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Abstract

The toxic side effects of early generations of red blood cell substitutes have
stimulated development of more safe and efficacious high-molecular-weight
polymerized hemoglobins, poly(ethylene glycol)-conjugated hemoglobins,
and vesicle-encapsulated hemoglobins. Unfortunately, the high colloid os-
motic pressure and blood plasma viscosity of these new-generation materials
limit their application to blood concentrations that, in general, are not suf-
ficient for full restoration of oxygen-carrying and -delivery capacity. How-
ever, these materials may serve as oxygen therapeutics for treating tissues
affected by ischemia and trauma, particularly when the therapeutics are co-
formulated with antioxidants. These new oxygen therapeutics also possess
additional beneficial effects owing to their optimal plasma expansion proper-
ties, which induce systemic supraperfusion that increases endothelial nitric
oxide production and improves tissue washout of metabolic wastes, further
contributing to their therapeutic role.
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1. INTRODUCTION

Historically, the development of artificial red blood cell (RBC) substitutes focused on restoring
blood oxygen-carrying capacity by introducing solutions of hemoglobin (Hb) or perfluorocarbons
(PFCs) into the systemic circulation. In practice, this approach is preceded by remedying the
volume component of blood loss via transfusion of plasma expanders such as saline, Ringer’s lactate,
plasma, and albumin solutions. Surprisingly, the oxygen-carrying and plasma-expansion aspects of

78 Palmer · Intaglietta



BE16CH04-Palmer ARI 28 May 2014 11:14

RBC substitute development remained compartmentalized until recently, when it became evident
that an oxygen-carrying RBC substitute must also be a good plasma expander. This realization
is significant because excellent plasma expansion can compensate for some of the limitations of
oxygen-carrying fluids, whereas adequate oxygen-transport capacity does not compensate for poor
plasma expansion and indeed can enhance the toxicity of Hb-based transfusion materials. This
review analyzes how RBC substitutes respond to the physiological deficits arising from blood loss
as well as how they address and correct the corresponding decrease in blood oxygen-carrying and
-delivery capacity.

2. THE NEED FOR RBC SUBSTITUTES

Health-care systems are highly dependent on blood to prevent or treat anemia, and the continuous
availability of blood is necessary to sustain a high standard of medical care worldwide. One of the
principal regulators of the global blood supply, the World Health Organization (WHO), has
codified recommendations for blood collection, processing, and storage, thus setting guidelines
for standardized procedures.

In the United States, blood usage is approximately 14 million units per year. This supply is
obtained from approximately 8 million volunteer donors and is transfused to about 3.5 million
individuals yearly (1). At present, the supply is adequate for the current US population, and
shortages are seldom reported.

The average volume of a unit of donated blood in the United States is approximately 450 mL;
worldwide, it ranges from 200 to 500 mL, with the donation volume in China (200 mL) trending
upward (2). Healthy, unpaid volunteers constitute the majority of blood donors in highly developed
countries, where the blood supply is used primarily by older cardiovascular surgery patients, victims
of trauma or sepsis, and individuals being treated for various malignancies (3). By contrast, the
majority of blood donors in developing and transitional countries are friends, family, and paid
blood donors, and their blood is used primarily to treat obstetric complications as well as maternal
and infant anemia (4).

Globally, approximately 107 million blood donations are made per year, with half of this amount
being collected in developed countries, which account for only 15% of the world’s population.
The average number of blood donations in the United States, Western Europe, Australia, and
South Korea is approximately 4.4 per 100 persons per year (5). As a donation rate of less than
1% of the population per year is considered inadequate for the practice of modern medicine,
worldwide access to the standard level of medical practice in developed countries would require
at least 300 million blood donations, which indicates a present global deficit of about 200 million
blood donations each year.

The possibility of meeting this demand is unlikely, as it would also require economic conditions
that make the cost of a unit of blood affordable. This cost is estimated to be $211 ± 38 in the United
States (2011) when purchased from a supplier and becomes as high as $522–1,183 per unit when
all associated costs with a transfusion are considered (6).

2.1. Factors and Trends in Blood Usage

Global blood usage is projected to increase with population growth and improvement in economic
conditions. Whether this trend will parallel that in the developed world depends on the outcome
of competing demographic and technological developments. The principal expected change is an
increase in blood usage due to an aging population. Individuals older than 65 years of age use 43%
of all donated blood in the United States. This group accounted for 12.8% of the population in
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2009 and is expected to grow to 17.9% of the population in 2025. This demographic shift also
impacts blood donation, as it shrinks the available donor population (7).

At present, RBCs can be stored refrigerated for up to 42 days after collection according to
criteria set forth by the US Food and Drug Administration (FDA), which stipulate that 75% per-
cent of transfused RBCs must survive in the circulation 24 h after transfusion. However, there
is increasing evidence that short- and long-term patient survival after cardiac and cancer surgery
(8, 9) decreases with increasing RBC ex vivo storage time and number of transfused units (10).
These outcomes are associated with immunomodulation due to transfusion-related proinflamma-
tory or immunosuppressive effects (11). Furthermore, RBC storage–induced damage impacts the
rheological properties of blood (12) and microvascular function (13), inducing pathologies. Since
RBC storage–induced damage appears after 14 days of RBC storage (14), limiting the ex vivo RBC
storage duration for better short- and long-term outcomes would also decrease blood availability.

Decreasing surgical blood loss through advances such as minimally invasive, or laparoscopic,
surgery may result in as much as a 3-fold decrease in the number of units of blood transfused (15).
However, meta-analyses comparing laparoscopic outcomes with those of conventional approaches,
although showing a decrease in the number of units of blood transfused, do not show significance
(16). Whether this is intrinsic to the procedures or because laparoscopic surgery is still at an early
stage remains to be determined. Furthermore, laparoscopic surgery is now complemented with
or replaced by robotic surgery, and comparative outcomes have yet to be evaluated (17).

Another factor that could lower blood demand is reductions in the transfusion trigger, or Hb
concentration, that prompts the need for a blood transfusion and in the transfusion target, or
transfusion end point. One analysis of blood use in intraoperative transfusions showed that 76.0%
of patients were transfused with 1–3 units of blood (representing 44.2% of all the blood used) and
that 11.7% received approximately 30% of all the blood used (18), showing that a small fraction of
the population uses a large portion of the blood supply. In this study, the overall mean Hb trigger
was 8.4 ± 1.5 g/dL, compared with current recommendations of 6–7 g/dL (19). As most blood
usage occurs in hospitals, lowering the transfusion trigger would significantly reduce blood usage.

At present, RBC transfusion is the fastest-growing common medical procedure that occurs in
hospitals in the United States (20); however, the use and supply of blood in advanced countries
appear to be constant, sufficient, and stable. The number of units of blood transfused in 2011
declined 8.2% ( p < 0.001) relative to 2008, and the available supply of blood exceeded the demand
by 725,000 units (21).

2.2. Morbidity and Mortality Due to Contamination

An initial incentive for the development of RBC substitutes stemmed from concern over con-
tamination of the blood supply by the human immunodeficiency virus (HIV) and its transmission
by blood transfusion. This, along with the threat of parallel transmission of the hepatitis C virus
(HCV), led to intense scrutiny of the blood supply and initiation of strict transfusion surveil-
lance based on detailed donor history and serological tests. This approach was successful, and
presently most known transmissions of disease occur during the time window between the donor
being infected and when the infectious agent can be detected in the blood. This time window is
progressively being narrowed.

The present risks of transmission of viral diseases in the United States are, for example, about
1/350,000 units of transfused blood for hepatitis B and C infection, 1/1,390,000 for HCV, and
1/2,000,000 for HIV. There has been no record of transfusion-transmitted syphilis for more than
30 years (22). Transmission of other pathogens such as cytomegalovirus and parvovirus B19 is of
concern, although their transmission profiles are similar to that of syphilis (23). Overall, the risk
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of viral contamination of blood by known pathogens is within the 6-sigma margin. However, the
emergence of new viral threats should be expected. Additionally, the risk statistics apply only to
fully tested blood, but as much as 10% of the global blood supply is untested.

The most common side effect of blood transfusion is an allergic reaction to the plasma proteins
present in the donated blood. Usually, the only symptoms are hives and itching. Fever occurring
within 24 h of transfusion is also frequent and is a response to the presence of white blood cells in
the donated blood. These reactions are easily treated and are compensated for by the undeniable
positive effects of, for example, treating anemia. A more serious reaction, transfusion-related acute
lung injury (TRALI), which causes difficulty in breathing lasting 2–3 days, has an incidence of
about 1/5,000 transfusions and has a 5–10% mortality rate.

Other side effects include hemolytic reactions; graft-versus-host disease; and those due to
infections caused by bacteria, viruses, and parasites, such as babesiosis, malaria, Lyme disease,
Chagas disease, dengue, and filariasis. However, as potential donors are questioned about their
travel histories and health, infections from these sources are rare.

2.3. Morbidity and Mortality Due to RBC Transfusion
but Unrelated to Disease Transmission

RBC transfusion is necessary in critically bleeding and profoundly anemic patients; however,
scholars are increasingly questioning both whether it is indicated in anemic patients with stable
hemodynamics and what type of patient benefits from RBC transfusion (24). In a recent critical
review of this paradigm, Isbister (24) stated, “It is not known for sure if a blood supply that is
safer than ever necessarily means that blood transfusions are safe for patients.” This contention
is supported by a large body of studies including meta-analyses showing that RBC transfusions
are directly associated with increased risk of morbidity and mortality (25, 26), and there is little
evidence of a derived benefit (27).

Many studies demonstrate strong associations between blood transfusions and bleeding, which
leads to decreased survival of transfused patients (28) who are being treated for acute coronary
syndrome (29). However, these statistical findings do not establish a cause and effect link between
bleeding and transfusion, as bleeding is independently associated with mortality, and establishing
causation in bleeding and its treatment by transfusion is complex (25).

Nadir Hb in hospitalized patients following myocardial infarction (MI) with Hb >8 g/dL has
predicted increased mortality. In one study, after risk adjustment, anemic patients receiving blood
were 50% more likely to die within the follow-up period (6–48 months) than anemic patients who
avoided blood transfusion (30).

Mechanistically, blood transfusion increases blood oxygen-carrying capacity. However, this
does not translate into increased tissue oxygenation and, indeed, often decreases it (31). This
decrease has been attributed to stored RBCs being low in 2,3-diphosphoglycerate (2,3-DPG),
and this deficit, in turn, causes Hb to increase its oxygen affinity. However, this is a small and
overestimated effect (32).

A partial list of factors implicated in the increase in mortality following blood transfusion
includes predisposition to postoperative infection (33), duration of RBC storage (8), strengthened
association between blood transfusion and vulnerability to malignancy (34), and loss of nitric
oxide (NO) activity in banked blood, which impairs the vasodilatory response to hypoxia as well as
promotes RBC adhesion to pulmonary endothelium (35). A meta-analysis of the relation between
risk of death and transfusion of older, stored RBCs concluded that “newer blood if used exclusively
might save lives” and that “current blood banking storage practices may not adequately protect
patients” (36).
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3. PHYSIOLOGICAL DEFICITS DUE TO BLOOD LOSS

The oxygen supply deficit due to hemorrhage can be broadly separated into several categories:
anemia due to RBC deficit, simultaneous deficit of circulating blood volume and oxygen-carrying
capacity, and local ischemia in which tissue pathology or injury prevents otherwise normal blood
from supplying oxygen to tissues. Ideally, a transfusion fluid would be matched to the causes and
extent of each of these issues.

3.1. Anemia and the Transfusion Trigger

In hospital settings, a lack of oxygen-carrying capacity manifests in a reduction in RBC count,
measured by the hematocrit (Hct) or Hb concentration, and patient blood volume is controlled by
fluid administration using plasma expanders. The major concern driving the decision of whether
to correct lost oxygen-carrying capacity with a blood transfusion is the danger of the patient
developing heart or brain ischemia. Tolerance to anemia depends in part on volemic conditions
and is better tolerated in normovolemia than hypovolemia, as the related hemodilution increases
cardiac output (37).

RBC transfusion corrects anemia and is used to ensure adequate oxygen delivery. However,
the physiological rationale for this is not clear, particularly for transfusions of one and two units
of RBCs, which account for a major fraction of overall blood use. As correction of anemia by
RBC transfusion involves an increase in blood volume, the amount of infused RBCs is limited by
considerations of hypervolemia, which, in turn, limit how much the oxygen-carrying capacity of
blood can be increased.

The physiological effects of hypervolemic infusion of RBCs in an anemic individual are not
well known, although they are generally perceived to be beneficial by practitioners and patients.
Beneficial responses may not, however, be related entirely to the increase in intrinsic oxygen-
carrying capacity, which in most cases is less than 10–15%. Responses are also a function of
patient status, and reports indicate that anemic intensive care patients do not benefit from blood
transfusions (38).

Experimental studies show that the normovolemic increase of blood viscosity in a healthy
specimen can cause a paradoxical increase in cardiac output and decrease in peripheral vascular
resistance (39), effects not attributable to changes in oxygen-carrying capacity because they also
occur using nonoxygen-carrying RBCs (40). This suggests that the increase in blood viscosity is a
factor contributing to the efficacy of RBC transfusion (41).

Considerations of the transfusion trigger for the treatment of anemia have important implica-
tions for the design of RBC substitutes, as they must be able to increase blood Hb concentration
and, possibly, viscosity; that is, they must be hypooncotic, so that they are not diluted by auto-
transfusion upon introduction into the blood stream.

3.2. Hemorrhage and Hemorrhagic Shock

Hemorrhagic shock is due to simultaneous loss of blood oxygen-carrying capacity and blood
volume, in which the circulation tolerates a comparatively large loss of intrinsic oxygen-carrying
capacity but collapses functionally after small losses of circulating blood volume. The loss
of circulating blood volume implies some form of trauma in which blood loss is a common
denominator. Although there is a very large body of knowledge on the etiology and treatment
of hemorrhagic shock, there are still many unknowns, including the actual volume and type of
fluid to be used during resuscitation. Resuscitation strategies vary from hypovolemic treatments
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(“running the patient dry”) to supranormal volume restitution through the infusion of large
quantities of saline-based solutions (42).

Experimental studies of prolonged hemorrhagic shock have shown that maintenance of mi-
crovascular perfusion and particularly functional capillary density (FCD) requires achievement of
a threshold blood/plasma viscosity (43) at which maintenance of FCD differentiates between sur-
vival and nonsurvival in conditions of prolonged hemorrhagic shock even though oxygen-carrying
capacity and tissue oxygen levels are the same (44). To date, studies of the human microcirculation
remain limited, and analysis of its functionality can be inferred only indirectly or by comparison
to studies in animal models, which respond differently to injury and treatment. [This discrepancy
was recognized by a 2008 FDA/NIH conference that concluded that the effects of RBC substitutes
observed in preclinical animal studies did not reproduce those found in clinical trials (45).]

Important consequences of hemorrhage are acidosis, significantly decreased cardiac output
due to lowered cardiac contractility, and impaired kidney function. Compensation of acidosis is
therefore required in shock treatment. Acidosis is, in part, related to imbalances in intra- and extra-
cellular osmolarity that lead to cellular swelling, which affects function in pancreatic, liver, heart,
and endothelial cells. Endothelial swelling has a widespread effect, as it promotes RBC trapping
in capillaries, lowering FCD and hindering RBC passage and therefore oxygen delivery (46).

The proposed rationale for introducing oxygen carriers significantly smaller in size compared
with RBCs such as liposomes and molecular solutions of oxygen carriers is to circumvent mi-
croscopic obstructions of the circulation that RBCs cannot bypass. However, this approach is of
doubtful efficacy because hemorrhagic shock also causes vasoconstriction and restriction of blood
flow. This, in turn, reduces microvascular perfusion velocity, allowing more time for the partial
pressure of blood oxygen to equilibrate with that of the anoxic tissue, thereby causing oxygen to
be prevalently unloaded in the precapillary regions and not in the capillary system.

3.3. Ischemia, Inflammation, and Reperfusion Injury

Correction of oxygen supply deficits due to interruption of blood perfusion poses important
problems in transfusion, as sudden reoxygenation induces reperfusion injury that affects tissue
and patient recovery owing to the generation of reactive oxygen and nitrogen species.

Ischemia reperfusion injury induces cellular damage via the production of oxidative molecu-
lar species, whose activity is not neutralized by endogenous antioxidants (47). As RBC and Hb
biochemistries modulate the effects of reactive molecular species, there is growing interest in
endowing RBC substitutes with similar properties, thereby introducing therapeutic components
that address free radical injury. This interest has shifted the development of RBC substitutes to
that of oxygen therapeutics that also address reperfusion injury, inflammation, cellular ischemic
damage, etc., in addition to increasing the oxygen-carrying capacity of blood.

Development of oxygen therapeutics could, in principle, help in reducing and controlling
not only the issues caused by hypoperfusion and ischemia but also the toxicity of Hb solutions;
however, this approach poses formidable problems because there is little agreement on the efficacy
of antioxidants in preventing ischemia reperfusion injury. It should also be noted that worms that
produce an excess of free radicals live longer, an effect that is abolished by the administration of
antioxidants (48).

4. RBC SUBSTITUTE DEVELOPMENT TO DATE

The quest for RBC substitutes has engaged academic laboratories and industry for three decades;
however, none of the results are definitive, and the majority of products proposed either have
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failed in clinical trials or are still in early preliminary testing. Several publications (49–53) have
recently reviewed the field and shown the following:

1. A practical oxygen carrier that is intrinsically not toxic is not available. The available se-
lection is restricted to different types of Hbs (human, bovine, and annelid) and PFCs. It is
extraordinarily difficult to control the natural toxicity of Hb from mammalian sources when
it is formulated as a solution outside of the protective internal environment of the RBC.
This intrinsic toxicity has been only partially eliminated from recombinant Hb and through
the use of annelid Hb as well as co-transfusion of haptoglobin. PFCs, though totally inert,
must be transported by emulsions based on phospholipids, which introduce comparatively
large amounts of lipids in the circulation (many grams for a moderate transfusion), a process
similar to adding a large amount of cholesterol to the circulation.

2. Allogeneic RBC transfusion is the standard of care; however, it has never been subjected to
testing by clinical trials (54), which renders comparison to RBC substitutes and evaluation
of their risks difficult. This difficulty of comparison is illustrated by consideration of the
causes that led to failure of RBC substitutes in clinical trials. As an example, all products
were perceived or found to cause hypertension, which was considered to be a significant
risk factor. However, hypertensive interventions are the standard of care in many forms of
resuscitation, and experimental studies have found such interventions to be more beneficial
than nonhypertensive approaches.

3. It is difficult to test for long-term (1–5 years) morbidity and mortality, which are critical
parameters of comparison between the standard of care and proposed RBC substitutes.

4. There is a lack of physiological information on the effect of blood and RBC substitute trans-
fusion and the effects of blood storage at the microvascular level, where many important
effects take place. Many RBC substitutes have undergone perfunctory tests in the microcir-
culation, but at least one product that failed after allegedly having been tested in 10 clinical
trials (49) was never investigated for its functional effects in the microcirculation.

5. There is an imperfect understanding of the biophysical properties of blood, particularly
regarding (a) the role of blood viscosity (55) and how this interacts with heart function (56),
(b) the regulation of vasodilatation and perfusion by RBCs, and (c) the role of blood oxygen
affinity and the effects of blood storage on microvascular perfusion (13).

6. There is a lack of quantitative understanding of the oxygen gradients needed to oxygenate
ischemic tissues.

5. RESULTS FROM PLASMA EXPANDER AND RBC
SUBSTITUTE RESEARCH

5.1. The Role of Viscosity

Nonoxygen-carrying plasma expanders precede the use oxygen-carrying RBC substitutes for the
treatment of blood loss, and the transition between resuscitation regimes is determined by Hb level,
based on experience and patient status. However, the transition from nonoxygen-carrying plasma
expansion resuscitation to oxygen-carrying fluid resuscitation is carried out without information
on the extent of the functional impairment of the microcirculation upon reaching the switchover
point or transfusion trigger.

Experimental studies show that at the transfusion trigger, there is a significant reduction of
microvascular flow owing to reduced blood viscosity, microvessel wall shear stress (WSS), and
endothelial production of NO (57). This flow reduction results in capillary collapse, hindering
oxygen delivery while toxic metabolic waste by-products accumulate in the tissue.
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Comparative experimental transfusion studies with plasma expanders and blood show that
restoration of oxygen transport capacity in hemorrhaged hamsters may not cause the initial
therapeutic benefit, as using fresh blood, or nonoxygen-carrying blood equilibrated with carbon
monoxide, and blood whose Hb is converted to methemoglobin (metHb) yields the same result
(58). Therefore, it appears that blood transfusion induces resuscitation by restoring physiological
deficits unrelated to loss of oxygen-carrying capacity, such as the normalization of blood viscosity.

Microvascular studies comparing the ability of plasma expanders to restore plasma and blood
viscosity following 50% blood loss and 1 h of induced shock show that lowering blood viscos-
ity only partially corrects microvascular impairment, whereas high-viscosity alginates, dextrans,
poly(ethylene glycol) (PEG)-conjugated albumin (PEG-albumin), and polymerized albumin yield
significantly greater recovery of FCD (59, 60). Extensive clinical studies have focused primarily
on outcome, providing little information on the mechanisms underlying the results (61).

5.2. The Role of Plasma Expander–Induced Supraperfusion

Plasma expansion reduces the Hct and therefore blood viscosity, increasing blood flow velocity
owing to the reduction of peripheral vascular resistance. However, the related physiological benefit
is limited because significantly lowering blood viscosity lowers blood vessel WSS, and adequate
levels of WSS are needed for producing NO via mechanotransduction (62) in the endothelium
and for maintaining arteriolar dilatation to increase capillary pressure and sustain FCD (63).

The Hct varies throughout the circulatory system and is half the systemic value in the capillaries.
The systemic blood viscosity ranges from 4–6 cP, and the capillary blood viscosity is close to
the plasma blood viscosity, 1.2 cP, since the blood viscosity–Hct relationship is nonlinear (64).
Therefore, hemodilution with a plasma expander whose viscosity is twice that of normal plasma can
significantly lower blood viscosity in the systemic circulation while increasing blood viscosity in the
capillaries. The very large endothelialized surface area of capillaries and increased blood viscosity
significantly increase NO bioavailability, causing vasodilatation and increased tissue perfusion.

Tissue perfusion can be further augmented by manipulating the shear-thinning property of
blood, whereby blood viscosity is lowered in the high-shear-rate regions of the circulation, such
as the blood vessel walls. Resuscitation fluids such as PEG-albumin and polymerized albumin
solutions exhibit this property: increased WSS in the microcirculation with lowered energy ex-
penditure in the systemic circulation. Because these fluids also induce hemodilution, their effect
is to further increase WSS and NO production, establishing a highly beneficial condition of
supraperfusion (65, 66).

5.3. The Effect of Plasma Expansion Properties on Blood Transfusion Recovery

A recent experimental study of hemorrhagic shock showed that outcome in terms of microvascular
function is dependent on the type of plasma expander used prior to initiating oxygen-carrying
capacity restoration with blood transfusion (67). Results were optimal using 4% PEG-albumin
and progressively worse for hydroxyethyl starch and homologous plasma. This indicates that
microvascular outcome due to blood transfusion is dependent on the reaction of the organism to
the initially used plasma expander, and this dependency is probably common to all oxygen carriers.

5.4. The Role of Plasma Expansion Properties in RBC Substitutes

Newly developed plasma expanders that induce supraperfusion increase the oxygen-delivery ca-
pacity of blood, as the arrival of oxygenated fluid (i.e., plasma, RBCs, and oxygen carriers) to
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the capillaries is a function of transit losses after blood leaves the lungs. These losses oxygenate
nonvital tissue regions and deprive oxygen from areas only oxygenated by capillaries. These losses
are also flow-velocity dependent, being significantly reduced at high flow rates because as oxygen
convection increases, diffusion remains comparatively constant, causing more oxygen to arrive
to the capillaries (68). Therefore, supraperfusion may be seen as an additional increase in blood
oxygen-carrying capacity, decreasing the need for an oxygen carrier.

Supraperfusion is also associated with increased FCD, which in combination with increased
perfusion improves removal of tissue waste metabolites. This latter effect in combination with
increased WSS and production of NO reduces inflammatory conditions and leukocyte activa-
tion, further improving tissue perfusion (57). Thus supraperfusion-inducing plasma expanders
yield oxygen therapeutic–like properties without actually physically increasing blood oxygen
content.

6. CURRENT RBC SUBSTITUTE DEVELOPMENT

Currently, there is no approved oxygen-carrying RBC substitute in the United States or Europe.
A PEG-conjugated Hb product, MP4OX (Sangart Inc., San Diego, CA), was tested in Phase III
clinical trials in Europe over the past few years, but it was not found to be effective and its
development was not pursued. Four products based on chemically modified molecular Hb with
roughly similar biophysical properties were tested in clinical trials in the United States and Europe
within the past decade, but they did not satisfy safety requirements. There is ample literature that
analyzes these products and the causes for their lack of success.

A common feature of the above-mentioned four modified molecular Hb products is that their
Hb is configured as a small molecule, which results in low-viscosity solutions. Furthermore, their
moderate colloid osmotic pressure (COP) allows for comparatively high plasma Hb concentra-
tions. Molecular Hb solutions with small molecular radii are intrinsically vasoactive regardless
of the chemical modification introduced, as they scavenge NO (69), thereby causing systemic
hypertension. However, this is not uniformly negative, as moderately anemic animals (18% Hct)
transfused with different concentrations of Oxyglobin R© (Biopure Corp., Cambridge, MA) (70)
showed significantly improved blood gas parameters for low concentration infusions (Hb: 4 g/dL)
but not for high concentration infusions (Hb: 8 g/dL).

Nonvasoactive PEG-Hb solutions are formulated at concentrations of 4 wt% with a COP of
50 mm Hg, which effectively limits their intravascular concentration by autotransfusion as well as
their potential vasoactivity. Furthermore, as COP increases nonlinearly with Hb concentration,
it is not practical to infuse higher Hb concentrations because autotransfusion further limits their
low oxygen-carrying capacity.

Vasoactivity is also counteracted by very-large-size molecular constructs such as vesicle-
encapsulated Hbs, annelid Hbs, and high-molecular-weight polymerized Hbs as a result of in-
creased WSS and additional NO generation by mechanotransduction (62).

7. OXYGEN THERAPEUTICS

Currently, the replacement of systemic blood oxygen-delivery capacity has not been attained.
However, given the oxygen partial pressure dependence of Hb oxygen saturation, Hb molecules
can be designed to target oxygen delivery to anoxic areas. Furthermore, features can be added to
the carrier to treat associated local cellular dysfunctions. This approach is embodied in products
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designated as oxygen therapeutics and is a promising area of development for treating local
ischemia and trauma.

7.1. PEG-Conjugated Hb

MP4OX is an oxygen therapeutic product in advanced development. It was designed for ischemic
rescue therapy and perfusion and oxygenation of tissues at risk of injury owing to ischemia
and hypoxia in hemorrhagic shock. MP4OX (formerly MP4; Hemospan) is a hexa-PEGylated
human Hb (HbA) with high oxygen affinity (P50 ∼ 4.5 mm Hg), low cooperativity, and low Bohr
effect that lowers vasoactivity due to arteriolar overoxygenation autoregulatory effects. This
product has been subjected to extensive experimental and clinical testing and, being effective in
maintaining microvascular function, has generally been found to present an excellent safety and
efficacy profile (71).

Results obtained with MP4OX are paradoxical, since it scavenges NO similarly to all other
Hb-based oxygen carriers (HBOCs) (69) and delivers oxygen if the tissue has reached a level
of hypoxia significantly beyond that at which medical practice prescribes a blood transfusion.
The explanation for these anomalies is that PEG-Hbs, like PEG-albumin, are excellent plasma
expanders and therefore improve oxygen-delivery capacity (65).

7.2. The Addition of Carbon Monoxide

A common feature of the present oxygen-therapeutics approach to RBC substitute development is
the low concentration of Hb in the transfusion solution. In addition, moderate carbon monoxide
(CO) saturation has been introduced for mitigating ischemia-induced injuries in the PEG-Hb
product SANGUINATETM (4.5 wt% PEGylated bovine Hb in hypertonic saline; Prolong Phar-
maceuticals LLC, Plainfield, NJ) and in MP4CO (4 wt% PEG-HbA in saline; Sangart Inc., San
Diego, CA).

The potential beneficial effects of small dosages of CO on cardiovascular performance are well
established in experimental models (58). Introducing CO dissolved in saline significantly increases
tissue perfusion (72). Resuscitation using either RBCs or CO-saturated RBCs shows equally rapid
recovery, which both supports the hypothesis that oxygen delivery is not the critical immediate
component of shock resuscitation and highlights the importance of the nature of the initial plasma
expansion and the necessity of restoring WSS. Furthermore, saturation of Hb with CO reduces
oxidation-related damage, which mitigates RBC storage–induced damage.

7.3. The Addition of Oxygen Free Radical Scavengers

The effect of reactive oxygen species that develop in the tissues as a result of inflammation,
ischemia, and trauma can be neutralized by the introduction of nitroxides such as the free radi-
cal scavenger TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl), which reduces blood
pressure in rodent models of hypertension and mitigates endothelial dysfunction (73). This medi-
ator reduces both toxicity due to superoxide production and NO scavenging due to the presence of
acellular Hb in the circulation (74). SynZyme Technologies LLC (Irvine, CA) developed polyni-
troxylation of αα-fumaryl cross-linked Hb [polynitroxylated PEGylated Hb (PNPH), VitalHeme]
as an oxygen therapeutic multifunctional product (75) that transports oxygen and has antioxidant
properties and plasma expansion properties owing to PEGylation. Preclinical data show that
PNPH also has neurovascular protective properties (76). PNPH should have a low or nonexistent
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toxicity profile; however, it combines materials of substantial cost—namely, PEG, bovine Hb, and
TEMPOL—which could limit its use as an RBC substitute in transfusion medicine.

8. CELLULAR HBOCs

In order to prevent Hb from interacting directly with the vasculature, it can be encapsulated inside
the aqueous core of vesicles. The short circulatory half-life of liposome-encapsulated Hb (LEH)
and vesicle aggregation and fusion during storage (77) were resolved by incorporating PEG on
the vesicle surface (PEG-LEH), thus causing steric hindrance, increasing circulatory persistence,
reducing interactions with blood plasma components, and increasing storage shelf life.

PEG-LEH half-life is a direct function of PEG molecular weight (MW) (78). As the maximum
MW is restricted by the formation of PEG-lipid micelles (79, 80), the optimal formulation in
rabbits is 5-kDa PEG with a circulatory half-life of about 48 h (78). However, because PEG
molecules smaller than 20 kDa are less effective in suppressing complement activation (81–83),
there is a balance between optimizing circulatory half-life and biocompatibility of PEG-LEHs.

Hb encapsulated inside vesicles composed of amphiphilic diblock copolymers (i.e., polymer-
somes) can potentially extend its circulatory half-life beyond that of PEG-LEHs. Amphiphilic
diblock copolymers containing a hydrophilic block (PEG) and a hydrophobic block (84–86) form
vesicles, which facilitate absolute control of the hydrophobic membrane thickness and size of the
PEG corona (87, 88). Palmer’s group (86) showed that polymersome-encapsulated Hb reduced
the rate of oxygen offloading and NO dioxygenation compared with cell-free Hb and PEG-LEH,
potentially mitigating extravasation, overoxygenation, and NO scavenging toxicity. However, the
clinical utility of polymersome-encapsulated Hb as an RBC substitute is limited owing to low Hb
encapsulation (<1 g/dL) (85, 89), which restricts oxygen-carrying capacity. Hence, PEG-LEHs
remain the most viable option for cellular HBOC development.

Tsuchida’s group has been at the forefront of in vivo validation of PEG-LEHs. For example,
Sakai et al. (90) demonstrated that the HBOC molecular dimensions are inversely proportional
to their vasoactivity, showing that vasoconstriction and hypertension decreased with increasing
HBOC dimensions at the same Hb dose, with PEG-LEH exhibiting no side effects. This result
was replicated for varying-sized polymerized Hbs (91), independently verifying the importance of
HBOC dimensions in reducing Hb toxicity.

The major route of PEG-LEH clearance is through the spleen and liver. Transfusion of PEG-
LEHs elicited increased plasma lipid levels that reduced to baseline levels after 7 days (92) and
splenohepatomegaly that reverted to baseline levels after several weeks (93). These effects can be
controlled by removing PEG-LEHs from the plasma through centrifugation and ultrafiltration
before the particles are cleared by the reticuloendothelial system (94).

Overall, cellular oxygen carriers have a longer circulation half-life and lower diffusivity than
acellular Hb and allow coencapsulation of allosteric effectors and antioxidants, mimicking the
internal RBC environment. In addition, encapsulated Hb is stable in its tetrameric form because
of its high intracellular concentration, which also presents a formidable diffusion barrier to gaseous
binding/release, rendering it vasoinactive (95–100).

8.1. Problems with Acellular Hbs

All of the problems associated with previous generations of RBC substitutes can be attributed
to removing Hb from the protective environment of the RBC. RBCs possess (a) enzymes that
prevent Hb oxidation (101–103), (b) a cell membrane to reduce interactions with NO (104),
(c) allosteric effectors to modulate oxygen delivery (105), and (d ) high internal Hb concentrations
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(∼300 mg/mL) that minimize Hb dimerization (106). Furthermore, Hb is an unstable pro-oxidant
that causes a myriad of side effects. As mentioned previously, Hb encapsulation avoids these side
effects. However, this also suggests that it may be worthwhile to develop an oxygen carrier that
avoids using mammalian Hbs altogether and that promotes the use of naturally acellular Hb, such
as the erythrocruorin of earthworms (LtEc).

9. EARTHWORM AND MARINE WORM Hbs

Earthworms (Lumbricus terrestris) lack RBCs. Therefore, LtEc naturally evolved without the pro-
tection of RBCs to solve many of the problems facing modern oxygen carriers. LtEc is a macro-
molecular complex of 144 heme-containing globin subunits and 36 nonheme linker proteins held
together by a dense network of intermolecular disulfide bonds and electrostatic interactions (107–
109). It is extremely stable (28-h half-life in 1.75-M urea) (110), and its large size (∼3.6-MDa
MW, ∼30-nm diameter) prevents extravasation. The heme groups in LtEc have less solvent ex-
posure than mammalian Hbs, providing a physical barrier to entry of oxidative species (107, 108,
111). LtEc is also highly resistant to oxidation and has a positive redox potential (+112 mV), in
contrast to the negative redox potential of HbA (−50 mV). Consequently, HbA is more prone
to oxidation (Fe2+ to Fe3+) and is much more likely to receive electrons and maintain the Fe2+

form, as antioxidants in human plasma (1-mM ascorbic acid) reduce up to 97% of oxidized LtEc
(112–114). Autoxidation rate constants for LtEc are not available, but values from another annelid
Hb [erythrocruorin of Arenicola marina (AmEc), 0.005 h−1] are much lower than those of HbA
(0.014 h−1) (112). Therefore, LtEc should elicit much less oxidative damage compared with pre-
vious generations of acellular oxygen carriers.

LtEc may also have a significantly reduced rate of NO scavenging. Interestingly, it has been
suggested that AmEc binds rather than scavenges NO (115), thereby reducing the oxidative stress,
tissue toxicity, vasoconstriction, and systemic hypertension that are associated with acellular oxy-
gen carriers. The low-resolution (3.5 Å) crystal structure of LtEc suggests that aromatic residues
at the B10 position should block NO dioxygenation (109). The oxygen affinity of LtEc is similar
to that of human blood, and it has some superoxide dismutase activity that protects it from free
radicals (116). Preliminary studies show that LtEc delivers oxygen, is vasoinactive, and does not
elicit systemic hypertension or immune responses in a top-load model (89).

Large Hb superstructures are also in the circulation of A. marina and consist of globin and
nonglobin linker chains that also form complexes with a MW of 3.6 MDa (117). This large
complex is used to produce the oxygen-carrying therapeutic HEMOXYCarrier R© (Hemarina S.A.,
Morlaix, France) (115). This therapeutic is reported to have natural antioxidant properties in the
presence of natural superoxide-dismutase-like enzymes (118) and a somewhat lower NO binding
rate than HbA. Its administration into rodents (4 g/dL in saline) caused a transient increase in
blood pressure that was not statistically different from that found after administering saline (119).

10. PFC-BASED OXYGEN CARRIERS

PFCs are extremely inert and stable synthetic fluorine–substituted hydrocarbons, which have high
oxygen/CO2 solubility (∼20 times greater oxygen solubility than water). Their thermal stability
is primarily due to the strong chemical bonds between carbon and fluorine atoms, one of the
strongest single bonds in molecular compounds. The high gas-dissolving capacity of PFCs is a
result of the weak Van der Waals interactions between PFC molecules. As the intermolecular
forces between PFCs are weak, liquid PFCs behave like gas-like fluids (53) and easily dissolve
gases including oxygen, CO2, N2, and NO.
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The difference between oxygen association with HBOCs and PFCs depends on whether the
oxygen molecule is covalently bound to the carrier molecule or physically dissolved within it.
For HBOCs, oxygen is covalently bound to the heme group of the Hb molecule (120). PFCs are
inert and extremely hydrophobic molecules not subject to oxidation reactions, and their ability to
physically dissolve gases obeys Henry’s law.

The extreme hydrophobicity of PFCs leads to very low solubility in water. Consequently, the
only way to utilize PFCs as an oxygen carrier in aqueous solution is to emulsify them with a sur-
factant in order to form an emulsion. The principal difficulties in utilizing PFCs as an appropriate
oxygen carrier lie in the identification of appropriate, biocompatible, and excretable PFCs and
emulsifiers, as well as in engineering stable biocompatible emulsions (120).

At a given dose of PFC, a linear relationship exists between the amount of oxygen dissolved
in the fluid phase of the PFC dispersion and the partial pressure of oxygen. Therefore, high
concentrations of dissolved oxygen in PFC-based oxygen carriers are available for diffusion into
tissues only at high partial pressures of oxygen. Hence, high inspired-oxygen concentrations are
required for physiological oxygen delivery from PFCs (121).

The PFC Fluosol-DA (Green Cross Corp., Osaka, Japan) was approved by the FDA in 1989 as
an adjunct for oxygen delivery during angioplasty. However, patients treated with Fluosol-DA in
clinical trials had adverse physiological reactions, and it was removed from the market in 1994 (122–
124). Second-generation PFC products include OxyfluorTM (HemaGen/PFC, Waltham, MA),
OxygentTM (Alliance Pharmaceutical Corp., San Diego, CA), and PerftoranTM (SPC-Perftoran,
Moscow, Russia). In Phase I clinical trials, Oxyfluor showed side effects (125), and its development
was terminated (126). Clinical trials of Oxygent were terminated owing to increased incidence of
stroke in coronary bypass patients. Perftoran has been approved in Russia and tested clinically
in Mexico (127). Other PFC products in development include PHER-O2TM (Sanguine Corp.,
Pasadena, CA), and OxycyteTM (Oxygen Biotherapeutics Inc., formerly Synthetic Blood Interna-
tional Inc., Morrisville, NC) (126).

11. STRATEGIES TO MITIGATE THE SIDE EFFECTS
OF ACELLULAR Hb

Increasing the molecular radius of HBOCs by various chemical modification strategies can mit-
igate the deleterious side effects of previous generations of HBOCs. Polymerization of Hb with
difunctional cross-linking reagents represents a simple strategy that can resolve previous concerns,
as polymerized Hbs (PolyHbs) are inherently larger in size than tetrameric Hb. The increase in
HBOC size should prevent the undesired extravasation/interaction of Hb through/with the blood
vessel wall and prolong circulatory half-life (128). Other strategies to increase the molecular size of
HBOCs mentioned above include conjugation of PEG to the surface of Hb (71) and encapsulation
of Hb in PEG-conjugated vesicles (99). Both of these strategies are costly to implement because
of the additional components (e.g., PEG and lipids) used.

In parallel with other approaches to reduce the side effects of transfused Hb, Olson’s group
at Rice University is taking a mechanistic biophysics approach to alleviate the hypertensive effect
of HBOCs. This group has designed recombinant Hbs with low NO scavenging rates via site-
directed mutagenesis of the distal heme pocket (129). This approach reduces vasoconstriction and
hypertension; however, scaling up production is expensive, and transfusion of recombinant Hb
still results in oxidative tissue toxicity owing to extravasation.

An alternative approach showed that continuous breathing of NO negates the hypertensive
effect in animals transfused with either α2β2 or commercially available small-sized PolyHbs (130,
131). This approach constitutes another strategy for reducing the NO-scavenging ability of Hb.
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However, it increases metHb levels with increasing NO concentration in blood, which decreases
RBC and HBOC oxygen-carrying capacity (130, 131), and as in the case of the recombinant
engineering approach, small-sized PolyHbs are still able to extravasate into the tissue space, thus
eliciting oxidative toxicity.

12. Hb POLYMERIZATION AS A STRATEGY TO MITIGATE
VASCULAR SIDE EFFECTS

In order to prevent the side effects commonly associated with early commercial HBOCs, re-
searchers have focused on preventing HBOC passage through the endothelial cell–cell junctions
of blood vessels and reducing the proximity of Hb to the endothelium. This approach is expected
to reduce endothelial-derived NO scavenging, reduce vasoconstriction and hypertension, and
reduce oxidative tissue toxicity (132, 133). Several companies are developing PolyHb solutions.

12.1. Oxyglobin R© and Hemopure R©

OPK Biotech LLC (Cambridge, MA) developed Oxyglobin R© and Hemopure R©, which consist
of glutaraldehyde-polymerized bovine Hb (PolybHb) with an average MW of 200 kDa and 250
kDA, respectively (http://www.opkbiotech.com/company/about.php). Glutaraldehyde forms
intramolecular cross-links within the Hb tetramer and intermolecular cross-links between neigh-
boring tetramers (134). Although approved for veterinary use in the US (135), Oxyglobin R© elicits
both vasoconstriction and hypertension in vivo (136). It also induces oxidative stress, damaging
blood–brain barrier endothelial cells, and elicits cellular apoptosis in vivo and iron deposition in
endothelial, neural, and renal tissues (137, 138).

Hemopure R© is composed of 2% unpolymerized bovine Hb (bHb) compared with 31% in
Oxyglobin R© (139) and is reported to elicit less hypertension. However, administration before,
during, and after elective aortic surgery caused hypertension in patients, and clinical trials high-
lighted the vulnerability of elderly orthopedic surgery patients to negative vascular side effects,
indicating that even with significantly less unpolymerized bHb, Hemopure R© still presents safety
risks (139–143).

12.2. PolyHeme R©

Northfield Laboratories Inc. (Evanston, IL) developed a glutaraldehyde-polymerized pyridoxal
phosphate cross-linked HbA product known as PolyHeme R©, which had an average MW of 150 kDa
and reduced oxygen affinity (135, 144). PolyHeme R© was administered to trauma, surgery, and hem-
orrhagic shock patients and did not increase blood pressure to unsafe levels. However, it showed
negative side effects in animal studies, inducing vasoconstriction in lambs (145) and organ failure
and death in hemorrhaged rats (146). Negative vascular responses are not surprising considering
that Oxyglobin R© and Hemopure R©, two larger-sized PolybHbs, displayed similar negative side
effects in vivo. Production was discontinued after ethical questions were raised over the consent
requirements of the final clinical trial (49, 147, 148).

12.3. HemolinkTM

Hemosol Inc. (Toronto, Canada) developed the O-raffinose cross-linked HbA product
HemolinkTM (135, 149), which had a wide range of MWs (149). It caused hypertension in coro-
nary artery surgery patients (150–152) in Phase II and III clinical trials. And although it had less
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renal toxicity in vivo and less NO reactions in vitro compared with HbA, it induced hypertension
in rats as well (153). Thus, despite HemolinkTM having a low affinity for NO in vitro, there was
still evidence of systemic hypertension (153). Production was discontinued owing to the negative
side effects found in clinical trials (49).

12.4. OxyVitaTM

All of the aforementioned commercial PolyHbs that reported such data had MWs ranging between
150 and 250 kDa. They all exhibited some form of vasoconstriction, hypertension, and/or oxidative
stress, which makes it reasonable to assume that these PolyHbs are still able to extravasate and
scavenge NO despite their larger size compared with Hb. Therefore, as Oxyglobin R© induces
oxidative stress, similarly sized HBOCs may possess similar potential for oxidation (137, 138) and
may, therefore, support the development of nonextravasating ultrahigh-MW PolyHbs.

In light of this knowledge, OXYVITA Inc. (New Windsor, NY) developed a high-MW
RBC substitute known as OxyVitaTM (http://www.oxyvita.us/) (154–156), which is an ultrahigh-
MW zero-link PolybHb with a reported MW of 42 MDa. OxyVitaTM is synthesized by cross-
linking the β-globin chains of bHb with bis(3,5-dibromosalicy)-adipoate and using 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide to polymerize the bHb tetramers (154–156). OxyVitaTM

caused low levels of vasoconstriction, which did not lead to hypertension in animal studies. These
benefits have been attributed to the large size of the PolybHb, which prevents its extravasation into
the tissue space, thereby reducing the vascular side effects common to many commercial oxygen
carriers. Despite this major advantage, OxyVitaTM possesses a high oxygen affinity, which limits
its potential for oxygenating tissue, like the case of MP4OX (154, 156).

13. OVERVIEW OF COMMERCIAL PolyHbs

Many of the commercial PolyHbs discussed above failed Phase III clinical trials even before
their potential for negative side effects was investigated at the cellular and microvascular lev-
els. Investigations into the gaseous ligand binding/release kinetics and the potential to induce
vasoconstriction, systemic hypertension, and oxidative stress could have foreshadowed the re-
sults of Phase III clinical trials. The wide differences in MW and molecular dimension between
Oxyglobin R©, Hemopure R©, PolyHeme R©, HemolinkTM, OxyVitaTM, and PEG-Hb-based products
highlight the molecular diversity of potential products and the need for a systematic study of the
effect of HBOCs’ size on their efficacy and safety.

14. SYSTEMATIC STUDY OF PolyHb MW ON SAFETY PROFILE

Palmer’s group pioneered the systematic study of the biophysical properties and in vivo responses
of variable-MW glutaraldehyde PolybHbs (91, 157–161). In one study, they used the quaternary
state of bHb to control the oxygen affinity of PolybHb solutions (159). The tense (T) and relaxed
(R) quaternary states of Hb could be induced by simply fully deoxygenating and fully oxygenating
the bHb solution, respectively. This facilitates synthesis of T-state and R-state PolybHbs by poly-
merizing T-state and R-state bHb, respectively, with glutaraldehyde (159). As expected, negative
vascular effects were reduced when the PolybHb’s MW was greater than 500 kDa, echoing the
findings with ultrahigh-MW OxyVitaTM. An important distinction between OxyVitaTM and the
high-MW T-state PolybHbs is the high P50 of the T-state PolybHbs and the low P50 of OxyVitaTM

(91, 154, 156). Previous work demonstrated that high-P50 HBOCs deliver oxygen to tissues more
readily than low-P50 HBOCs do (92). This was corroborated experimentally by means of direct
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microvascular-tissue-oxygen measurements, which showed that T-state PolybHb delivered more
oxygen to tissues in a hamster chamber window model versus R-state PolybHb (157).

In order to elucidate the effect of PolybHb size on oxidative tissue toxicity, a small library
of T-state PolybHbs was synthesized and evaluated in vivo (158). Kidney iron deposition and
hypertension decreased in proportion to increased PolybHb size. Similarly, circulatory half-life
increased as a function of increasing PolybHb size.

15. CONCLUDING REMARKS

The need for RBC substitutes arises not only from impending shortages or viral contamination
but also because allogeneic RBCs, properly screened for known transmissible viral and infectious
diseases, do not have short- and long-term safety profiles commensurate with modern expectations.

Decades of HBOC research has culminated in the development of oxygen therapeutics, ma-
terials that can deliver oxygen as well as provide treatment for the effects of injury and hypoxia.
However, the oxygen-carrying capacity of these materials is minimal by comparison to that at-
tained by blood transfusion and is generally insufficient to compensate for oxygen losses that occur
in the circulation prior to blood arriving to the capillaries.

Additionally, the plasma expander properties of most RBC substitutes are similar or inferior
to currently available plasma expanders, which are not optimal for preserving microvascular func-
tion during resuscitation. This is a missed opportunity for optimizing the performance of RBC
substitutes, which can be achieved by engineering large-sized Hb molecules.

Hb toxicity is inherent in all small-sized constructs derived from mammalian Hbs. However,
PEG conjugation and polymerization of Hb into large superstructures counteract NO scavenging
by increasing blood vessel WSS and the production of vasodilators. The high COP of PEG-Hb
limits its concentration in plasma owing to autotransfusion, and PolyHb possessing low COP
significantly increases plasma viscosity, also limiting plasma concentration and the ability to in-
crease blood oxygen-carrying capacity. The effect of PolyHb use is comparable to increasing
blood Hb by 1–2 g/dL, which is equivalent to levels attainable with supraplasma expansion using
nonoxygen-carrying colloids of significantly less toxicity.

Although it has not been empirically shown that the additional anti-inflammatory proper-
ties conferred by conjugation or formulation of HBOCs with ROS scavengers are useful, such
features may be beneficial in some injuries. Inflammation is a natural response to injury, which
significantly increases perfusion, thereby rapidly extracting ROS from the tissue for delivery to
the detoxification organs while facilitating extraction of other toxic metabolites.

Shock resuscitation also causes the rapid upregulation of genes of many defense pathways
and consequent alterations of enzyme levels, a problem not addressed in the design of oxygen
therapeutics that could be as important as controlling inflammation. Furthermore, in oxygen
therapeutic formulations, the relationship between antioxidant, anti-inflammatory activity, and
oxygen-carrying capacity is fixed a priori, rather than being of controllable dosage for each treat-
ment strategy.

The effectiveness of RBC substitutes for use in transfusion and treatment is nullified if they do
not restore microvascular function. This restoration process, although mechanistically a simple
problem of fluid mechanics, is a complex biological and medical problem, which, because it is
not amenable to direct observation, is seldom addressed in RBC substitute development and
transfusion medicine.

Regardless of the present imperfect understanding of resuscitation from blood loss, the field
has advanced to the extent that RBC substitutes are a viable option when safe blood products
are not accessible. In terms of demand, there is clearly an important need for a product with a
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better safety profile than stored blood. Vesicle encapsulation of Hb mitigates the shortcomings
of acellular Hbs and presents a logical approach toward mimicking RBC function. Thus, it may
ultimately became the technological base for future RBC substitutes.
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