
Chapter 15
Zero-Link Hemoglobin (OxyVita�):
Impact of Molecular Design
Characteristics on Pre-clinical Studies

John P. Harrington and Hanna Wollocko

15.1 Introduction and Background

For several decades extensive research efforts have been directed towards the
molecular design of therapeutic oxygen carriers for use when whole blood or
packed red blood cells are not available. (Winslow 2008; Alayash et al. 2007;
Winslow 2007; Jahr et al. 2012). Most of these efforts have centered upon the
development of cell-free (acellular) hemoglobin-based oxygen carriers (HBOC)
with the expectation of adequate oxygen delivery as needed.

The rationale for considering the use of an acellular hemoglobin approach goes
back many years and has its roots in nature as illustrated in both the terrestrial and
marine environments (Hirsch and Harrington 2000; Harrington et al. 2007;
Harington et al. 2010). Within natural evolution, the advantage of large polymeric
acellular oxygen transport proteins was found to be effective for oxygen transport/
delivery for many invertebrate organisms whether living within terrestrial or
aquatic conditions (Royer et al. 2006 and 2007). The most obvious characteristic
of these functioning natural polymers is the lack of a cellular membrane associated
with mammalian red blood cell which normally houses a protective array of
enzymes to maintain these hemoglobins in the reduced state necessary for func-
tionality. Given these observations and our understanding of how these acellular
oxygen delivery proteins function in vivo, the quest for a safe and efficacious
acellular HBOC for clinical application has provided an opportunity to pursue a
variety of approaches in molecular design enabling newer HBOCs to address the
human physiological conditions(Buehler and Alayash 2008; Estep et al. 2008)

As one examines the efforts to address the development of a functioning HBOC
for clinical use, there was the recognition that most of the proposed HBOCs need
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to function as an acellular molecular species within the human circulatory system.
Unfortunately the details of how this was to occur did not receive sufficient
attention in the earlier generation of HBOCs, resulting in a series of physiological
effects that were recognized to be detrimental in many animal studies and for
human clinical applications (Estep 2008).

The evolution of HBOC development at the molecular level has seen important
design considerations incorporated into new molecular species with the goal of
addressing the many negative characteristics associated with the first generation
HBOCs (Stowell et al. 2001; Silverman and Weiskopf 2009; Alayash 2004). These
design modifications were initiated with the introduction of an intermolecular cross-
linking approach (DCL-Hb/HemAssist

�
, M.wt. 64 kDa, Baxter Corp., Deerfield.

IL.) reducing dimerization of the initial tetrameric hemoglobin. This was followed
by several different polymeric approaches involving intermolecular cross-linking
polymerization by glutaraldehyde (a non-specific bifunctional cross-linking agent)
to cross-link bovine hemoglobin tetramers producing a heterogeneous distribution of
larger molecular weight species, (HBOC-201/Hemopure

�
, human application, and

HBOC-200/Oxyglobin
�
, veterinary applications, M. wt. [ 150 kDa, OPK Biotech,

Cambridge, MA), raffinose cross-linked human hemoglobin (Hb-Raffinose/
Hemolink

�
, M.wt. [ 100 kDa), and pyridoxylated glutaraldehyde cross-linked

human hemoglobin (Poly SFH-P PolyHeme
�
, M.wt. [ 120 kDa, Northfield Labs,

Evanstone, IL.). Concurrently, several recombinant human hemoglobins were
developed that allowed for modification of the oxygen binding properties of these
recombinant hemoglobins (rHb1.0 rHb2.0, M.wt. 64 kDa, Somatogen/Baxter Corp.).

Eliminating the dimerization of stroma free hemoglobin (small molecular radii)
associated with rapid elimination from the circulatory system and reduced stress
within the glomerulus and kidneys was an immediate goal of this approach. Larger
molecular weight cross-linked human and bovine hemoglobins were designed with
the idea of increasing retention time within the circulation and limiting access to
the smaller vascular membrane pores. The rationale here was to limit hemoglobin
extravasation and mitigate nitric oxide (NO) binding that is now known to be
involved with an increase in vasoconstriction coupled with an elevation in MAP
(Olsen et al. 2004).

Pursuing a different direction to alter the molecular size and hydrodynamic
properties of an HBOC, pegylated human Hb (MP4, Sangart Inc., San Diego, CA.)
the Hemospan product (selected pegylation, M.wt. * 90 kDa) was introduced in
the 1990s to reduce extravasation thereby mitigating vasoconstriction and main-
taining MAP (Vandegriff et al. 2003). This approach was associated with increased
water of hydration of this HBOC leading to an increase in the effective hydro-
dynamic radius of these molecular species, reducing the tendency to extravasate.

Many of these early HBOCs evaluated in phase I-III studies received initial
approval for clinical testing because they had demonstrated effectiveness in the
delivery of oxygen in specific pre-clinical and specific clinical situations. How-
ever, observations of adverse events associated with their use prevented FDA
regulatory approval for full clinical use (Winslow 2008; Alayash et al. 2007;
Silverman and Weiskopf 2009). Several underlying reasons for this lack of
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approval by the FDA were due to the inadequacy of the fundamental chemistry
employed in the creation of several of these HBOCs and their physiochemical
properties. Molecular size and shape, structural integrity (conformational integrity
and quaternary structural intactness), redox behavior and stability (ability to be
maintained and function in the reduced state) within the human circulatory system
are vital to an HBOC functioning as a safe and efficacious therapeutic oxygen
delivery system. Several earlier HBOC studies failed to provide this kind of
structural information to the scientific community about the molecular integrity,
stability, and redox activities of these HBOCs.

This chapter will provide a rationale for the development of a new generation
HBOC, OxyVita Hb. Focus will be on its unique molecular design and the
physiochemical properties associated with functionality essential for addressing
many issues associated with previous attempts to produce an FDA approved
therapeutic oxygen delivery acellular hemoglobin. The design and development of
OxyVita Hb has resulted from understanding the lessons learned from the data and
behavior, or lack thereof, of many previous pre-clinical and clinical studies carried
out over the many years of work within this arena. The ultimate goal is to provide
the clinical community with a new safe and efficacious therapeutic oxygen carrier
as an alternative to blood transfusions when blood or red blood cells are not
available. The original effort in the development of this new generation HBOC
began in the laboratory of Professor Enrico Bucci and his co-workers (Razynska
and Bucci 1998) at the University of Maryland, wherein they utilized a unique
zero-linked hemoglobin polymerization technology. Further refinement of
OxyVita’s molecular properties has been carried out during a period of scale-up
from laboratory preparation to a commercial scale level of production by OxyVita,
Inc. It is now recognized that molecular size and the unique chemistry of OxyVita
hemoglobin are directly linked to the success of initial pre-clinical studies
conducted by many independent investigators throughout the United States
(Matheson et al. 2002; Rebel et al. 2003; Mito et al. 2009; Reynolds et al. 2007;
Jahr et al. 2008).

15.1.1 Development: A New Molecular Design Leading
to the Production of the Liquid and Powder Forms
of OxyVita Hemoglobin

(a) Preparation and synthesis of OxyVita hemoglobin: Although any tetrameric
mammalian hemoglobin may be used as the starting material for the prepa-
ration of a zero-linked polymeric hemoglobin, bovine blood was chosen as the
raw material due to its ubiquitous availability world-wide. Fresh bovine blood
is obtained from USDA-approved facilities, providing appropriate documen-
tation of an animal herd. Purification of bovine hemoglobin is carried out
through a process of red cell lysis using a hypotonic phosphate buffer, pH 7.4,
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followed by a series of low-speed and high-speed centrifugation to remove
cellular debris. The isolated tetrameric hemoglobins then undergo b-b cross-
linking [bis (3,5 dibromosalicyl-adipate)] in preparation for the synthesis of
polymeric OxyVita Hb.

The zero-linked polymerization process is governed by the use of a
chemical ‘‘activator’’ that initiates the production of intermolecular polymers.
In the production of OxyVita Hb, the water soluble carboiimide, EDC
[1-ethyl-3-(3-dimethylaminopropyl) carbodiimide], is responsible for the
activation of the side chain carboxylate groups on the hemoglobin surface,
resulting in a highly reactive and short-lived O-acylisourea derivative. This
isourea by-product is very water soluble and is removed directly by dialysis.
The complex is formed from the carboxylate groups of C-terminal and side
chains of Glu and Asp globin residues of globin. These activated species react
with the N-terminal amino groups or amino 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 (Grabarek and Gergely 1990).
Some interference can occur during this activation process wherein the acti-
vated carboxylic groups may be hydrolyzed by water, limiting their reactivity
with available lysyl amino groups. To improve on the efficiency of the poly-
merization process, a two-step approach to enhance the yield of the amide
bond formation was introduced. The introduction of N-hydroxysulfosuccini-
mide (sulfo-NHS) to the carbodiimide reaction resulted in the formation of an
intermediate sulfo-NHS ester, which then reacts with the amino groups (Staros
and Wright 1986). One advantage of this approach is the ability to modulate
the extent of polymerization by altering the relative amounts of sulfo-NHS and
EDC within the reaction mixture. Control of the reaction rate, time and con-
centration within the polymerization process allows for better regulation of the
average molecular weight sizes of an individual preparation.

A more extensive description of this zero-linked polymerization process as
applied to the production of the original ‘‘zero-linked bovine hemoglobin’’
(ZL-HbBv) as first described and produced by Professor Enrico Bucci and
co-workers can be found in Razynska and Bucci (1998). Earlier pre-clinical
studies utilized these initial preparations which typically contained a hetero-
geneous distribution of high molecular weigh species in the range of 25 MDa
(Bucci et al. 2007).

After the initial laboratory development of this bovine zero-linked poly-
meric hemoglobin, OxyVita, Inc. acquired the license for commercial manu-
facturing of this HBOC. It introduced some modifications of the preparation
procedures in order to produce a more homogeneous molecular weight poly-
mer with an average M. wt. of 17 MDa. Using anion-exchange (DEAE) and
size exclusion chromatography (Fractogel 20-40), purification and isolation
of discrete molecular weight fractions were achieved. Recent pre-clinical
studies (Mito et al. 2009; Jahr et al. 2008; Jia and Alayash 2009) have used the
OxyVita Hb preparations within their experimental protocols.
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(b) Preparation of OxyVita hemoglobin-powder: The powder from of OxyVita Hb
is produced by the lyophilization of the liquid form of this protein. Recent
acquisition of a new lyophilization (Virtus, Inc) instrument allows for the
production of this product under specific control processing. The new
instrument has the capabilities of monitoring (CFR/211 compliant software)
the essential steps associated within the freeze-drying process as well as
automatically sealing of the product, thus reducing the chances of any endo-
toxin introduction during the course of the operation. In creating the powder
form of OxyVita Hb consideration has been given to a number of different
formulations that include the need for proper buffering, essential electrolytes
and final osmolarity essential for infusion (IV) applications. Presently,
re-constitution time (solubility) is between 10 and 30 s depending upon the
compositional constituents.

15.2 Chemical and Structural Properties of OxyVita Hb

(a) Unique chemistry: The differentiating chemical and structural properties of
OxyVita Hb are due fundamentally to the unique chemical and physical
methods utilized in its production as described in the methods section.
OxyVita Hb is synthesized through a polymerization reaction of purified
(bb)-cross-linked tetrameric bovine hemoglobin using controlled activators
which are removed after the initial phase of synthesis. This activation process
primarily involves the carboxylic surface residues of the cross-linked tetramers
which lead to the formation of the ‘‘zero-linked’’ polymeric molecular species.
Selected modulation of these reactions allows for specific lysine residue
involvement due to the differential pKs exhibited by these residues at pH 6.7.
This approach allows for the absence of any chemical linkers between tetra-
mers remaining within the product, eliminating possible side chain reaction
concerns, such as reversibility and decomposition due to weak chemical
bonds, dependency on temperature and pressure, and residual toxicity. The
pseudopeptide bonds between the globin chains themselves provide a dramatic
increase in the structural stability of OxyVita Hb as discussed in the following
section (Harrington et al. 2010; Harrington et al. 2011).

The modified production methods allow for enhanced manufacturing and
quality control resulting in sustained reproducible batch to batch preparations
with a mean molecular weight of 17 MDa as determined by dynamic light
scattering. Less than 5 % methemoglobin is present in each preparation. Given
the unique chemistry associated with the use of reaction activators, variation of
concentration of components involved, time and temperature of polymeriza-
tion, this flexible polymerization process allows for the production of a range
of molecular weight molecules, which may find different clinical applications
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in the future. Another advantage is this polymerization process allows for the
use of any mammalian blood (tetrameric hemoglobin) as the starting raw
material for a zero-linked polymeric hemoglobin production.

(b) Implications for the structural-functional relationship of OxyVita Hb: These
pseudo-peptide bonds created by the use of activiators, allow the tetrameric
hemoglobin molecular linkages within OxyVita Hb to play a crucial role in the
overall conformational stability of these large polymeric molecules. Essential
structural integrity and biological functionality depend upon the integrity of
intramolecular and intermolecular bonds within the tetrameric units and
between these multiple tetrameric units (*1000 hemes/polymer) that go to
form this ‘‘super-polymeric’’ HBOC. Given the inherent secondary and ter-
tiary structure of bovine hemoglobin (*75 % a-helical) and the fact that
within each tetramer cross-linking between the b-82 lysines residues occurs
providing inherent tetrameric stability as well, indicates OxyVita Hb will
possess increased conformational stability and be very resistant to molecular
unfolding. This resistance to conformational unfolding may provide increased
protection to the heme-iron moieties responsible for the transport and
reversibly binding of molecular oxygen within the circulatory system and
oxygen delivery as needed.

Studies on the structural integrity of this ‘‘super-polymeric’’ HBOC carried
out by isothermal unfolding studies at 37� C using urea as the perturbant of the
secondary and tertiary structure of these large molecules (Harrington et al.
2010; Harrington et al. 2011) are consistent with the presence of strong
intermolecular bonding between these tetramers. Figure 15.1 demonstrates the
resistance of this HBOC protein to molecular unfolding as compared to several
natural acellular polymeric hemoglobins found in the terrestrial and marine
environments. The Soret spectral region (350-450 nm) was used to determine
the extent of secondary and tertiary conformational changes associated with
this HBOC’s unfolding due to its extreme sensitivity to alterations within the
heme environment. When tetrameric hemoglobin molecules are in the
presence of a conformational perturbant, such as urea, increasing the urea’s
concentration leads to the disruption of many intramolecular interactions
responsible for the maintenance of the integrity of the native functional
structure.

Another advantage of using the Soret spectral region is that it allows for
analysis of the redox state of the hemoglobin associated with the unfolding
process. In the case of most hemoglobins, spectral wavelength shifts to lower
wavelength (blue shift) are associated with an oxidation of the heme-iron as
molecular unfolding occurs. Maintenance of the heme-iron complex in the
reduced state (heme-Fe+2) is essential for the reversible binding/release of
molecular oxygen in vivo. In contrast to LtHb and ArHb, both large acellular
natural polymeric hemoglobins, wherein the Soret wavelength maximum blue
shifts are 413 ? 400 nm and 412? 398 nm, respectively, OxyVita Hb
undergoes little change in the Soret maximum, 410 ? 408 nm over the entire
range of increasing urea concentrations (Fig. 15.2). This significant blue shift,
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indicative of methemoglobin formation (heme-Fe+3), is associated with an
increase in the extent of heme exposure during subunit dissociation and
unfolding within these natural acellular hemoglobins (Harrington et al. 2010).
Methemoglobin formation leads to a decrease in oxygen-carrying capacity.

Acellular hemoglobins exhibit varying amount of methemoglobin forma-
tion via autoxidation with the potential for hemichrome formation and even-
tual release of the heme–iron which has been associated with cellular and
tissue oxidative damage. Interestingly, a study by Jia and Alayash (Jia and
Alayash 2009) clearly demonstrated that the zero-linked (OxyVita Hb) poly-
mer gave no additional evidence of heme–iron loss compared to the initial
bovine tetramers from which OxyVita Hb is produced. They suggested that its
heme stability is related to a well-defined compact conformational structure of
this large polymer. This is consistent with the observed resistance to the
isothermal urea unfolding studies carried out as describe above which dem-
onstrated the inherent structural stability of OxyVita Hb as well as its reduced
tendency to undergo oxidation in the presence of the denaturing pertubant
(Harington et al. 2010)).

A related observation on the redox behavior of OxyVita Hb is its ability to
be reduced back to the oxyhemoglobin state, albeit slowly, in the presence of
ascorbic acid, a known reducing agent often found in the human plasma. This
reaction has the potential to offer protection to the OxyVita Hb within the
circulatory system without the benefit of the normal protective reducing
enzymes that function within the red blood cell. Keeping the acellular OxyVita
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Fig. 15.1 Isothermal unfolding of acellular hemoglobins (arenicola hemoglobin, ArHb;
lumbricus hemoglobin, LtHb; and OxyVita Hb, liquid and powder preparations) in the presence
of increasing concentrations of urea at T = 37� C. All solutions were equilibrated for 30 min
prior to spectral runs (Harrington et al. 2010)
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Hb in the reduced state will improve its functionality as an oxygen binding/
release protein. Studies associated with the molecular events that may provide
protection via other endogenous reducing agents for this acellular polymeric
hemoglobin are on-going.

(c) OxyVita Hb’s molecular size: Impact on other physiological functions:
Table 15.1 presents the basic physicochemical properties of OxyVita Hb as
determined by a wide range of biophysical and biochemical methods. We have
successfully modified this polymeric hemoglobin (originally referred to a
ZL-HbBv) through selected chemical steps to produce the ‘‘super-polymer’’
now referred to as OxyVita Hb possessing an average molecular weight of
17 MDa and a hydrodymanic radius of 360 Å. The relative hydrodynamic
viscosity for a 6 g % solution of OxyVita Hb is similar to plasma (1.2-1.5 cP)
and exhibits a colloidal osmotic pressure of 3 mm Hg (in lactated-Ringer’s, pH
7.4, 23� C) approximately 1/10th that of plasma. It exhibits a P50 = 5-6 mm
Hg with an n value (Hill Coefficient) *1. Less than 5 % methemoglobin is
present in the final product.

Further studies using of a wide range of physical and chemical methods
over the last several years have clearly shown that the polymeric hemoglobin
constituting the OxyVita Hb solution, the OxyVita Hb powder form and the
small volume resuscitation fluid (SVRF) are equivalent in all their properties
as evident in Table 15.2.

(d) Impact of molecular design properties on pre-clinical studies: The unique
chemistry associated with the chemical methods of synthesis of OxyVita Hb
and the resultant molecular size and properties of this large polymeric
hemoglobin described above have had a profound impact in addressing many
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Fig. 15.2 Changes in wavelength maximum within the Soret region (450-350 nm) for acellular
hemoglobins in the presence of increasing concentrations of urea at T = 37� C (Harrington et al.
2010)

290 J. P. Harrington and H. Wollocko



fundamental issues within the field of HBOC development. The availability of
OxyVita Hb has allowed many independent investigations to address and in
several cases help to resolve these issues, which were identified by previous
HBOC pre-clinical and clinical studies (Matheson et al. 2002; Rebel et al.
2003; Mito et al. 2009; Reynolds et al. 2007; Jahr et al. 2008). Concerns
identified include but are not limited to: (1) loss of retention within the
circulatory system; (2) extravasation and its impact on vasoconstriction
coupled with increases in mean arterial pressure (MAP) upon HBOC infusion;
(3) effect of HBOCs on the cerebral microcirculation and blood flow;
(4) treatment of trauma and resuscitation responses; and (5) possible alterations

Table 15.1 Physicochemical properties: OxyVita Hb (6 g %)

Average hydrodynamic radius =360 Å

Intrinsic viscosity [g]c?0 =4.2 ml/g
Average molecular weight =17MDa
Colloidal oncotic pressure =3 mmHg
Viscosity at 6 g/dl =1.2-1.5 cP
Intravascular retention time [10 h (cats, n = 5)
Oxygen affinity (P50) =5-6 mmHg
Cooperativity (hill, n) =1.0-1.2
Met Hb \5 %
Stability-liquid HbO2 =21 days (Room T)

=5 years (–80� C)
Stability-liquid HbCO =1 year (Room T)

[1 year (4� C)a

Stability-powder forms *5 years (Room T)

Harrington et al. (2011)
a Presently still being stored refrigerated

Table 15.2 Physicochemical properties of OxyVita Hb liquid and powder preparations

OxyVita solution Small volume OxyVita powder

Resuscitation Fluid in water
Size exclusion LC-polymers 100 % 99.2 % 100 %
Size exclusion LC-tetramers 0 % 0.8 % 0 %
Spectral ratio A576/A540 0.963 0.963 0.964
Autoxidation-MetHb 3.7 % 3.0 % 7.92 %
Oxygen affinity P50

a 5.95 5.26 6.59
Hill coefficient (n value) 1.1 1.2 1.2
Dynamic light scatteringb 360 Ǻ 365 Ǻ 359 Ǻ
(average hydrodynamic radius)
Dynamic light scatteringb 17,337 kDa 17,400 kDa 17,154 kDa
(average molecular weight)
pH 7.46 7.50 7.58

a Hemox analzyer (T = 37� C, pH 7.50); b Dyna-Pro 801 (protein solution), Harrington et al.
(2011)
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of coagulation behavior. During the last several years (Harrington and Wol-
locko 2010), each of these concerns has been investigated using OxyVita Hb or
the earlier form of this HBOC (ZL-HbBv). These studies, along with the
development of several other chemically modified HBOCs, have dramatically
improved our understanding of many of the issues involved.

Retention, extravasation, vasocontriction concerns: Early on the question of
loss of retention within the circulatory system associated with leakage of tetra-
meric or cross-linked tetrameric HBOCs was associated with stress on the glo-
merulus and kidneys. Recently the nature of acellular HBOC extravasation and its
impact on vasoconstriction and observed increase in mean arterial blood pressure
(MAP) have been linked to complex interactions with nitric oxide (NO). An
improved understanding of these critical interactions has lead to a better appre-
ciation of the role of molecular size and its impact on the binding of NO and the
concomitant physiological changes (vasoconstriction) associated with any NO
binding. The fact that increased molecular size can reduce the extent of acellular
extravasation due to the molecules’ inability to cross-over arterial or veinous
membranes which exhibit various pore sizes (Matheson et al. 2000; Rippe and
Haraldsson 1994) and bind with NO can lead to a reduction in vasoconstriction and
help avoid BP elevation. In the case of OxyVita Hb, the larger radius of this
molecule allows for greater retention time in the circulatory system with a half-life
of 8-12 times longer that smaller radius HBOCs. All earlier animal studies carried
out with OxyVita Hb have resulted in no observable vascular extravasation as
determined by its absence in the renal hylar lymph after exchange transfusion
experiments (Matheson et al. 2002). Furthermore, the recent work of Pittman and
co-workers using a top-load rat model clearly showed that no vasoconstriction
occurred in rat spinoitrapezius muscle using either form of OxyVita Hb (oxy or
CO) and maintained tissue oxygenation (Song et al. 2012).

Cerebral microcirculation and blood flow behavior: The complex nature of the
cerebral blood flow has been demonstrated by many investigations over the past
decade (Scandinavian Stoke Study Group 1988; The Hemodilution in Stroke Study
Group 1989). This complexity is even more apparent when attempts are made to
understand and evaluate the role and effectiveness of HBOCs at delivering oxygen
and reducing infarct volume during cerebral ischemia. In an detailed study using a
mouse model, wherein the transfusion of large polymers of hemoglobin with a
wide range on molecular sizes (ZLHb-Bv preparation) was carried out, it was
determined that reduction (by 39 %) of the infarct volume was dependent on the
concentration (6 g %) of this high-affinity hemoglobin (P50 = 4 mm Hg) and on
the range of intermediate size hemoglobin polymers (500-14,000 kDa) transfused
(Mito et al. 2009). Little or no reduction in the infract volume was observed under
the following conditions: (1) transfusion in 5 % albumin solution; (2) a lower
concentration (2-3 g %) of hemoglobin polymers of similar size; (3) hemoglobin
polymers without removal of polymers\500 or[14,000 kDa; or (4) cross-linked
hemoglobin tetramers with normal oxygen affinity (Mito et al. 2009).
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The effective polymeric hemoglobin transfusion solution did not improve the
distribution of cerebral blood flow during an ischemic event, nor did it alter blood
flow to the brain or other major organs in the mouse model without ischemia. This
latter finding also shows that these hemoglobin polymers do not initiate significant
vasoconstriction in the brain or in peripheral vascular beds (Mito et al. 2009).
Thus, in evaluating the potential of HBOCs for overcoming cerebral ischemia, a
number of critical factors including, hemoglobin molecular size, concentration,
and oxygen affinity, must be considered. Other HBOCs currently being evaluated
may have the potential to address and further improve our understanding of the
complex cerebral ischemia transfusion processes and protect the brain from
ischemic strokes (Klaus et al. 2010).

Trauma treatment and resuscitation response: For the past several years, the
assumption has been that early and rapid fluid resuscitation will restore blood
pressure, reduce severe shock, and prevent multiple organ failure for treating
uncontrolled hemorrhage. Recently, this approach has been challenged on the basis
of new data indicating that aggressive attempts to normalize blood pressure with
large fluid boluses produced increased bleeding, hemodynamic decompensation,
and mortality (Dubick and Atkins 2003; Stern 2001). A newer procedure for
permissive hypotensive resuscitation employing smaller volumes of hypertonic
fluids is now favored small volume resuscitation fluid (SVRF). This approach has
several advantages: (a) restoration of tissue perfusion accompanied by a modest
increase in blood pressure with concomitant lowering of clotting factor dilution
and re-bleeding; and (b) alleviation or reversal of lung damage. Within this
approach, adequate blood pressure restoration needs to be sufficient without
leading to re-bleeding, at the same time enabling adequate oxygen delivery to
afford organ perfusion, thus reducing the possibility of multiple organ failure when
full resuscitation is achieved.

This approach was recently tested in a Defense advanced research projects agency
(DARPA) Reynolds et al. (2007). The specific objective was to determine a resus-
citation strategy after 60 % hemorrhage in conscious male long-evans rats, which
would lead to improved survival for 3 h in the absence of conventional large-volume
crystalloid support. An additional component that was incorporated into this study
was the use of OxyVita Hb in conjunction with a hypertonic saline solution and
Hextend to enhance survival compared with standard small-volume resuscitation
using Hextend only. The direct outcomes for this study included survival up to 3 h
and maintenance of a MAP greater than 60 mmHg without additional fluid infusion
(Sondeen et al. 2003). Test fluids administered included OxyVita Hb in a pressure-
titrated infusion, Hextend titration, OxyVita Hb infused in a bolus method, and a
Hextend bolus infusion. Throughout the course of these in vivo experiements,
contstant monitoring of cardiovascular data, arterial gases, acid–base data, metab-
olites, electrolytes, Hb levels, and oxygen saturation were carried out. These
occurred: (1) at baseline conditions, (2) at each 20 % hemorrhage increment, and (3)
over 1-3 h after the initial hemorrhage. The most important finding from these
studies was that a small-volume resuscitation treatment with OxyVita Hb signifi-
cantly improved survival to 3 h and enhanced adequate MAP support for the
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duration, independent of the method of administration. These results clearly support
the idea that an OxyVita Hb-augmented hypertonic ‘‘cocktail’’ is an encouraging
alternative to the standard method for improving the MAP support and survival
(Reynolds et al. 2007).

Coagulation acitivity: Use of any HBOC as a transfusion medium whether in
the context of an exchange fluid or a replacement fluid must not interfere with the
coagulation processes normally found in whole blood. In several earlier studies it
was reported that hetastarch solutions resulted in elevated coagulopathy. This
effect appeared to be linked to an increase molecular weight via several different
mechanisms (DeJonge and Levi 2001; Strauss et al. 2002; Huraux et al. 2001).
Given these findings, the risk of coagulopathy in the application and use of high-
molecular-weight HBOCs was investigated (Jahr et al. 2008). Using hemodilution
during clinical resuscitation after hemorrhagic shock with different amounts of
OxyVita Hb (6 g %), hetastarch, and oxyglobin (HBOC-200), coagulopathy
behavior in 1:11 to 1:1 dilutions in whole blood was evaluated by a thrombo-
elastographic (TEG) technique in real time. This method allows for direct analysis
of clot strength and formation kinetics, and an indirect determination of platelet
and coagulation factor functionality and availability (Royston and Von Kier 2001).
These ex vivo TEG determinations used blood from healthy donors, eliminating
interfering factors such as anticoagulants and other intravenous fluids. This
enabled direct evaluation of the effect of the HBOC on the TEG results. Findings
from this study (Jahr et al. 2008) indicated that both HBOCs had a hypocoagu-
lative effect on coagulation, and that this was more pronounced than that of 6 %
hetastarch at the highest levels of hemodilution. However, minimal coagulopathic
effects are expected with the use of OxyVita Hb at the manufacturer’s expected
maximum dose of 10 g or 2-3 ml/kg. Thus, some caution should be used when
attempting to use OxyVita Hb as a large-volume oxygen plasma expander. Its
application is not expected to lead to an increased risk of clinical bleeding when
used in relatively small volumes (2-3 ml/kg).

An important related finding regarding the effect of an HBOC on coagulation is
the presence of methemoglobin (Moallempour et al. 2009). A dose response study
with HBOC-200 (Oxyglobin) was carried out using the thromboelastogram tech-
nique. The results from this investigation revealed that high concentrations of
methemoglobin in HBOC-200 led to increased coagulation impairment. This
negative effect may be because of the effects on platelet function and on other
coagulatory proteins of concomitant oxidative species associated with increased
methemoglobin levels. Platelets contain functionally important glycoprotein
receptors containing thiol groups providing increased sites of interaction for these
redox-sensitive structures (Essex and Li 2006). A significant characteristic of
OxyVita Hb is the low methemoglobin levels associated with its preparation and
its extraordinary resistance to molecular unfolding, which significantly reduces its
conversion to methemoglobin in vitro and in vivo (Harrington et al. 2010;
Harrington et al. 2011).
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15.3 Summary

The focus of this chapter has been to address the reasons why OxyVita Hb, a new
therapeutic oxygen carrier, is fundamentally different from previous generations of
HBOCs. As our understanding of the relationship between the structural and func-
tional behavior of the earlier HBOCs evolved, it became apparent that some of the
structural characteristics incorporated into the modified HBOCs still resulted in
problems of extravasation and vasoconstriction, oxidative degradation, and safety
concerns when these HBOCs were evaluated within many pre-clinical and clinical
studies. OxyVita Hb was designed to address these concerns. The fundamental
aspects of OxyVita Hb’s development and success to date within pre-clinical studies
are based upon its unique chemical technology and the recognition that molecular
size, hydrodynamic properties, negative surface charge (Harrington et al. 2011) and
discrete functional properties all play important physiological roles as an HBOC. As
described above, OxyVita Hb is differentiated from all other HBOCs presently being
investigated due to: (1) its chemistry: a unique zero-linked polymerization method of
synthesis; (2) well characterized physicochemical characteristics associated with its
molecular properties and functional behavior; and (3) its potential for long-term
storage (Table 15.1), due to these unique physiochemical properties, including
extraordinary molecular stability, over a wide range of climatic conditions.
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