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Hospita sthroughout theworld currently rely solely
onalogeneicblood (also referred to asdonor blood)
for transfusions. Estimates put worldwide blood
demand somewhere between 75 and 90 million units
per year 1. Canada’srequirementsaccount for 800
000 units per year and the United States for 12
million?3. Oneunit of blood representsgpproximately
avolumeof 450 mL. Based on current requirements
and donations, ashortageof 4 millionunitsisexpected
by 2030 in the United Statesalone!. Furthermore,
the fact that blood is donated may lead to thefalse
assumptionthat it ischeap. Given that the average
patient requires 4.6 unitsfor atransfusion, and the
cost is approximately $500 US per unit, a more
economical alternative to allogeneic blood is
desirable*?.

Ever sincethe creation of thefirst blood banksin
the 1930s, scientists have been striving to increase
the shelf-life of donated blood. The use of sodium
citratefirst permitted blood banking by preventing
blood from clotting. Further advances, such asthe
use of a modified citrate-phosphate-dextrose
anti coagulant sol ution which is supplemented with
adenine, have extended the shelf-lifeof donated blood.
The introduction of plastic storage bags has aso
resultedinareductionin bacterid infections, improving
the safety of alogeneic blood . However, despites
significant advances, the shelf-life of blood products
isgtill very limited asred blood cells(RBC) can only
be stored for amaximum period of 42 days*>.

Storage a so affectstheefficacy of red blood cdlls.
StoragelesionsresultinadecreaseinpH, hemolysis
changes in RBC deformability, formation of
microaggregates, rel ease of vasoactive substancesand
denaturation of proteins. However, themost Sgnificant
changeobserved in stored RBCisanincreaseinthe
affinity of hemoglobin for oxygen. Under normal

circumstances, the affinity for oxygenisreduced by
the presence of an allosteric effector, 2,3-
diphosphoglycerate (2,3-DPG) facilitating O, release
and delivery totissues?. The concentration of 2,3-
DPG decreasesover timeand dmost noneisleft within
2 weeks. Asaresult affinity for oxygen increases,
resulting in a release of only 5% of bound O,
compared to about 25% infreshblood. Transfusons
of stored blood arethereforenct initidly very effective
indelivering O,. Thisundesirableeffect canbepartialy
reversed by the addition of 2,3-DPG However, there
is a period of about 24 hours before O, delivery
increases'.

Another concernwith the use of alogeneic blood
isitssafety. Donated blood requirestype- and cross-
matching (ABO blood group system) to minimize
chancesof adversetransfusion reactions’. Therehave
also been reports of mild reactions associated with
dlogenectransfusonsincluding fever, chills, pain, and
discomfort in as many as 1 in 30 patients A
transfusion-mediated immunosuppressive effect has
also been observed, thereforeincreasing the chance
of an infection. Although blood screening has
sgnificantly decreased infectiousrisks, thereistill a
1in 30 000— 100000 chanceof contracting Hepatitis
Cfromabloodtransfusion. Itisstill unclear whether
other diseases, such as Creutzfel d-Jakob disease, are
transmissiblethrough transfusions.

Inorder to addresstheissuesrelated to alogeneic
blood use, thescientific community hasbeenintensvely
devel oping blood substitutesthat could replace the
O, carrying capability of theRBC. Thesedternative
oxygen carriers need to be able to load O, rapidly
whileinthe pulmonary capillary bed, deliver O, toall
organs, haveno physiologica activity, be pathogen-
free, have no blood group (ABO) antigens, havea
long shelf life, beuser friendly, exhibit longintravascular
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Figurel. A hemoglobin carriesfour hemegroups, onein each subunit.

half-livesand be producedinlarge quantitiesat alow
cost'#, The development of the oxygen carrierscan
be summarized in two distinct branches. The
“biomimetic” gpproachinvolvestheuseof hemoglobin
(Hb), theRBC intracellular proteinresponsiblefor O,
transport. The second approach is referred to as
“abiotic” asitinvolvesthe use of perfluorocarbons
(PFC), asubstanceforeigntoliving organisms, inwhich
O, ishighly soluble.

“Biomimetic” Approach - Hemoglobin-based
Oxygen Carriers(HBOC)

A. Cell-free Hemoglobin

To many scientists, the logical approachin the
devel opment of an RBC substitutewasthe useof Hb,
whichisnature'sway of transporting O, to thetissues
of warm-blooded animals'. Hb consists of four
polypeptidic globin subunits: two alphaand two beta,
which have 141 and 146 amino acid residues
respectively. Whiletheadphal/betadimerisfarly sable,
thetwo dpha/betadimersare only loosdly associated

with each other. Hb hasamolecular weight of 64.5
kDa. It hasanearly spherical shapewith adiameter
of 5.5 nm. Each protein subunit is centered on an
iron(l11) protoporphyrin IX (also referred to as a
heme) prosthetic group. Theprosthetic groupisheld
inplace by severa hydrogen bondsand hydrophobic
interactions. The Hb protein is able to bind
cooperdtively to4 O, moleculesasaresult of achange
in conformation from the tensed (T-form) deoxyHb
to therelaxed (R-form) oxyHb, which hasahigher
O, affinity. Furthermore, it hasan all osteric effector
2,3-DPG that reducesitsaffinity for O, by stabilizing
the T-form.

Thefirg problem encountered with theinfusion of
cell-free Hb was the presence of residual stroma
(membrane of RBC) asaresult of the Hb extraction
procedure®. It wastherefore thought that the use of
purified Hb solutions, inwhich al RBC antigenswould
have been removed to avoid theantigenicity inherent
tothecdl membrane, would besafe. However, severd
other problematicissuesarose. Firg, cdll-freeHbisa
very fragilebiomolecul e. Dissociation of thetetramer
into d ph/beta-dimerswill occur, especidly a low Hb
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concentrations. Typical Hb solutions concentrations
rangefrom 60-80 g/L, whilein RBCitismuch higher
at 300 g/L *. Oncedissociated, thedimersarerapidly
cleared by rena filtration and may cause renal
toxicity®. Duetoitssmall size, cell-freeHbwasa so
ableto escapefromthevasculature. Asaresult, cell-
freeHb had avery short intra-vascular half-life.

Furthermore, duetothelossof itsalogtericinhibitor
(2,3-DPG) during theextraction process, cdll-freeHb
solutionsdemondtrated ahigher affinity for O, , making
it anineffectivemoleculefor delivering O, totissues.
Therewasal so significant oxidation of Hb (Fe**) into
metHb (Fe*), which bindsirreversibly to O?. Inthe
RBC, thisisnot asignificant problem asenzymatic
systems are present to reduce metHb back to Hb.
Cell-free Hb was also found to be able to bind to
nitric monoxide (NO). This affects the balance of
oxygen and nitrogen which can result in vascular
disorders. NOisknown to have avasodilating effect.
Therefore, itsremoval by cell-freeHb canresultin
vasoconstriction. Cell-free Hb could be further
studied asaapotentia treatment for hypotension due
to thisproperty™.

B. Modifying Cell-Free Hemoglobin

In order to solve some of theissuesencountered
with cell-freeHb, the protein’sstructurewasandyzed
for possiblereaction stes. The strongest nucleophiles
of Hb were found to be the sulfhydryl and amino
groups. Utilizing reactionsthat thebody usesto alter
Hb, scientistsset out to specificaly modify Hbinorder
to solvetheissues seen with cell-freeHb such asits
high affinity for oxygen.

C. Pyridoxalation

Asdtated previoudy, oneof themain undesirable
characteristicsof cell-freeHbwasthat itsaffinity for
O, wastoo high. Thisproblemwas primarily dueto
thelossof itsallosteric effector, 2,3-DPG, during the
Hb extraction from the RBC. Initial experiments
involved the addition of 2,3-DPG back into the cell-
free Hb solution. Unfortunately, these attemptswere
ineffectiveasthedlogteric effector wasrapidly cleared
fromcirculation. A different strategy wasundertaken,
where areaction was made between deoxyHb and

pyridoxal phosphate (anatural coenzymerelated to
vitamin B6 and an anad ogue of theall osteric effector)*.
Theoverall result of thereaction wasadecreasein
theaffinity of O, binding.

D. Intramolecular Cross-Linking

Preventing theHb tetramer’ sdissociation wasa so
amajor concerninorder to suppressrend filtration.
Sincethedphalbetadimerswererd atively stable, the
goal of thismodification wasto cross-link thetwo
alpha(a-a) or beta (B-B) subunitsand stabilizethe
association of thetwo alphalbetadimers. In addition
to preventing tetramer dissociation, cross-linking, in
some cases, a so reduced the affinity of Hb for O,.
Themost popular cross-linkersare DBBF and nor-
2-formylpyridoxal 5-phosphate (NFPLP). This
reactionisasoinfluenced by the conformation of the
Hb protein. For example, when DBBF wasused with
oxyHB (R-form), cross-linking occurred between the
two alpha subunits. However, when used with
deoxyHb (T-form), cross-linking was present between
thetwo betasubunits. Theincreased stability provided
throughintramolecular cross-linking also allowed Hb
solutionsto be pasteuri zed.

E. Polymerization

Polymerization, a so referred to asintermol ecular
cross-linking, increasesthe s ze of moleculesthrough
theformation of Hb oligomers. Multiple Hb proteins
arelinked together through the use of dia dehydessuch
asglutaraldehydeor glycoadehyde. Theincreasein
sizeissignificant asthe oligomers produced have
molecular weights greater than 500 kDa compared
tothe 64.5 kDaunpolymerized Hb tetramers. Asa
result of this modification, the protein’s oncotic
pressureisreduced. Theincreasein Szeaso prevents
itsrapid excretion, prolonging theHb plasmahalf-life
asitislesslikely toleak into theinterstitial spaces.
Unfortunately, any unreacted Hb tetramersgenerate
excessiveviscosity, oncotic pressureand O, affinity.
It istherefore extremely importanceto obtain high
polymerization yields. Otherwise, the unreacted
tetramersneed to be separated. Theintravascular half-
lifeof polymerized Hb solutionshas been reportedin
therangeof 10to 15 hours™.
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F. Conjugation and Pegylation

Conjugation of Hbimpliesthe covaent binding of
Hb to a biocompatible polymer, such as a
polysaccharide, in order toincreaseitsoverall size
and achievesmilar improvementsto thosemadeusing
polymerization. Inthe caseof pegylation, multiple
polyethyleneglycol (PEG) chainsaregrafted tothe
Hb protein as an effective way of increasing the
molecule' ssize. Itsradiusthereforeincreasesfrom 3
nmto about 15 nm once pegylated with 6 PEG chains.
However, thisdoes not reduce the oncotic pressure
asextensve hydration of the PEG chainsoccurs?.

G Genetic Engineering of Hemoglobin

Genetic engineering offers an alternative to
chemically modified Hb. In order to address the
problemsrelated to the use of cell-free hemoglobin,
Ste-directed mutagenesi shasbeen used. Modifications
have been madeto increasethetetramer’sstability
and decrease its affinity for O,. Future genetic
manipul ations may be ableto solve other issuessuch
astheoxidation of Hbinto metHb, reactionratewith
nitric monoxideand theshort circulation haf-life?.

H. Encapsulation

Theencapsulation of Hb, whether initsnatural or
modified form, isbased on theideaof recreating some
of the properties of aRBC without the presence of
blood group antigens. Encapsulated Hb is often
referred to as* hemosome”. The processinvolves
theencapsulation of Hbinlipid vesicles(liposomes)
usingasolution of phosphoalipids. Thisgpproachdlows
for the engineering of specific membrane properties.
For example, theuse of negatively charged lipidshas
been found to limit aggregation between hemosomes.
Alteration of the bilayer membrane composition may
dsoallow for better diffusonof O,and CO,. Further
modifications, such asmembranepolymerization, have
reduced Hb leakage and increased liposome stability™.
I. Current HBOCs in Development

There are currently several hemoglobin-based
oxygen carriersin development. Almost al of the

chemica modificationspresented previoudy havebeen
used inthe devel opment of thevariousHBOCswith
theexception of encgpsulation, whichisdtill intheearly
stages of laboratory experimentation’. The source of
Hbisusudly either human or bovinewiththeexception
of onerHb produceinE. coli.

Anundesirablesideeffect hasbeen reported with
the use of most HBOCs that has been dubbed the
“pressor effect”. Thisischaracterized by anincrease
inarterial pressure and vascular resistance. At this
point, there is hope that the encapsulated Hb or
genetically engineered Hb may be ableto overcome
these sideeffects™.

“AbioticApproach”: Perfluorocarbonsas
Oxygen Carriers

I
A. PFC Properties

Theinterestin PFCsaspossibleoxygen carriers
datesback to 1966 whentwo scientistsnamed Clark
and Gollan demonstrated that amouse could survive
by “breathing” whileimmersed in an oxygen
saturated solution of fluorobutyltetrahydrofurane
(FX-80)°. PFCs have exceptional chemical and
biological inertness. No enzymatic systemisknown
to digest PFC and no bacteriaare known to feed on
them. Their propertiesaremainly dueto the strength
of the carbon-fluorine bond which resultsin strong
intramolecular covalent bonding. The weak
intermolecular interactions allow the formation of
“holes’, which can accommodate | arge volumes of
oxygen and other non-polar gases.

B. PFC Preparation

Dueto the extreme hydrophobicity of PFC, they
cannot beadministered directly toapatient. Therefore,
PFC must beemulsified prior toadministration. The
emulsion needs to be highly stable and able to
withstand sterilization. Typicd surfactantsusedfor the
emulsion processaregenerally derived fromegg yolk
phospholipidsasthey have been widely used inthe
pharmaceutical industry. Negatively charged
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Figure2. Structuresof various perfluorocarbons.

phospholipids have been found to minimize the
floccul ation (formation of aggregateswithin solution)
of PFC droplets. The droplets formed through
emulsonmust bevery smdl (<0.2 um) for two reasons.
First, smaller dropletsimprove oxygen transport asa
result of reduced masstransfer resistance. Second,
sincelarger dropletsareeliminated by phagocytosis,
thesmdler dropletswill haveanincreased circulatory
hdf-life

C. Stabhility vs. Body Retention Time

Theuseof highmolecular weight (MW) PFCsdso
improvesthe stability of theemulsion. Also, thebody
retentiontimeincreasesexponentialy withMW. At
MW approaching 700, the organ retention half-time
reaches about 1000 days, which is clearly
unacceptable. Ontheother hand, low MW PFCshave
high vapor pressures that can cause pulmonary
complications. However, the excretion rates can be
increased by improving thesolubility of PFCsinlipids.

The Design of Blood

D. PFC in Development

The first commercial PFCs preparation, called
Fluosol-DA, was approved by the FDA in 1989 for
use in percutaneous transluminal  coronary
angioplasty. However, duetoitscomplex preparation
(it required themixing of 3 different solutions) andits
limited application, manufacturing washdtedin 1994.

In 1997, asecond PFC preparation was approved
in Russiacalled Perftoran. Currently thereisathird
PFC solution is clinical testing called Oxygent.
Oxygent ismade using Perflubron (perfluorooctyl
bromide). It isnow in aphase Il trial for cardiac
surgery application. PFC can be manufactured at a
large scaleand high purity (>99.9). However, asfor
HBOC, PFCshaveashort circulation half-lifeof less
than aday 1°.

Concluson
Due to the short circulation half-life of both

hemoglobin-based and perfluorocarbon oxygen
carriers, whichiscurrently inferior to 24 hours, they
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arefar from perfect blood substitutes. However, they
could be of use asan alternativeto allogeneic blood
in procedures such assurgerieswheretheir oxygen-
transport capacity isonly required for afew hours.

Themain advantages of HBOC arefound intheir
high capacity for O,. They alsofunction optimally at
physiological partial oxygen pressures, have a
prolonged shelf-lifeof yearscompared to 42 daysfor
RBC and no RBC antigens. However, these
hemoglobin-based blood substitutes demonstrate
vasoactivity, auto-oxydation of Hb into metHb and
their supply islimited asthey depend on outdated
blood from blood banksor animalswith theexception
of recombinant Hb.

Inthecaseof PFCs, themain advantagesarefound
inthelarge scal e production capacity and thelow cost
of production. They aso haveaprolonged shelf-life
measured in years, minimal infectious risk and
immunogenicity. Themain drawbacksof PFCsinclude
their emulsionform and thequick elimination of large
emulsion dropl etsthrough phagocytosis. They also
work optimally at greater partia oxygen pressurethan
can be expected under physiological conditions. They
have a low capacity for O, under physiological
conditions.
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