel-
opers of HBOCs to conduct clinical trials for licensure in the 
United States, especially in the situation of severe and life- 
threatening anemia. The clinical course and the risk for death 
as a function of nadir hemoglobin concentration ([Hb]) have 
been examined in at least five retrospective/prospective anal-
yses of outcomes of patients for whom red blood cell trans-
fusion was not an option and recently summarized [5, 
18–21]. The results of assessments in (1) postoperative ane-

mia and (2) among mixed populations of both surgical and 
non-surgical hospitalized patients (“all-comers”) resulted in 
remarkably similar findings within each category about the 
trajectory of death as nadir [Hb] concentration decreases. In 
particular, a recent report by Guinn et al. summarizing pro-
spectively collected data from 271 patients with untrans-
fused severe anemia confirms the results of earlier studies 
showing that the risk for death increases as a function of 
decreasing Hb and indicates that time to death decreases 
with decreasing [Hb] [21]. The remarkable similarity of data 
within each of the two categories cited above from these 
sources would appear to fulfill the criterion of “well- 
documented … course that can be objectively measured and 
verified, such as high and temporally predictable mortality.” 
Severe untreated anemia is a rare condition that merits con-
sideration of (1) the use of Real-World Evidence as captured 
in the retrospective/prospective and prospective natural his-
tory studies noted above and (2) the use of such studies as 
external controls for a single arm evaluation of an HBOC to 
improve survival. Statistical analyses of the data described 
above have shown that an HBOC improves survival when 
administered to a severely anemic patient for whom red 
blood cell transfusion is not an option [2, 4]. The existing 
evidence suggests that the use of an HBOC in patients with 
severe anemia is more effective than current standard of care. 
This would enable a single-arm study against historical data 
that would obviate the need to consider whether or not to 
permit the control patients to have access to the HBOC and 
under what circumstances such access might be permitted, 
thus making moot the ethical and analytical dilemma such a 
design entail.

Key Points
• Challenges to adequacy of the blood supply highlight the 

need for innovation in the development of safe and effec-
tive alternatives to traditional transfusion blood products

• Because there are no available oxygen therapeutic agents 
for use in humans in the United States, the development 
of oxygen therapeutics for clinical use occurs in the con-
text of a regulatory environment for approval of drugs and 
biologics.

• In the United States, the statutory standard for approval of 
a drug or biologic is “substantial evidence of effective-
ness” which is determined through the conduct of “ade-
quate and well controlled clinical trials.”

• FDA has long had programs to expedite development of 
drugs and biologics to treat serious or life-threatening dis-
eases or conditions leading to priority review and acceler-
ated approval for marketing purposes.

• FDA has long had programs for making drug/biologic 
available to patients in need such as Expanded Access 
programs and Right to Try. Emergency Use Authorization 
allows temporary availability to products to address 
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declared health emergency situations. Not all such pro-
grams are compatible with requirements for approval.

• For rare diseases, certain aspects of Real-World Evidence 
may be accepted by FDA to support drug/biologic devel-
opment but FDA has identified significant issues with the 
use of Real-World Data to provide external controls for 
single-arm interventional studies due to the potential for 
bias. Discussion of the use of Real-World Evidence as 
external controls requires discussion with FDA before 
conducting any study with regulatory intent.

Disclaimer The opinions or assertions contained herein are the pri-
vate views of the authors and are not to be construed as official or as 
reflecting the views of the U.S.  Department of Health and Human 
Services.
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