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Abstract: 

In recent years scientists have been attempting to develop synthetic blood substitutes in 

order to counter both the shortage in donor blood and the problems associated with 

infection and disease during allogeneic transfusion.  Most attempts have been made at 

mimicking the oxygen carrying capabilities of red blood cells yet there is still a broad 

array of substances in use today that try to simulate the effects of whole blood, not just 

the red blood cell itself.  This literature based thesis extensively discuses the importance 

of all blood components and reviews the recent developments and problems associated 

with volume expanders, oxygen carriers which are further subcategorized into 

hemoglobin-based substitutes and perfluorocarbons, erythropoietin use, and autologous 

blood transfusions.  Their short term use has potential benefits but in the long term some 

of their shortcomings include hypertension, hypoproteinemia, thrombus formation, 

abnormal vasoactivity, anaphylaxis, and ischemic reperfusion injury, all of which tend to 

overshadow their benefits. 
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Introduction: 

 

Recently a major issue involving one of the most vital components of the human 

body, blood, has arisen in the medical field as well as in the social contexts of sports and 

religion.  Physicians are concerned with pre and postoperative transfusions, first 

responders need to deal with patients undergoing extreme trauma and blood loss, athletes 

are blood doping to gain an edge in competition, and some people’s religious beliefs 

inhibit them from acquiring normal blood transfusions.   Ever since the late 17
th

 century 

when William Harvey discovered how blood circulated throughout the body, scientists 

have been concerned with providing a means to mimic the effects of whole blood [1].  

Though we have come a long way from using substances such as milk, urine, beer, plant 

resins, and sheep blood, scientists still find it difficult to come up with products that are 

exactly equivalent to the effectiveness of blood.   

To many non-science oriented individuals, blood is simply the red fluid that flows 

through our veins and serves as the life force of our bodies.  An infant is born with only 

half a pint of blood when a fully grown adult can contain up to 18 pints of this so called 

fluid of life [2].  It obviously serves a vital purpose.  Most individuals aren’t completely 

ignorant however.  We understand that within the human body blood serves two primary 

functions that include the transport of oxygen to various tissues and the removal of 

carbon dioxide and wastes from the body.  As of late artificial blood products have been 

designed only to replace the function of red blood cells, neglecting the importance of 

white blood cells, platelets, and plasma.  There are, however, products that target certain 

functions of specific components of blood including volume expanders that mimic the 

physiological effects of plasma [1].  Before one can completely understand the 
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fundamental engineering principles of synthetic blood substitutes, however, they must 

understand the basic interaction between oxygen and blood. 

The component of blood that interacts with oxygen is the erythrocyte, more 

commonly known as the red blood cell (RBC).  They compose roughly 50% of blood 

volume.  These cells live up to 120 days and thus have to be replaced frequently so 

synthetic transfusions are only a temporary fix until the body develops the appropriate 

amount of RBCs.  A key molecule within every erythrocyte is hemoglobin (Hb) which is 

a tetramer protein composed of 2 beta subunits and 2 alpha subunits. Each subunit is 

composed of a heme group with an iron ion in the center that is capable of binding 

oxygen as shown in Figure 1.  When oxygen binds hemoglobin it is considered to be in a 

relaxed state (R-state) and the central cavity in which the iron ion is located in is smaller 

than it is when oxygen is not bound which is considered its tense state (T-state).   

 

 
Figure 1: Structure of Hemoglobin within a Red Blood Cell

a
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Each subunit of Hb is capable of cooperative binding; after each consecutive 

binding of oxygen to an individual subunit the affinity for binding oxygen for the next 

subunit increases.  The ligands that are capable of causing such allosteric effects, like 

oxygen, are known as effectors; in essence external effectors can alter the affinity of 

hemoglobin for oxygen; positive effectors increasing affinity and negative effectors 

decreasing affinity.  2, 3-Bis-phosphoglycerate (BPG), a naturally occurring substance in 

erythrocytes, is considered a negative effector because it binds to the central cavity of 

hemoglobin in the T-state; the R-state does not favor BPG binding because of its smaller 

central cavity.  The negative charge of BPG is stabilized within the central cavity of 

hemoglobin by positively charged Lysine and Histadine residues and as BPG is 

stabilized, so is the hemoglobin T-state which in effect gravely decreases the binding 

affinity of oxygen for that particular hemoglobin.  BPG is found in equal concentrations 

in all erythrocytes, from the lungs to the tissues; the difference being that BPG has a 

greater effect in the tissues because of the lower pO2 concentrations and works in 

conjunction to help hemoglobin release more of its oxygen into the tissues.   

Carbon dioxide and hydrogen ions as well decrease the affinity of hemoglobin for 

oxygen in a process known as the Bohr Effect.  In active muscle cells, O2 is consumed 

rapidly and in effect CO2 and H
+
 ions are produced, decreasing the pH of blood in the 

process.  At physiological pH (~7.4) the Histadine 146 residue in Hb is deprotonated; 

when the level of H
+
 ions in the blood increases, pH levels decrease causing the Histadine 

residue to become protonated and form an ionic interaction with the Aspartate 94 residue.  

Due to the newly developed ionic interaction, the T-state is more stable resulting in less 

affinity of Hb for oxygen.  It is evident that any effector that stabilizes the T-state of Hb 
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will undoubtedly decrease Hb’s affinity for oxygen which is mostly observed in the 

tissues.   

The involvement of CO2 as an effector involves a different mechanism.  The N-

terminus of Hb chains lie at an interface between the alpha and beta subunits.  When CO2 

is present, it reacts with the positively charged N-terminus to form a negatively charged 

carbamate group; in effect ionic interactions are now capable of occurring at the alpha 

and beta subunit interface which as a result stabilizes the T-state of hemoglobin and as 

we now know decreases the affinity for oxygen.  The allosteric effects of each substance 

are illustrated in Figure 2. 

 
Figure 2: Allosteric effects of O2, BPG, H

+
, and CO2 

b
 

 

Blood also carries substances that serve defensive purposes and they are what we 

call leukocytes, more commonly known as white blood cells (WBCs). Leukocytes work 
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in conjunction with the immune system to ward off disease and protect the body from 

foreign substances and infection.  The five different types of cells that are considered 

leukocytes are split into two categories depending on their cytoplasmic content.  

Granulocytes contain granules within their cytoplasm that contain digestive enzymes and 

consist of neutrophils, basophils, and eosinophils.  Neutrophils make up roughly ~58% of 

leukocytes and are the body’s first responders to infection and injury.  These cells 

phagocytize, or ingest, foreign material before further infection occurs.  Eosinophils 

specialize in parasitic infection and play a role with allergic reactions yet they only make 

up 3% of all leukocytes.  Basophils also play a role with allergic reactions and act on 

smooth muscle and blood cell walls by releasing histamine.  Histamine causes blood 

vessels to “leak” and attract more leukocytes to the area; they also release heparin, a 

substance that prevents clotting at the infection sight so that more blood flow and 

consequently more leukocytes can reach the area of infection.   

Agranulocytes are those leukocytes that lack granules within their cytoplasm and 

consist of monocytes and lymphocytes.  Monocytes compose roughly 4% of leukocytes; 

they begin in bone marrow and are eventually deposited in the blood where they stay for 

roughly 10 to 20 hours until they enter tissue and eventually become macrophages.  

Macrophages behave like neutrophils and phagocytize foreign invaders.  In addition these 

cells can dispose of old, damaged and dead cells.  Both macrophages and neutrophils 

mobilize by ameboid motion and can squeeze through blood cell walls in a process 

known as diapedesis to get to the site of infection.  These cells are also attracted to certain 

chemicals produced by the immune system or bacteria which is termed chemotaxis.   
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Lymphocytes serve in mediating the immune system and compose roughly 20% 

of all leukocytes.  Lymphocytes are further categorized into either T lymphocytes or B 

lymphocytes, both developed from pluripotent hematopoietic stem cells in bone marrow, 

but the former maturing in the thymus and the latter maturing in the bone marrow.  T 

lymphocytes compose 55% of lymphocytes and are responsible for cell mediated 

immunity.  There are four different types of T lymphocytes: Helper T cells, Cytotoxic T 

cells, Memory T cells, and Suppressor T cells.  Helper T cells are distinguished from the 

rest of T lymphocytes because they contain a cell membrane protein called CD4.  These 

cells direct the immune system by releasing cytokines which in turn stimulate B cells to 

form plasma cells.  Plasma cells form antibodies, stimulate the activation of cytotoxic T 

cells and suppressor T cells and activate macrophages.  Cytotoxic T cells release 

chemicals that interact with foreign cell membranes creating a lesion and kill the 

invading organism.  Memory T cells are capable of creating a memory bank of invading 

bacteria for future infections and quicker immune response time.  Suppressor T cells 

suppress the immune response so that chronic inflammation does not occur and become 

detrimental to normal physiology.   

B lymphocytes are responsible for humoral immunity, or in other words, antibody 

production.  There are five types of antibodies, also known as immunoglobulins or 

gamma globulins: IgG, IgM, IgE, IgA, and IgD.  These bind to antigen causing them to 

either be neutralized, clump together, or break open.  Antibodies also serve in activating 

the complement system of the immune system which produces a powerful inflammatory 

response.  The complement system is a series of enzymes that amplifies the immune 

response by attracting and activating neutrophils and macrophages, neutralizing viruses, 
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or lysing the cell walls of invading organisms.  B cells become plasma cells when a 

foreign invader is encountered and is stimulated by Helper T cells.  There are also 

memory B cells which recognize future antigens for a more rapid immune response just 

as memory T cells do.  When patients are given synthetic blood substitutes instead of 

whole donor blood they usually lack the leukocytes that accompany whole blood and 

therefore their bodies are susceptible to a slower immune response and can become ill 

more frequently for the duration of the time the body takes to replenish its leukocyte 

count.  This is only one of the many issues associated with trying to mimic the effects of 

whole blood, if too much focus is put on the oxygen carrying capacity of RBCs, the 

biological significance of platelets is also neglected. 

Thrombocytes, more commonly known as platelets, are formed in the bone 

marrow from cells called megakaryocytes.  When megakaryocytes fragment, they form 

platelets which are capable of forming platelet plugs by aggregating at a site of injury or 

infection.  Platelets contain chemicals that stabilize blood clots, stimulate blood vessel 

repair, and attract other platelets.  Their mechanisms serve to decrease blood leakage due 

to injury or inhibiting foreign invaders from mobilizing through systemic circulation.  It 

is evident that platelets serve a vital purpose in decreasing blood loss during minor 

injuries and when one of the primary purposes of blood transfusions is to replace blood, it 

is necessary to also incorporate the molecules that will hinder any further bleeding from 

minor injuries.  Figure 3 serves as a good illustration as to how hematopoietic stem cells 

can develop into multiple components of blood.  Though most artificial blood substitutes 

neglect to incorporate the defenses of leukocytes and thromobocytes, they do try and 

incorporate the effects of blood plasma as it does compose 55% of blood volume. 
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Figure 3: Pluripotency of hematopoietic stem cells 
c
 

Acellular plasma is a clear, yellowish fluid that is composed of ~90% water and 

~10% nutrients, proteins, and other life sustaining components.  Certain plasma 

components diffuse in and out of tissues dependent on concentration gradients between 

blood and tissues.  Hydrostatic pressure, more commonly referred to as blood pressure, 

favors diffusion out of blood vessels and into tissues.  A balancing pressure known as 

blood oncotic pressure favors the retention of blood components within blood vessels.  

Blood oncotic pressure is mostly caused by dissolved proteins in plasma.  Plasma 

proteins are very large and have a difficult time diffusing through capillaries so most of 

their existence is held within blood vessels.  Proteins help maintain a constant volume of 

blood by attracting water to help keep their concentration in blood vessels more in line 
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with fluid in tissues.  The main proteins of plasma are albumin (60%), globulins (alpha-1, 

alpha-2, beta, and immunoglobulins), and clotting proteins such as fibrinogen.  These 

proteins serve many purposes such as maintaining oncotic pressure, transporting 

substances, serving as enzymes for certain reactions, and maintaining a pH balance.  

Plasma is also composed of electrolytes: sodium, potassium, chloride, bicarbonate, 

calcium, and magnesium; these are essential for nerve conductance, muscle contraction, 

blood pH balance, and blood clotting.  Finally plasma also serves as a highway for other 

molecules including carbohydrates, cholesterol, hormones, and cofactors (vitamins).  So 

when it comes to trying to balance the osmotic and oncotic pressure between blood 

vessels and tissues during instances of large blood loss, solutions have been created to 

mimic the effects of plasma in the short term to sustain blood volume and pressure. 

Evidently blood serves many functions in order to keep our bodies in a state of 

homeostasis which is why many health professionals focus on duplicating its effects 

through synthetic means.  As is with any experimentation and research, trial and error 

constitutes a great portion of replicating the characteristics of natural blood and many 

synthetic compounds.  Multiple compounds have been developed to target particular 

portions of blood, mostly focusing on targeting the hemoglobin mechanism, replicating 

the oncotic pressure balance maintained by certain plasma proteins and retaining blood 

volume.  Blood is incredibly difficult to replicate in its entirety and therefore certain side 

effects are inevitable in the search for developing substances that mimic its effects that 

can be more detrimental than helpful to the recovery of the human body.  This literature 

review based thesis focuses on the recent advances and problems associated with blood 

volume expanders, oxygen carriers, EPOs, and autologous transfusions.   
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A. Volume Expanders  

 

Volume expanders are fluids that increase plasma volume and therefore osmotic 

pressure during cases of hypovolemia which can occur because of hemorrhage, burns, 

trauma, sepsis, peritonitis, and diabetic ketoacidosis [3].  These fluids can be used during 

surgery as an isovolemic transfusion for plasma exchange or before surgery for 

hemodilution but they are mainly used in cases of circulatory shock [3]. Hypovolemia is 

sometimes hard to recognize because of the human body’s ability to compensate for 

blood loss by vasoconstriction observed in skin and splanchnic circulations.  Urine 

output, patient consciousness level, peripheral venous filling, and skin temperature are 

therefore better indicators of whether a patient is experiencing hypovolemia [3].   

Several non-blood volume expanders are available in the market as of 2011.  

Individuals who refuse blood transfusions due to personal reasons such as religious 

affiliations usually request the use of non-blood volume expanders.  Two main solution 

types have been used for volume expansion: crystalloid solutions and colloid solutions.  

Crystalloids are aqueous solutions of mineral salts or other water-soluble molecules. 

Colloids contain larger insoluble molecules, such as gelatin.  The type of fluid loss a 

patient experiences does not influence the choice of which fluid to initially resuscitate 

with since success rate is dependent more on rapidity and adequacy of repletion [3]. 

Colloid solutions are usually used when a patient has a hypoproteinemic or 

malnourished state, patients who require plasma volume expansion, orthopedic and 

reconstructive procedures requiring prevention of thrombus formation and leukapheresis.  

Colloid solutions have been used and developed over the past 80 years as volume 

expanders of the intravascular space.  Their effects are efficient in acute purposes and are 
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short-lived.  Those colloids with a lower molecular weight exert a larger initial osmotic 

effect but are expelled rapidly.  Conversely larger molecules last longer in circulation 

with a milder effect on oncotic pressure.  Colloids are sometimes administered to patients 

with endothelial injury or capillary leakage which can pose a problem during colloid 

therapy as colloid solution can leak into the interstitium creating a chronic case of pulling 

additional water into the interstitium which disrupts the osmotic gradient.  Four general 

colloid products are seen today.  Albumin, the main plasma protein, is the predominant 

colloid but remains very expensive to use because of the limited human donors.  Dextrans 

have been used to prevent deep venous thrombosis and to lower blood viscosity during 

surgery.  Dextran 40 however has been observed to produce renal failure in patients with 

poor renal blood flow [3].  Hetastarch has been widely used as a plasma volume 

expander.  It provides equivalent plasma volume expansion to albumin, but has been 

shown to alter clotting parameters in studies (prolonging the activated partial 

thromboplastin time and prothrombin time).  Although severe coagulopathies have been 

reported in sporadic cases, hetastarch has not been shown to increase postoperative 

bleeding compared with albumin therapy, even in large doses (3 L/day).  Also of concern 

for all colloids is their ability to induce allergic or anaphylactoid reactions due to the 

foreign gelatins they present to the human body [4]. 

Supporters of crystalloid use argue that the key problem in shock is shrinkage of 

the entire extracellular fluid compartment.  Due to crystalloids ability to pass freely 

across vascular membranes they therefore should be used because they equilibrate rapidly 

between the intravascular and interstitial fluid spaces [3].  Crystalloids are mainly 

distributed throughout the interstitial space unlike colloids which mainly stay within the 
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intravascular space.  Crystalloids are divided into hypotonic (i.e. dextrose in water, 

lactated Ringer’s solution), isotonic (i.e. 0.9% saline solution) and hypertonic solutions 

(i.e. 7.5% saline solution) [6].  Crystalloids do not contain the ability to increase oxygen 

carrying capacity and are expelled from circulation relatively quickly therefore patients 

need to be infused with large quantities of fluid to reach normovolemia.  Studies have 

shown, however, that large quantities of unbuffered saline solution have been associated 

with the development of hyperchloremic acidosis [5] and [6].  Overuse of crystalloid 

solution can lead to hypoproteinemia and potentially cause a reduction in plasma colloid 

osmotic pressure and increase risk for interstitial edema [4] and [6].  A study conducted 

by Stein et al. showed that 70% of elderly patients suffering from circulatory shock 

developed pulmonary edema after having received crystalloid transfusion in contrast to 

25% of patients who received colloid treatment [6].  

 

B. Oxygen Carriers 

 

Oxygen carriers are any compound or delivery system that mimics the oxygen 

carrying capabilities of biological molecules, such as hemoglobin, in order to carry 

oxygen through the vascular system to perfuse the body.  The issue with using natural 

human red blood cells is that they have very stringent storage requirements and therefore 

a very short shelf life because they have to reduce the risk of bacterial contamination [7].  

Because of this, the availability of natural blood during emergencies or on the battlefield 

is limited.  The use of blood substitutes can circumvent this dilemma and they are also 

more amenable to purification and the removal of pathogens.  With artificial blood 

substitutes there is also no need for cross-matching because they do not contain blood 

group antigens.  
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Ideally we would want a blood substitute that is suitable for long-term storage, be 

free of pathogens, have a circulation period (intravascular “dwell” time) of a couple of 

weeks before being expelled by the kidneys, and have the capability of not only 

transporting but also delivering oxygen to tissues [7].   Though artificial oxygen carriers 

have circumvented many issues pertaining to allogeneic blood donations they still have 

adverse effects of their own.  There are two main types of oxygen carriers that have been 

studied: hemoglobin-based oxygen carriers (HBOCs), and those that use perfluorocarbon 

emulsions.  

 

1. Hemoglobin-based oxygen carriers 
 

The utilization of artificial oxygen carriers was not started until professionals 

determined that native hemoglobin, acquired through lysing of RBCs, was shown to be 

toxic for human use; research with native Hb started in 1937 by WR Amberson [8].   

Clinical transfusion trials on animals demonstrated that the native compound delivered 

oxygen effectively but it was highly toxic to the kidney and caused hypertension [8].  

Further experiments involving the removal of the RBC membrane stroma, which gave a 

stroma-free native hemoglobin, showed less renal toxicity in animals but nevertheless 

Savitksy’s clinical trials in 1978 still showed renal toxicity and abnormal vasoactivities 

so the use of native hemoglobin was discontinued.  The modified Hbs that have been 

developed and tested clinically include cross-linked polyhemoglobin, cross-linked 

tetrameric hemoglobin, conjugated hemoglobin, and recombinant hemoglobin.  Modern 

day modified Hb products include Polyheme, a polymerized human Hb product, 

Hemopure, a polymerized Hb from bovine RBCs, and Hemolink, a partially polymerized 

human Hb product.  Figure 4 illustrates the different forms of Hb developed as of 2004.   
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Figure 4: Different types of modified Hb 

d
 

 

Initially native HBOCs had clinical side effects that included malaise, abdominal 

pain, hemoglobinuria, and renal toxicity.  Cell free hemoglobin lacks 2,3-DPG which in 

intracellular Hb modifies the dissociation of oxygen [7].  Because of this, the use of 

HBOCs causes a “left shift” in the oxygen dissociation curve, in other words the affinity 

of hemoglobin for oxygen increases.  This severely limits the HBOCs ability to deliver 

oxygen to the tissues.  Another issue concerning HBOCs is that they slowly oxidize to 

methemoglobin unless stored frozen, under nitrogen, or in a vacuum [9].  A more 

important concern has been the abnormal vasoactivities induced by the use of synthetic 

HBOCs. 

The most commonly accepted theory for why hemoglobin conjugates cause 

abnormal vasoactivity is as follows.  The endothelial lining of vascular walls has 

intercellular junctions that allow a single tetrameric Hb to pass and enter the interstitial 
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space.  Once in the interstitial space the Hb binds and removes nitric oxide which is 

needed for maintaining the normal tone of smooth muscle.  Consquently vasoconstriction 

occurs along with other constrictions of other smooth muscles especially those of the 

esophagus and GI tract [8].  The evidence for such a theory comes from the amount of 

tetrameric hemoglobin used within trials.  Gould’s group used a polyhemoglobin with 

less than 1% tetrameric hemoglobin which did not report vasoactivities even at large 

volumes.  Biopure’s bovine polyhemoglobin which contained less than 5% tetrameric 

hemoglobin showed slight signs of vasoactivity when large volumes were used and a 

polyhemoglobin containing 36% tetrameric hemoglobin showed significant signs of 

vasoactivity and increased smooth muscle contractions when large volumes were used 

[8].  Furthermore, modified tetrameric recombinant Hb, that did not bind nitric oxide, 

showed no signs of vasoconstrictions contributing to the plausibility of the theory as well.   

However there is another theory proposed by Winslow and his colleagues.  Their 

theory is that unlike Hb inside RBCs, modified hemoglobin, being a solution itself, is in 

close contact with the vascular wall; this theory implies that Hb interacts with the 

vascular wall directly instead of taking up nitric oxide.  They also propose that Hb 

conjugates in solution increase the rate of release of oxygen from RBCs by facilitated 

diffusion and go on to state that the premature release of oxygen at high concentrations 

results in vasoconstriction [8].    

The synthetic Hbs seen in Figure 4 allowed researchers to circumvent the issues 

of dwell time within circulation.  Advances included the use of 3,5-dibromosalicyl 

fumarate which allowed for a strong covalent bond within the Hb tetramer and increased 

dwell time up to 12 hours from the original 6 of normal cell-free Hb.  Hb has also been 
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converted into polyHb by treatment with bifunctional cross-linking agents such as o-

raffinose or glutaraldehyde which target specific amino groups and polymerize the Hb 

molecule which increased dwell time to up to 24 hours.  Hb has also been conjugated to a 

number of larger molecules such as dextran, polyethylene glycol, or polyoxyethylene 

which has increased dwell time up to 48 hours [7]. 

Though the Hb lifespan in circulation has been increased, there has still been 

issues concerning the events of ischemia-reperfusion injury (IRI) due to radicals 

produced by HBOCs since they lack the physiological enzymes responsible to neutralize 

such radicals.  Though studies have been conducted on having polyHb linked to 

antioxidant enzymes such as superoxide dismutase and catalase, IRI is still an issue.  The 

FDA is mostly concerned with the production of free radicals that occur with the use of 

HBOCs and the metabolism of modified Hbs [10]. 

In addition to the side effects associated with the synthetic Hbs themselves, there 

are also issues concerning the source of the Hbs used in blood substitutes.  Though the 

obvious source choice would be human Hb from donor blood that has already passed its 

shelf life, there is a lack of human donor blood available for such use.  An alternative has 

been using bovine Hb instead.  Though bovine Hb has a P50 of 30 mmHg, similar to 

human Hb at 27 mmHg, and our immune system does not detect it as a foreign substance 

after purification, it still raises the issue of possible contraction of bovine spongiform 

encephalopathy (mad cow disease) [7].  This is because bovine-derived HBOCs can 

potentially harbor the prion pathogen that causes the disease.  Due to several failed 

clinical trials mostly due to abnormal vascoactivities, scientists have turned to other 
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compounds that do not require the use of Hb at all, these compounds fall under the 

category of perfluorocarbons. 

 

2. Perfluorocarbons  
 

Perfluorocarbons are molecules that are structurally similar to hydrocarbons 

except that the hydrogen atoms are replaced with fluorine atoms.  They are not miscible 

with aqueous solutions so they must be prepared as emulsions before being used as blood 

substitutes and have to be kept at -20 degrees centigrade because of their instability [9].  

These molecules are highly sought after for patients that deny treatment of transfusions of 

donor blood or human and animal proteins because of religious reasons, such as Jehovah 

Witnesses.  Unlike HBOCs in which oxygen is bound to the Hb in the same way it binds 

to native Hb, oxygen is dissolved in perfluorocarbons (PFCs) which allows for easy 

extraction by tissues [7].  An issue arises because of this oxygen carrying method.  PFCs 

have an oxygen loading capacity that is linearly related to the partial pressure of oxygen 

that is in equilibrium with the emulsion.  Because of this at any given partial pressure of 

oxygen, Hb binds much more oxygen than can ever be dissolved in PFCs.   They 

therefore require very high inspired oxygen concentrations which for some patients, 

especially those with lung disease, will not benefit from due to their inability to build up 

enough partial pressure in alveolar sacks [9].  In addition, individuals that can achieve 

high inspirational oxygen levels are at risk of oxygen toxicity if too much inspiration of 

oxygen is achieved.  Figure 5 demonstrates the oxygen dissociation curve between Hb 

and PFCs. 
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         Figure 5: Oxygen Dissociation Curve 

e
 

 

 

PFCs also have a relatively short intravascular half-life ranging between 8 and 24 

hours.  These molecules are taken up quickly by the reticuloendothelial (RE) system and 

excretion occurs over a span of seven days mostly through the lungs [9].  PFCs present in 

the RE system can cause possible “immune blockage” and even lead to transient allergic 

reactions such as hypotension, leucopenia, and chest pain because some PFC emulsions 

can activate complement and stimulate the release of cytokines from the RE system [9].  

PFCs that are currently being studied include Fluosol DA, which has been 

approved by the FDA as a blood substitute for heart surgery, and Oxygent which is in 

stage II/III clinical trials in the United States.  Recently a PFC that incorporates bromide 

has been created known as perfluoroctobromide which has five times the oxygen carrying 

capacity of Fluosol DA and can be stored at 4 degrees centigrade rather than at -20 and it 

has been successfully tested on canines [9].  Like with HBOCs, there are still adverse 

effects that need to be addressed with PFCs if we are to have an ideal oxygen carrier 

substitute.  

Though modern testing and screening methods have increased the safety of donor 

blood supply, with HIV infection estimated as low as 1 per 835,000 transfused patients, 
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hepatitis C virus between 1 per 300,000 and 1 per 600,000 (an improvement from 1 per 

103,000 in the early 1990s), the use of artificial oxygen carriers is still in high demand 

due to shortages in blood supply as well as their availability during times of distress [7].  

These substitutes however will never be able to completely mimic all the 

functions of blood; they cannot do the jobs of platelets or plasma and are only efficient in 

acute cases, not long term cases such as chronic anemia in which patients deal with 

multiple transfusions [10]. 

 

 

C.  Erythropoietin (EPOs) 

 

Erythropoietin (EPO) is a glycoprotein hormone that is mainly produced in the 

adult kidney along with the liver and plays a vital role on the hematopoietic system.  EPO 

also plays a role of tissue protection from apoptosis and inflammation brought on by 

hypoxia, toxicity or injury in several non-hematopoietic tissues [11].  Native EPO as well 

as human recombinant EPO (HuREPO or rhEPO) has a high affinity for hematopoietic 

tissue EPO receptors (EPOR) which induces erythropoiesis but has a low affinity for non-

hematopoietic tissue receptors (EPOR/BcR) which has tissue protective effects such as 

inhibiting apoptosis and inflammation while inducing angiogenesis.  Figure 6 clearly 

illustrates these individual EPO receptor pathways. Because of the low affinity of rhEPO 

and EPO for EPOR/BcR, there have been incidents where excessive use of EPO has been 

used to stimulate tissue protection but has demonstrated side-effects due to the cross-talk 

with the EPOR receptor and hematopoietic activity [11].   
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Figure 6: EPO Induction Pathway 

f
 

 

 

The use of rhEPO therapeutically to treat anemic patients and cancer patients 

undergoing chemotherapy has demonstrated an increased propensity for these patients to 

produce venous thromboembolism [11].  Cancer patients are predisposed to thrombotic 

complications because of chemotherapy and therefore are at a higher risk of the adverse 

effects induced by rhEPO.  Its use has also spurred concerns about endothelial cell injury 

since biomarkers including, thrombomodulin, von Willibrand factor, and tissue 

plasminogen activator have been identified in patients that have undergone therapy with 

rhEPO.  In addition to endothelial injury, rhEPO has been known to enhance 

physiological coagulative processes due to observations of production of hyperactive 

platelets, E-selectin and P-selectin, all of which are mediated by the EPOR receptor and 

induces a procoagulant state [11].  There has been evidence that EPO induces the 

production of plasminogen activator inhibitor-1 (PAI-1) and VCAM-1 as well which 
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indicates a direct involvement of EPO on thrombus formation and potential for inducing 

atherosclerosis [14].  Because of this procagulative inducement, patients with acute and 

subacute injury are susceptible to producing unwanted thrombi which may lead to stroke 

and heart attack. 

An EPO conjugate, carbamylated rhEPO (CEPO), has no affinity for the EPOR 

receptor therefore it cannot induce erythropoiesis but it does have an affinity for 

EPOR/BcR which allows it to retain tissue protective properties.  An upside to this 

product is that it is not abused by athletes because of its inability to induce RBC 

production but can still be used by physicians to help with tissue protection. 

rhEPO is also capable of modulating regional blood flow and the retention of 

water and salt and electrolyte excretion because of its effect on the kidneys.  rhEPO can 

act as a systemic and renal vasoconstrictor and mediates anti-natriuresis through 

angiotensin II at optimal levels of 1,000 units/ml of rhEPO in the perfusate [12].  If 

potassium is not excreted efficiently it can lead to hyperkalemia which in turn can lead to 

fatal heart arythmias [13].  The previously mentioned CEPO, however, lacks acute 

systemic vasoconstrictive properties and increases renal cortical perfusion, clearance, and 

sodium elimination which could pose problems with severely dehydrated patients.   

By inducing erythropoiesis, rhEPO increases systemic blood pressure due to an 

increased hematocrit and the increased viscosity of blood.  The presence of EPO 

receptors on vascular cells (endothelial and smooth muscle cells) also indicates EPO has 

a direct effect on the vasculature especially with the contraction of vascular smooth 

muscle by stimulating production of vasoconstrictor endothelin-1 (ET-1) [14]. ET-1 

production has also been observed to increase during shear stress on vasculature usually 
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induced by exercise through increased cardiac output.  Experiments involving cultured 

human endothelial cells have shown decreased basal and acetylcholine-stimulated NO 

production as well as depressed endothelial NO synthase (eNOS) expression which both 

are involved in regulating contraction and relaxation of vascular smooth muscle [14].  

This can be detrimental to individuals with renal failure who aren’t capable of regulating 

vascular volume.  Athletes who abuse the use of rhEPO often are unaware of these effects 

and are susceptible to injury to the extent of stroke or cardiac arrest after submaximal 

exercise due to the heart or brain being inadequately perfused with oxygen or due to 

vascular thrombosis [15].  The adverse effects of rhEPO have been so severe that long-

distance bicyclists have experienced sudden death after pulmonary embolism [12].  

Recently cyclists are still being caught abusing the drug as has been exemplified when 

the Italian Tour de France rider Riccardo Ricco was suspended for being injected with 

rhEPO [15]. 

rhEPO has also been known to cause abnormal effects within the immune system. 

BCAM-1, a ligand expressed by the endothelium, has been observed to decrease in 

dialysis patients receiving rhEPO.  BCAM-1 is activated by proinflammatory cytokines 

which in response recruits leukocytes into damaged tissues therefore a decrease in 

BCAM-1 can cause adverse effects in patients that require an effective immune response 

[11].   

A study on mice treated with either rhEPO or CEPO for two weeks showed 

increase of endothelial progenitor cells in bone marrow which are responsible for both 

vasculogenesis and angiogenesis.  This can be detrimental to cancer patients with benign 

tumors as these tumors can metastasize because of increased angiogenesis around the 
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tumor.  Angiogenesis has been witnessed in uterine tissue, and ovarian and uterine 

tumors and has acted synergistically with VEGF to induce angiogenesis in myocardial 

tissue [12].  A rat model demonstrated proliferation of pancreatic cancer cells after the 

introduction of rhEPO as well since these cells express EPORs which could be 

detrimental in cases of long-term treatment with EPO [11]. 

Due to the majority of adverse effects being exemplified by rhEPO in comparison 

with CEPO, clinicians should focus on the mediator of such affects, the EPOR receptor, 

especially in patients with impaired renal function.  Recently in 2005 a group of doctors 

set up a trial at more than 100 hospitals across America that involved ~1,500 kidney 

patients who were treated with EPO in order to increase their hematocrit to normal 

concentrations.  The trial was soon thereafter stopped because interim results included the 

elevation of strokes, heart problems, and death which caught them by surprise as they 

believed these events would have decreased [15].  This may beg the question of whether 

or not having less viscous blood during renal failure is a homeostatic response to keep 

someone alive.   

Excessive rhEPO can also induce the body to produce antibodies (Abs) against 

rhEPO and because of its high homology with native EPO it can cause severe anemia, 

especially pure red cell aplasia as the bone marrow ceases to produce precursors to red 

blood cells due to the lack of native EPO [16].  Though previously mentioned that rhEPO 

can induce production of hyperactive platelets, the production of antibodies to rhEPO has 

been observed to reduce platelet count.  A study was done that involved a patient that 

developed Abs against rhEPO but also demonstrated a low platelet count without the 

presence of Abs to thrombopoietins (TPOs).  Researchers hypothesize that due to the 
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homology between EPO and TPO (22% identical and 25% conservative substitutions in 

the amino acid sequence of the N terminal domain) the EPO Abs cross reacted with 

native TPO [16]. 

Erythropoietin has also been acclaimed to have neuroprotective effects but the 

molecule is too large to cross the blood brain barrier.  An intravenous injection of 5000 

U/kg, less than 2% of the EPO passed the blood brain barrier [11].  It is sometimes the 

case where too much EPO is injected to acquire the desired effects but such high doses 

can lead to the adverse effects already discussed.   

 

 

D. Autologous Transfusions  

 

 

Autologous transfusions involve the transfusion of one’s own blood in contrast to 

allogeneic donations which are donations from individuals other than you.  Autologous 

transfusions are popular among individuals who will not accept allogeneic blood for 

religious purposes and for patients before surgeries that have the potential for extensive 

blood loss, especially orthopedic surgeries such as hip and knee replacements.  These 

surgeries often have patients undergo preoperative autologous donation (PAD) in order to 

avoid the adverse events that might occur when using allogeneic blood, such as avoiding 

mismatching of ABO groups, transmittance of viral diseases such as HIV-1 and -2, 

hepatitis B and C, human T-cell lymphotropic virus (HTLV)-1 and HTLV-2, and syphilis 

[17].   

Autologous transfusion can still be susceptible to some of the risks associated 

with allogeneic transfusion such as circulatory overload, misadministration, and 

problematic effects related to RBC storage [18]. Although many of these adverse effects 
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are circumvented by using one’s own blood there are still associated risks.  There is still a 

potential for patients to develop anemia as a result of repeated donations especially 

within a couple of weeks before surgery; the erythropoietic response replaces only a 

small amount of blood between the time of autologous donation and surgery [18]. Also 

due to the potential to develop anemia, patients involved with PAD have been found to 

actually be more susceptible to needing allogeneic blood either during or after surgery 

because of their lower preoperative hemoglobin concentrations.  A study conducted by 

Billote et al on patients undergoing unilateral primary total hip replacement placed a 

control group not involved with PAD versus a group randomized to PAD two weeks prior 

to surgery.  This study showed that the patients that weren’t involved with PAD did not 

need any blood transfusion, however, some patients involved with PAD required 

transfusions with their autologous blood.  PAD as well contributed to significant waste of 

41% of the collected autologous units [18]. Most patients undergoing orthopedic surgery 

are elderly or have medical comorbidities and have shown a 12-fold increase in the 

number of post-donation adverse reactions compared to allogeneic blood donors [17].   

Due to the fact that autologous donations are not required to take a donor history 

questionnaire in contrast to allogeneic donations and that hemoglobin thresholds allowed 

for autologous blood are 11 g/dL compared to allogeneic blood at 12.5 g/dL these 

autologous units are not entered into the general blood bank inventory and therefore have 

to be discarded if not used [18].  Many athletes have abused the ability to donate their 

own blood and reperfuse themselves prior to a race or marathon to gain an extra edge.  

Especially during exercise the injection of excessive blood can cause circulatory overload 

and lead to thrombosis, high blood pressure, and even stroke and death because of the 
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increased viscosity of the blood.  Athletes too stubborn in wanting to win have fallen 

victim to an increased hematocrit do to autologous reperfusions similar to those athletes 

who have fallen victim to EPO abuse but autologous reperfusions are much harder to put 

constraints on because of the difficulty in detecting its abuse.  

 

Conclusion: 

 Ever since the late 17
th

 century there has been attempts at mimicking the 

properties of blood in order to better prepare patients for events that have the potential for 

great blood loss.  It is evident through many trial and error, especially in the production 

of oxygen carriers, that there is a long way to go before the modern world can develop a 

product anywhere close to being exactly like that of physiological blood.  Though there 

are many pros to using volume expanders, artificial oxygen carriers, EPO substitutes, and 

autologous transfusions, we cannot escape the fact that anything foreign to our bodies has 

the potential to cause adverse effects and overuse of a product can be detrimental to our 

health.  In analyzing research and clinical evidence it seems that the balance has tipped 

towards blood substitutes doing more harm than good.  Even with their usefulness in 

acute circumstances, if we are to completely eliminate our dependency on donor blood 

we are going to need to make great strides in completely understanding the fluid 

dynamics of our vasculature and how each individual molecule plays a role in our 

homeostasis before we see long term results that are absent of deleterious side effects.
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