Chapter 1

From Hemoglobin Based Oxygen Carrier
to Oxygen Therapeutics, Blood
Substitutes, Nanomedicine and Artificial
Cells

Thomas Ming Swi Chang

1.1 Introduction

Hemoglobin (Hb), a tetrameric protein, is responsible for the transport of oxygen
in Red Blood Cells (RBC) (Perutz 1980). Attempts to use hemolysate (Amberson
1937) and stroma-free Hb as Hb based oxygen carrier (Rabiner et al. 1967)
resulted in nephrotoxicity and cardiovascular adverse effects (Savitsky et al. 1978).
Thus, nanobiotechnological modification is needed before it can be used (Chang
1964)

1.1.1 Artificial Red Blood Cell

The first artificial RBC that contains Hb and RBC enzymes (Fig. 1.1) have oxygen
dissociation curve similar to RBCs, since 2-3-DPG is retained inside (Chang 1957,
1964). Hb stays inside as tetramers and RBC enzymes like carbonic anhydrase and
catalase retain their activities (Chang 1964, 1972). These artificial RBCs do not
have blood group antigens on the membrane and therefore do no aggregation in the
presence of blood group antibodies (Chang 1972). However, the single major
problem was the rapid removal of these artificial cells from the circulation.
Nanobiotechnology based soluble complex was therefore investigated to increase
the circulation time.
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Fig. 1.1 Micro dimension artificial RBC with ultrathin nylon-protein membrane from Chang
1965

1.1.2 First Generation Hemoglobin Based Oxygen Carriers

The first nanobiotechnology approach reported is the crosslinking of Hb into
ultrathin polyhemoglobin (PolyHb) membrane with nanodimension thickness
(Chang 1964, 1965, 1972) (Fig. 1.2). This is used to form the membrane of arti-
ficial RBCs (Chang 1964, 1965, 1972). If the emulsion is made very small, then
the whole submicron artificial cells can be crosslinked into PolyHb of nanodi-
mension. Glutaraldehyde can crosslink Hb into soluble PolyHb each consisting of
an assembly of 4-5 Hb molecules (Chang 1971) (Fig. 1.2). Crosslinking of Hb into
PolyHb includes both intermolecular and intramolecular crosslinking. Bunn and
Jandl (1968) chose to do only intramolecular crosslinking of a single Hb molecule.
Sebacyl chloride crosslinks hemoglobin and diamine to form polyamide conju-
gated hemoglobin (Chang 1964, 1972) (Fig. 1.2). An useful extension of this is the
crosslinking of single protein molecule to soluble polymers like dextran (Wong
1988) and polyethylene glycol (PEG) (Park et al. 1981) (Fig. 1.2).
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POLYHEMOGLOBIN{PolyHb)
1964 Chang, diacid (Science)
1971 Chang glutaraldehyde (BBC)
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. 1964 Chang polyamide (Science)
r‘ —‘f\_\’t \f /' 1965 Chang polyamide (PhD thesis)
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Figure from Chang 1965

Fig. 1.2 Upper left basic method of using bifunctional agents to assemble and crosslink Hb into
PolyHb. Upper right soluble complex of PolyHb. Lower left basic method of conjugating Hb to
polymer. Lower right conjugation of Hb to polyamide, soluble dextran or PEG (with copyright
permission from Chang 2007 Monograph on Artificial Cells)

1.1.3 Little Interest Until It was Too Late When HIV
Contaminated Donor Blood Arrived

It was thought by many that blood substitute was a simple matter to develop
without the need for basic research. Thus, there was little or no interest in blood
substitutes at that time. As a result, researchers had to channel their major research
effort into other areas (Chang 1964, 1972, 2005, 2007, 2009-2013). It was only
when the HIV contaminated donor blood crisis came in the 1980s that intense
interest started to focus on blood substitutes. Concerned researchers and industries
then placed maximal effort into solving this urgent need. Unfortunately, without
the needed basic research and basic knowledge, development of blood substitutes
had to be done by trial and error. Furthermore, the urgent need was such that the
simplest and shortest route was chosen, in the form of simple oxygen carriers like
Hb based oxygen carrier.
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1.2 First Generation Hemoglobin Based Oxygen Carriers
1.2.1 Four Common Types

The four types of most commonly studied first generation Hb based oxygen car-
riers are shown in Figs. 1.3 and 1.4. These are PolyHb, conjugated Hb, intramo-
lecularly crosslinked tetrameric Hb and recombinant Hb.

1.2.2 PolyHb for Use as Oxygen Carrier for Transfusion

The 1971 basic principle of glutaraldehyde crosslinked PolyHb (Chang 1971)
(Fig. 1.2) has been independently developed most extensively by centers around
the world (Dudziak and Bonhard 1980; DeVenuto 1982; Keipert et al. 1982;
Keipert and Chang 1987; Segal et al. 1983; Moss et al. 1988; Gould et al. 1995;
Pearce and Gawryl 1998). Unlike RBCs, there is no blood group, and thus PolyHb
can be given on the spot, without waiting for typing and cross-matching in the
hospital. They are also free from infective agents such as HIV, hepatitis C, bac-
teria, parasites and so on. Whereas donor blood has to be stored at 4 °C and is only
good for 42 days, PolyHb can be stored at room temperature for more than one
year. Thus, PolyHb can have important uses in a number of clinical conditions.

The following is a summary of the recent ongoing research, development and
clinical use.

1.2.3 Glutaraldehyde Crosslinked Human PolyHb

Gould and Moss started the Northfield Laboratory to develop glutaraldehyde
crosslinked human PolyHb (Sehgal et al. 1983; Moss et al. 1988; Gould et al. 1995).

Fig. 1.3 First generation Hb 1% Generation modified hemoglobin {1 reports!
based oxygen carriers (with
copyright permission from
Chang 2007 Monograph on
Artificial Cells)

PolyHemoglobin [nanobiotechnology based)
1964 Chang (diacid)
1971 Chang (glutaraldehyde)

Conjugated Hb
1964 Chang (polyamide)
=— 1968 Wong [dextran)
1970 Abuchowski & Davis (PEGylation)
1980 Iwashita [polyethylene glycol)

Crosslinked tetrameric Hb
1968 Bunn & Jandl
1979 Walder (diaspirin)

Recombinant Human Hb
1990 Hoffman
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Fig. 1.4 Left Stabilized tetrameric Hb is small enough to cross intercellular junction and remove
interstitial nitric oxide resulting in vasoconstriction. However this will not happen if stabilized
tetrameric Hb has been modified to prevent NO removal. Right PolyHb and conjugated Hb are
large enough so they cannot cross the intercellular junction to cause vasoconstriction. Exceptions
are in endothelial dysfunction or those preparations that contain substantial amount of tetrameric
Hb—unless modified to prevent removal of nitric oxide (with copyright permission from Chang
2007 Monograph on Artificial Cells)

Their clinical trial shows that this can replace blood lost in trauma surgery by
keeping the blood Hb at an acceptable level (Gould et al. 2002). This clinical trial
on 171 patients showed that this product can successfully replace extensive blood
loss in trauma surgery by maintaining the Hb level at the 8—10 g/dl needed for safe
surgery with no reported side effects. More recently, they have carried out clinical
trials on its used in pre-hospital emergencies since no typing and cross-matching is
needed and it can be used right on the spot. This clinical trial involves giving this in
the ambulance to about 700 hemorrhagic shock patients shows that PolyHb can
maintain the patient for 12 h after reaching the hospital. In the control group, most
of the patients need blood transfusion on reaching the hospital (Moore et al. 2009).

1.2.4 Glutaraldehyde Crosslinked Bovine PolyHb

Bing L, Wong and Carl Rausch were the cofounders of Biopure to start work in this.
Recent overviews of the development and extensive clinical trials are available
(Pearce and Gawryl 1998; Jahr et al. 2008; Greenburg et al. 2008; Greenburg 2013).
For example, they have carried out multicenter, multinational, randomized, single-
blind, RBC-controlled Phase III clinical trials in patients undergoing elective
orthopedic surgery. A total of 688 patients were randomized 1:1 to receive either
the PolyHb or RBC at the time of the first perioperative RBC transfusion decision
and 59.4 % of the patients receiving PolyHb required no RBC transfusion all the
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way to follow up and 96.3 % avoided transfusion with RBC on the first postop-
erative day and up to 70.3 % avoided RBC transfusion up to day 7 after. Russia and
South Africa have approved this for routine clinical uses in patients.

1.2.5 Other Sources of Hemoglobin for PolyHb

In addition to Hb from outdated human donor blood, bovine Hb, as mentioned
above is another source (Feola et al. 1983; Wong et al. 2011). Other sources of Hb
have also been used for PolyHb. These included, for example, preclinical studies
on porcine Hb (Zhu et al. 2007; Zhu and Chen 2013) and Hb from human placental
blood (Li et al. 2006). These two groups have carried out extensive laboratory and
preclinical studies. Other possible sources of Hb include recombinant Hb
(Hoffman et al. 1990), marina Hb (Rousselot et al. 2006) and others.

1.2.6 Conjugated Hemoglobin

In the presence of diamine, sebacyl chloride crosslinks Hb with polyamide to form
conjugated Hb (Chang 1964, 1965) (Fig. 1.2). An extension of this is the cross-
linking of single Hb molecule to soluble polymers like dextran (Wong 1988; Tam
et al. 1976) or PEG (Abuchowski and Es 1977; Iwashita 1992; Yabuki 1990;
Shorr, Viau and Abuchowski 1996; Li 2005; Winslow 2006; Liu and Xiu 2008;
Seetharama et al. 2013) (Fig. 1.3). PEG-Hb shares many of the advantages of
PolyHb as described above. More details are available in other later chapter.
Clinical trials are ongoing for two types of PEG-Hb (Winslow 2006; Li 2005; Liu
and Xiu 2008). A Double-Blind, Randomized, Multicenter Study of MP4OX has
been reported (Van der Linden et al 2011).

1.2.7 Stabilized Tetrameric Hb and Other Factors

In addition to glutaraldehyde crosslinked PolyHb and conjugated Hb there are
other ways of modifying Hb (Fig. 1.3). These include intramolecularly crosslinked
tetrameric Hb (Walder 1979; Przybelski et al. 1996; Burhop and Estep 2001),
recombinant human Hb (Looker 1992; Shoemaker 1994). Some have resulted in
adverse effects like vasoconstriction in clinical trials. This has led to the proposal
that the intercellular junctions of the endothelial lining of vascular wall allow
tetrameric Hb to enter into the interstitial space. There, Hb acts as a sink in binding
and removing nitric oxide needed for maintaining the normal tone of smooth
muscles. This results in the constriction of blood vessels and other smooth muscles
especially those of the esophagus and the GI tract (Fig. 1.4). However, this can be
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avoided if nitric oxide removal is prevented by a specially designed recombinant
Hb (Doherty et al. 1998) or a modified form of stabilized intramolecularly
crosslinked Bovine Hb (Wong and Kwok 2011) or by the administration of nitric
oxide (Yu et al. 2010; Zapol 2012).

Even PolyHb, for example raffinose polymerized Hb (Hsia et al. 1992), that
contains more than 30 % tetrameric Hb can have some vasoconstriction effects.
Those PolyHb or conjugated Hb that contain high levels of uncrosslinked Hb or
low molecular weight PolyHb could also have adverse effects (Kim and Greenburg
1997; Chang 1997, 2007; Bucci 2011, 2013) (Fig 1.4). There are also other factors
including pathological characteristics of patients, like endothelial dysfunction (Yu
et al. 2010). Furthermore, the design of preclinical and clinical study is compli-
cated (Greenburg and Kim 1992; Zuck 1994; Fratantoni 1994; Klein 2000; Chang,
1997, 2007; Winslow 2006; Greenburg 1992, 2008, 2013). As mentioned earlier,
vasoconstriction can be avoided if nitric oxide removal is prevented by a specially
designed recombinant Hb (Doherty et al. 1998) or a modified form of stabilized
intramolecularly crosslinked Bovine Hb (Wong and Kwok 2011) or by the
administration of nitric oxide (Yu et al. 2010; Zapol 2012).

In medicine, nothing can be considered to be a “cure all”. First generation Hb
oxygen carriers are suitable for many clinical conditions especially in patients with
no endothelial dysfunction or as discussed below in patients with no sustained
ischemia or elevated tissue pCO2. Thus, one cannot attempt to combine the
clinical trial results of different types of Hb based blood substitutes and different
clinical conditions into a single meta-analysis as has been done (Natanson et al.
2008). First generation Hb based oxygen carrier is like penicillin that is a good
basic method for use in many conditions. However, as for penicillin, with expe-
rience gained from clinical results, new generations need to be developed to
complement and supplement the first generation. However, there is no reason to
use a more complicated and more expensive new generation system if the clinical
conditions can be treated safely and effective using the first generation ones.

1.3 New Generations

1.3.1 Nanobiotechnology to Assemble Hemoglobin
with Antioxidant Enzmyes

In heart attack or stroke due to arterial obstruction, RBCs, being 7 micron in
diameter, cannot go through the obstruction (Fig. 1.5). PolyHb being in solution,
can more readily go through the obstruction to supply the needed oxygen
(Fig. 1.5). However, this has to be done early since if there is much delay, PolyHb
alone might result in the production of oxygen radicals that can cause tissue injury
(ischemia reperfusion injuries). As mentioned above PolyHb is also ideal for use in
hemorrhagic shock since it can be given on the spot. Here again there is a window
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PolyHb PolyHb-SOD-CAT
(Chang 1964,1971) (D'Agnillo & Chang 1998)
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Fig. 1.5 Arterial obstruction from the narrowing of artery can result in Stroke and heart attack.
RBCs being 7-8 micron in diameter have difficulty flowing through obstructed vessels to supply
the needed oxygen. PolyHb being a solution can perfuse through to supply the needed oxygen.
However, if oxygen lack is prolonged, reperfusion with an oxygen carrier can release damaging
oxygen radicals. One possible solution is to use PolyHb-SOD-CAT that has the dual function of
an oxygen carrier and the ability to remove oxygen radicals (with copyright permission from
Chang 2007 Monograph on Artificial Cells)

of safety since ischemia reperfusion injury can result if there is much delay. Even
antioxidant enzymes normally present in RBCs are not enough to prevent this
problem in severe sustained hemorrhagic shock (Biro et al. 1995).

We therefore design a soluble nanobiotechnological complex of PolyHb con-
taining two RBC antioxidant enzymes, superoxide dismutase (SOD) and catalase
(CAT) in the form of PolyHb-SOD-CAT (D’ Agnillo and Chang 1998) (Figs. 1.5 and
1.6) In this form the SOD and CAT can be enhanced to be much higher than those in
RBCs. Thus in a rat stroke model, after 60 min of ischemia, reperfusion with PolyHb
resulted in significant increase in the breakdown of the blood—brain barrier and an
increase in brain water (brain edema) (Powanda and Chang 2002). On the other
hand, PolyHb-SOD-CAT did not result in these adverse changes (Powanda and
Chang 2002) (Fig. 1.6). Ischemia—reperfusion injury in severe sustained hemor-
rhagic shock can result in damage to the intestine with leakage of E-coli or endotoxin
to the systemic circulation resulting in irreversible shock. Thus, we tested and found
that PolyHb-SOD-CAT can decrease oxygen radicals formation in a rat model of
intestinal ischemia reperfusion (Razack et al. 1997). Others have used this for
pancreatic beta cells in rats (Nadithe and Bae 2011a); for myocardial infarction
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Fig. 1.6 Different fluids were infused after 90 min of combined hemorrhagic shock and brain
ischemia. Brain edema was followed. PolyHb-SOD-CAT treated animals did not have any brain
edema. On the other hand, PolyHb or free solution of Hb, SOD and CAT caused significant
increases in brain edema (From Powanda and Chang 2002 with copyright permission from
J. Artificial Cells, Blood Substtutes and Biotechnology)

attenuation in rats (Wang et al. 2012) and rat kidney transplantation from Korea
(Chang et al. 2004). Hsia extended the PolyHb-SOD_CAT approach to prepare a Hb
with synthetic antioxidant based on the covalently binding of nitroxides (Buehler
et al. 2004; Ma and Hsia 2013). In another approach, using his background on the
subject (Alayash 2004), a Hb-haptoglobin complex can also be used to protect
against oxidative stress (Jia 2013). Another one is Arenicola marina Hb (Rousselot
et al. 2006) with antioxidant activity. Simoni et al. (1997) added a pharmacological
solution with antioxidant function to their modified Hb. More details will be
available by these authors in later chapters.
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Fig. 1.7 Hemorrhage shock rats maintained at a mean arterial blood pressure of 30 mm Hg. The
tissue pCO2 increases steady with time. Reinfusion of different fluids shows that lactated Ringer
salt solution or PolyHb did not lower the tissue pCO2 as much as blood or PolyHb-SOD-CAT-
CA. The later is even more effective than blood. (From Bian et al. 2013a with copyright
permission from J Artificial Cells, Nanomedicine and Biotechnology)

1.3.2 Nanobiotechnology to Assemble Hemoglobin
with Superoxide Dismutase, Catalase and Carbonic
Anhydrase Resulting in a Carrier for Both Oxygen
and Carbon Dioxide with Enhanced Antioxidant
Activity

PolyHb-SOD-CAT is an oxygen carrier with enhanced antioxidant properties.
Since RBCs also carry out the important function of transport of carbon dioxide
from tissue to the lung for excretion, do we need this component? Sims et al.
(2001) used a novel microelectrode to measure tissue pCO2 in animal model of
severe hemorrhagic shock. He shows that mortality is related to the elevation of
tissue pCO2. The enzyme carbonic anhydrase (CA) in RBC is the major means for
the transport of tissue CO, to the lung. We therefore use the nanobiotechnological
method to assemble CA with Hb and antioxidant enzymes to form PolyHb-SOD-
CAT-CA (Bian et al. 2011). Our recent study in a rat hemorrhagic shock model
shows that this is more efficient than RBC in lowering the elevated pCO2 level in
the tissue in a hemorrhagic shock rat model (Bian et al. 2013a) (Fig. 1.7).
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1.3.3 Stability of PolyHb-Enzymes Nanobiotechnology
Complexes

One obvious question is how stable are these type of PolyHb-enzymes complexes.
Unlike PolyHb, the enzyme component may not be sufficiently stable with storage
especially in room temperature and hot climate. Our very recent study shows that
freeze-dried powder preparation of PolyHb-SOD-CAT-CA is stable with very
long-term storage at —80 and 4 °C. It is also very stable at room temperature and
even at 37 °C when compared to the solution Bian, Yang and Chang (2013). The
freeze-dried powder is much easier for storage since it takes up little space also
being very light and compact, it is easy for transportation. This is especially
important for emergency, disasters or war.

1.3.4 Nanobiotechnology to Assemble Hemoglobin
and Fibrinogen into an Oxygen Carrier with Platelet-
Like Activity

PolyHb can replace the Hb level in very severe hemorrhage, but platelets also need
to be replaced (Gould et al. 2002). We studied this in a rat model and found that
replacing more than 80 % of the total blood volume with PolyHb leads to defects
in blood clotting (Wong and Chang 2007) (Fig. 1.7). We use nanobiotechnology to
assmble Hb with fibrinogen to form PolyHb-fibrinogent (Wong and Chang 2007).
Using this, we can replace up to 98 % of the total blood volume with PolyHb-
fibrinogen without causing clotting problems (Wong and Chang 2007) (Fig. 1.8).

EXCHANGE TRANSFUSION IN RATS
(Weng and Chang JACBAE 2007)
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Fig. 1.8 Exchange transfusion in rats. There is clotting problem when more than 80 % of blood
has been exchanged with PolyHb. There is no problem with clotting when 98 % of the blood is
replaced with PolyHb-fibrinogen with platelet-like activity (From Wong and Chang, 2007 with
copyright permission from J. Artificial Cells, Blood Substitutes and Biotechnology)
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Fig. 1.9 Unlike RBC, PolyHb and PEG-Hb can better perfused the microcirculation of tumours.
This increases the low oxygen tension in tumour and thus increases their sensitivity to radiation
and chemotherapy. PolyHb-tyrosinase combine this effect with the removal of tyrosine needed for
the growth of melanoma (with copyright permission from Chang 2007 Artificial Cells)

1.3.5 Hemoglobin Based Oxygen Carriers in the Treatment
of Cancer

Abnormal microcirculation in tumour leads to decrease in perfusion by oxygen
carrying RBCs. PolyHb can more easily perfuse the abnormal microcirculation
of tumours to supply oxygen needed for chemotherapy or radiation therapy
(Robinson et al. 1995; Teicher 1995) (Fig. 1.9). Thus, PEG conjugated Hb has
been used this way (Han et al. 2012; Shorr et al. 1996). PolyHb also decreases the
growth of tumour and increases the lifespan in a rat model of gliosarcoma brain
tumour (Pearce and Gawryl 1998).

We have crosslinked tyrosinase with Hb to form a soluble PolyHb-tyrosinase
complex (Yu and Chang 2004) (Figs. 1.9, 1.10). This has the dual function of
supplying the needed oxygen and at the same time lowering the systemic levels of
tyrosine needed for the growth of melanoma. Intravenous injections delayed the
growth of the melanoma without causing adverse effects in the treated animals (Yu
and Chang 2004) (Fig. 1.10). Our more recent study include the use of PLA and
PEG-PLA membrane nano artificial cells containing polyHb-tyrosinase (Furstier
and Chang 2012; Wang and Chang 2012).
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Fig. 1.10  Effects of daily intravenous injection of PolyHb-tyrosinase on tumor growth of
B16F10 melanoma in mice. (i) sham control: no intravenous injection; (ii) saline control: (iii)
PolyHb-tyrosinase group (with copyright permission from Chang 2007 Monograph on Artificial
Cells)

1.4 Nanodimension Complete Artificial Red Blood Cells
1.4.1 Early Artificial Red Blood Cells

The first artificial RBCs (Fig. 1.1) have all the in vitro function of RBCs as shown
by oxygen dissociation curve (Chang 1957), carbonic anhydrase activity (Chang
1964) and catalase activities (Chang and Poznansky 1968). These artificial RBCs
do not have blood group antigens on the membrane and therefore do no aggre-
gation in the presence of blood group antibodies (Chang 1972). However, the
single major problem is the rapid removal of these artificial cells from the cir-
culation. Much of the studies since that time are to improve survival in the cir-
culation by decreasing uptake by the reticuloendothelial system. Since removal of
sialic acid from biological RBCs resulted in their rapid removal from the circu-
lation (Chang 1965, 1972), we started to modify the surface properties on artificial
RBCs. This included synthetic polymers, negatively charge polymers, crosslinked
protein, lipid—protein, lipid—polymer and others (Chang 1965, 1972). As discussed
below, artificial RBCs have since been extensively explored by many researchers
around the world. These include Beissinger, Bian, Chang, Farmer, Gao, Hunt,
Kobayashi, Lee, Mobed, Nishiyia, Rabinovic, Rudolph, Sakai, Schmidt, Sinohara,
Szebeni, Takeoka, Tsuchida, Takahashi, Usuba and many others.
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1.4.2 Bilayer Lipid Membrane Nano Artificial RBC

Bangham (1965) reported the preparation of liposomes each consisting of micro-
spheres of onion like concentric lipid bilayers—multi-lamellar. This was initially
used as membrane models in basic research. The large amount of lipid in the multi-
lamellar liposome limits the amount of water-soluble drugs that can be enclosed.
Thus, the basic principle and method of preparing artificial cells using ether as the
dispersing phase (Chang 1957, 1964) was extended by into what they call an “ether
evaporation method” to form single bilayer (unilamellar) lipid membrane liposomes
for drug delivery (Deamer and Bangham 1976). Using an extension of this a major
progress is the preparation of submicron lipid membrane artificial RBC (Djordjevich
and Miller, 1980; Farmer et al. 1988; Philips et al. 1999; Rudolph 1994; Kobayashi
et al. 2005; Tsuchida et al. 2006; Sakai 2013). By the addition of PEG to the lipid
membrane, the circulation time has been increased to a half time of about 36 h in rats
(Philips et al. 1999). These advances make it now possible to scale up for detailed
preclinical studies towards clinical trial (Tsuchida 1998; Kobayashi et al. 2005;
Sakai 2013). The uptake is mainly by the reticuloendothelial system. It is possible to
replace 90 % of the RBCs in rats with these artificial RBCs (Tsuchida 1998; Ko-
bayashi et al. 2005; Sakai 2013). The animals with this percentage of exchange
transfusion still remain viable. Studies also reported effectiveness in hemorrhagic
shock. There are no changes in the histology of brain, heart, kidneys and lungs of
rats. More details will be available in a later chapter by these authors.

1.4.3 Nanodimension Biodegradable Polymeric Artificial
Cells

Using a modification of this author’s earlier method of micron dimension biode-
gradable polymeric membrane artificial cells (Chang 1976) we have prepared
biodegradable polymeric membrane nano dimension PLA artificial RBCs (Chang
1997, 2007; Chang et al. 2003; Yu and Chang 2004). This decreases the amount of
lipid needed for the nano artificial cells. Polymer membrane is stronger than

Fig. 1.11 Amount of MEMBRANE MATERIAL
membrane material in Hb
lipid vesicles compared to
PLA nano RBCs (with

copyright permission from

| lipid

I biodegradable polymer
Chang 2007 Monograph on
Artificial Cells '

HB LIPID VESICELS NANO ARTIFICIAL RBCs
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bilayer lipid and a thinner polymer membrane can be used. Figure 1.11 shows the
amount of membrane material in Hb lipid vesicles compared to PLA nano RBCs.

Polylactide membrane in PLA nano RBCs is biodegradable into lactic acid and
finally water and carbon dioxide and thus is not retained in the reticuloendothelial
system (Fig. 1.12). Lactic acid in 500 ml of PLA nano artificial RBC is 83 meq/
500 ml compared to resting body production of lactic acid of 1,200 meq/day and a
maximal body removal capacity for lactic acid of 7,860 meq/day (Fig. 1.12).

These nano artificial RBC of 80-150 nm contain all the RBC enzymes and can
convert methemoglobin to Hb (Chang et al. 2003) (Fig. 1.13). The membrane is
not permeable to larger molecules, but freely permeable to small molecules like
glucose and reducing agents from plasma. In vitro study shows that when incu-
bated at 37 °C MetHb increases quickly (Fig. 1.13). Addition of a reducing agent,
ascorbic acid prevents the increase in MetHb. Addition of glucose and NADH
allows the Embden Meyerhof enzyme system in the nano artificial RBC to
decrease MetHb further (Fig. 1.13).

Our studies show that using a polyethylene-glycol-polylactide copolymer
membrane we are able to strengthen the membrane and increase the circulation
time of these nano artificial RBCs to double that of PolyHb (Fig. 1.14) (Chang
et al. 2003). The result of other groups support these findings (Zhang et al. 2008;
Sheng et al. 2009). We also reported that infusion of 1/3 blood volume into rats did
not have any adverse effects on the kidney (Liu and Chang 2008a) or the liver (Liu
and Chang 2008b) on a long term basis.

Further studies show that one infusion with a volume of 1/3 the total blood
volume, did not result in adverse effects on the biochemistry and histology of the
kidney (Liu and Chang 2008a) or liver and spleen (Liu and Chang 2008b). Our
most recent study uses PEG-PLA membrane nano artificial cells containing
PolyHb-catalase-superoxide dismutase-carbonic anhydrase in a hemorrhagic shock
rat model with 2/3 of the blood removed. After one hour of hemorrhagic shock at
30 mmHg, infusion of this preparation effectively resuscitated the animal and
lowered the elevated tissue PCO2 (Wei et al. 2013).
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Fig. 1.14 Comparison of the maximal systemic non-RBC Hb reached after infusion of different
preparations and the time to reached a given non-RBC Hb level. The time for PolyHb-17 to reach
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calculate the equivalent time for human (Chang et al. 2003) (with copyright permission from J
Artificial Cells, Blood Substitutes and Biotechnology)
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1.4.4 Possible Variations in the Membrane of Nano Artificial
RBC

Hb lipid vesicles are bilayer membrane nano artificial RBCs containing Hb
(Adding PEG to the bilayer lipid membrane greatly increased the circulation time.
These PEG-lipid vesicles are more like the lipid—polymer membrane artificial cells
(Chang 1972) and are no longer pure lipid vesicles. Discher’s group (Photos et al.
2003) tried to increase the strength of the PEG-lipid membrane artificial cells by
using self-assembling of block copolymers. PEG was the hydrophilic block and
polyethylene or polybutadiene (PB) was the hydrophobic block. This significantly
increased strength when compared to PEG-lipid membrane artificial cells. This so-
call polymersomes are PEG-PB nano artificial RBC similar to PEG-PLA nano
artificial RBC. Thus, polymeric membrane artificial cells have branched off into
multilamellar liposome that then has evolved into lipid membrane artificial cells,
then polymer-lipid membrane artificial cells, and finally back to the polymeric
membrane artificial cells that are now called by different names including poly-
mersomes, nanocapsules, nanoparticles, vesicles and others.

1.5 Stem Cells for Blood Substitutes

Some feel that we should depend on stem cells to prepare RBCs. This may be
useful for platelets and leucocytes since only small amounts are needed. Even
then, platelets, unlike nanobiotechnological derived ones, has extremely short
storage life. In the case of RBCs, despite much research, it is still not possible to
scale this up sufficient for the large volume of RBC needed (Mazurier et al. 2011).
When scale up becomes a reality, this will be an important source of RBC for
many clinical conditions. However, these RBC will still have many of the same
problems of RBC. These include:

e RBCs need refrigeration but still have a short storage time at 4 °C of less than
42 days. PolyHb can be stored in room temperature for more than 1 year.
Freeze-dry powder of PolyHb and PolyHb-enzyme has even longer stability.

e RBCs cannot be freeze-dried into powder form. HBOCs in the freeze dry form
are light and compact with ease of transport and storage for emergency, major
disaster or war.

e Unlike RBCs, HBOCs can better perfuse obstructed microcirculation as in
stroke, heart attack, ischemic limbs, sickle cell anemia and other conditions. It
can also better perfuse disturbed microcirculations as in tumour, hemorrhagic
shock and other conditions.

e Unlike RBCs, HBOCs can be enhanced with higher enzyme levels than RBCs to
be more effective against severe ischemia—reperfusion injury, fatal elevation of
tissue pCO2 and other conditions.
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e Nanobiotechnology can combine Hb with other enzymes and other bioreactants
for specially designed oxygen therapeutics.

1.6 Future Perspectives and Learning from Past
Experience

The first research on artificial cells was on artificial RBC (Chang 1957, 1964). Yet,
instead of blood substitutes, this research has led to extensive extensions and
development and medical uses and nonmedical uses in other areas. Examples
include nanomedicine, nanobiotechnology, nanotechnology, gene therapy, enzyme
therapy, cancer therapy, cell/stem cell therapy, regenerative medicine, liver sup-
port support systems, drug carriers, and even in agriculture, aquatic culture, fer-
mentation industry, food industry, nanorobotics, nanocomputers, energy
production and other areas (Chang 2007 and www.artcell.mcgill.ca). This is
unfortunate, since we are neglecting one of the most important area, blood sub-
stitutes and oxygen therapeutics. What are the reasons for this neglect?

There was no blood substitute to replace HIV contaminated blood in the 1980
crisis. Large number of patients receiving donor blood were infected with HIV and
died. During this time there was a short period of increase support for basic
research and development around the world. Unfortunately we human have short
memory and many have forgotten the major disaster that we have encountered and
major support for blood substitutes has disappeared after a few years. It is unbe-
lievable that many still think that blood substitute is a simple matter that can be left
alone until there is an urgent need. Others think that stem cell derived blood can
solve all the problems, but as discussed above, this is not the case. Whatever the
excuse, there is little or no interest in supporting blood substitutes research and
development at present. Are we waiting again for another crisis to come before
repeating our error of doing catch up research and development? The industries
have done their best. They have to find their own resources to carry the impossible
task of doing everything in basic research, applied research, preclinical studies and
clinical trials. With the lack of sufficient resources and with the lack of basic
knowledge in this area they have been forced to do trial and error type of R&D
with resulting delays and some failures and loss of revenue. Many companies have
since given up this impossible endeavor. Without sufficient resources and support
for academic basic research and industrial development around the world,
development of blood substitutes will continue to be done by trial and error.
Furthermore, only the simplest and shortest route will be chosen despite the many
possible new generations that are available.

Enormous amount of resources have been placed into basic research and
developments on cancer, rare genetic diseases, molecular biology, organ failure
and other areas with far less clinically useful results. With far less support, ded-
icated researchers and developers have persisted beyond any expectation to come
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out with clinically useful first generation blood substitutes one of which, PolyHb,
has been approved for routine clinical uses in South Africa and Russia. There are a
number of others and possible new generation HBOCs. As discussed earlier, first
generation Hb oxygen carrier appears to be safe and effective for many clinical
conditions. There is no reason to use more complex or more expensive systems in
these cases. However, it is not a “cure all” for all clinical conditions. Much
research needs to be carried out to study the types of patients who are suitable for
this. For instance, we now know that they are not for patients with endothelial
dysfunction. They are not for patients with “sustained” ischemia especially if
associated with extensive elevation in tissue pCO2. There is nothing in medicine
that can be considered as “cure all” and new generations HBOCs need to be
develop for those conditions that need these. Thus, much remains to be done
before first generation and new generations of blood substitutes can be widely used
in more clinical conditions (Liu and Xiu 2008; Mozzarelli 2010; Chang 2013).

Is it reasonable to expect that for blood substitutes, we should be able to come
out with a perfect blood substitute with little or no resources for academic and
industrial research and development? Should we wait for another crisis before
doing catch-up R & D that we now know will not work?
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