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�Introduction

In austere battlefield conditions and remote civilian locations, trauma-associated 
uncontrolled hemorrhage and acute coagulopathy remain one of the leading causes 
of mortality [1–6]. In such scenarios, transfusion of whole blood and blood compo-
nents (e.g., RBCs, platelets, and plasma), as per Damage Control Resuscitation 
(DCR) guidelines, can significantly reduce trauma-associated morbidities and mor-
talities [7–9]. However, the limited availability and portability, special storage 
requirements, and high contamination risks of these blood products present severe 
logistical challenges that preclude facile, ubiquitous pre-hospital application in mil-
itary and civilian scenarios, for either immediate (e.g., point-of-injury or en route) 
or prolonged field (e.g., extended, in place) care at the point-of-injury [10–17]. A 
robust volume of research is currently being dedicated toward resolving these issues 
and enhancing the availability and applicability of donor-derived blood products in 
the field [18–21]. In parallel, enabled by transformative advances in the areas of 
synthetic chemistry, biomaterials, and nanofabrication, an exciting area of research 
has emerged that focuses on the development and evaluation of semisynthetic or 
synthetic “bioinspired” surrogates of blood products that can be manufactured at 
large scale (i.e., sufficient availability); can be sterilized without compromising bio-
function, and stored as small volume deliverables over long periods of time across 
broad ambient temperature ranges and environmental conditions (i.e., easy storage 
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and portability); can be easily reconstituted and administered “on demand” in far-
forward scenarios (i.e., pre-hospital applicability); can potentially avoid the need 
for type matching (universal application with minimal immunogenic risk); can cir-
culate safely upon intravascular administration without systemic risks; and can 
mimic, leverage, and amplify endogenous mechanisms of blood component func-
tion to mitigate the effects of traumatic exsanguinating hemorrhage [22–24]. This 
field of research has developed in the areas of functionally mimicking blood’s cel-
lular as well as non-cellular components and continues to focus on resolving trans-
lational challenges with regard to biocompatibility, safety, pre-hospital availability, 
and universal applicability.

The research endeavors on preserving and transporting donor-derived blood 
started during World War I, and blood transfusions became widely available by 
World War II. Based on this advance, multiple blood banks were established in the 
USA from the 1950s onward, and blood donation was promoted as a form of civic 
responsibility. Subsequent development of processes and methodologies for isola-
tion and storage of various blood components has significantly enhanced utilization 
of whole blood and its components. Currently, transfusions of whole blood as well 
as various isolated components are clinically approved for application in civilian 
and battlefield trauma (e.g., in Damage Control Resuscitation), surgical settings 
(e.g., transplants), chronic and acute anemias, and disease-associated, drug-induced, 
or congenital bleeding disorders [25–32]. RBC transfusion is clinically significant 
in efficient mitigation of hemorrhagic shock, as part of the Massive Transfusion 
Protocol (MTP) in hypoperfused patients with critically limited oxygen delivery 
[33–37]. It has also been demonstrated that pre-hospital use of RBC transfusion (if 
available) can significantly improve survival in critically injured subjects [38, 39]. 
Such transfusions are dependent on donor-derived RBC products (e.g., packed Red 
Blood Cell or pRBC). However, according to the Red Cross, only ~40% of US 
population is eligible to donate blood at any given time, and only 10–15% actually 
donate. In addition, blood-based products have formally limited shelf-life due to 
accrual of processing and storage-related damage as well as risks of pathogenic 
contamination. Currently, RBCs have a maximum shelf-life of 42 days, while plate-
let suspensions have a shelf-life of 5 days, at room temperature [40]. Also, RBCs 
(and platelets) develop storage lesions over time, which affect their stability, in vivo 
circulation lifetime, and post-transfusion physiology [41, 42]. Significant research 
is underway to enhance the shelf-life of blood products by cold storage, freezing, 
lyophilization, etc. and to develop pathogen reduction technologies like psoralen-
based or riboflavin-based UV irradiation, as well as extensive serological testing of 
donor blood, leukoreduction, and specialized storage protocols [13, 19, 31, 43–48]. 
Nevertheless, portability of blood products, especially to remote battlefield and 
civilian locations, especially for pre-hospital point-of-care use, continues to be a 
major logistical challenge [14, 17, 49].

Such challenges can be potentially addressed by bioinspired engineering of 
semisynthetic or synthetic surrogates of blood components [22, 50, 51]. In fact, 
major interest in such synthetic surrogates developed during the HIV crisis of the 
1980s due to fear of contaminated blood products, and this research has been 
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ongoing, with several designs and products that have progressed through pre-clini-
cal and clinical evaluations. However, currently no such product is clinically 
approved by the FDA for human applications in the USA, although certain products 
have been approved for human use in South Africa and, under special circum-
stances, dispensed for compassionate use provision in the USA and Europe. Of 
note, a 2008 meta-analysis of 16 clinical trials of 5 different HBOCs indicated 
increased risk of both myocardial infarction and death in subjects who received 
such products [52]. Although this report raised significant concern with regard to 
the clinical safety and utility of these particular HBOCs, the design of this analysis 
has been debated and, importantly, this work has directed significant re-emphasis to 
better understanding the pros and cons of these products at fundamental physiologi-
cal and mechanistic levels. To this end, the current categorization of such products 
has shifted from “blood substitutes” to “oxygenation therapeutics” so as to empha-
size the important role of such products in scenarios where donor-derived RBCs 
may not be sufficiently available (e.g., far-forward military setting) as well as for 
niche scenarios, such as ex vivo perfusion of transplantable organs. In this frame-
work, we will focus on reviewing “hemoglobin-based oxygen carriers” (HBOCs), 
comprehensively discussing relevant designs, current state-of-art and novel mole-
cules in development, along with emphasizing criteria for successes and 
challenges.

�Hemoglobin (Hb) Function in RBCs for Oxygen Transport

In blood, the primary function of RBCs is the transport of oxygen (O2) and to some 
extent carbon dioxide (CO2) to and from tissues, by virtue of binding of the gases to 
hemoglobin (Hb) within RBCs. The average amount of Hb in adult human RBCs 
(mean corpuscular hemoglobin, or MCH) is 27–31 picograms per cell (~250 million 
Hb molecules). Hb is a tetrameric protein comprised by two α- and two β-polypeptide 
chains, each bearing an iron-containing heme prosthetic group that is capable of 
reversibly binding one oxygen molecule (O2). Figure  11.1a shows a multi-scale 
representation of an RBC, Hb within an RBC, and the chemical structure of an iron-
containing “heme” group within Hb. The O2-binding kinetics to Hb is positively 
cooperative, such that a small variation in oxygen partial pressure (pO2) as blood 
transits from lung to tissue (Fig. 11.1b) results in a large change in oxygen that is 
captured (in lung) and then released (in tissue) by Hb as exhibited by the classic 
sigmoidal shape of the O2-binding equilibrium curve (OEC, Fig. 11.1c) [53, 54]. 
O2-carrying iron in Hb is in its reduced “ferrous” (Fe2+) state. Approximately 10% 
of the O2 molecules release as superoxide, generating methemoglobin (MetHb), in 
which the iron is oxidized to the “ferric” state (Fe3+) and rendered unable to bind 
oxygen [55]—this process is accelerated in the setting of increased O2 delivery and/
or during other conditions characterized by oxidative stress. Due to this reason, in 
RBCs, Hb oxygenation/deoxygenation cycling is closely coupled to RBC energet-
ics and anti-oxidant systems (e.g., driven by enzyme NAD-cytochrome b5 reduc-
tase), such that the Fe2+-containing Hb is maintained in its O2-binding state. Failure 
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to reverse MetHb formation not only diminishes oxygen-carrying capacity, but the 
cooperativity is also impaired, leading to increased O2 affinity for remaining ferrous 
hemes (in “partial met” tetramers), and this also leads to dysregulated vascular tone 
and inflammatory reactions. Furthermore, Hb in RBCs have the unique capability to 
undergo conformational changes to allow O2 saturation (loading) in the lungs 
(higher O2 affinity) and then O2 release in tissue (lower O2 affinity). This reversible 
conformational regulation of O2-binding affinity of Hb is aided by allosteric effector 
molecules like 2,3-diphosphoglycerate (2,3-DPG), which forms in RBCs as a gly-
colytic intermediate. Therefore, maintaining such oxygen-carrying thermodynamic 
and kinetic characteristics of Hb is one of the important and challenging design 
considerations in the context of developing a “bioinspired” Hb-based RBC 
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Fig. 11.1  (a) Multi-scale representation of RBCs and Hemoglobin (Hb), showing a scanning 
electron micrograph (SEM) image of RBC depicting the biconcave discoid structure, along with 
sequential schematic of RBC structure, Hb structure, and “Heme” structure; (b) shows a schematic 
of RBC movement between lung (oxygen loading site) and tissue (oxygen off-loading site), while 
(c) shows corresponding oxygen equilibrium curve (OEC) characteristics of Hb. (From 2017 
Military Supplement: Hemoglobin-based Oxygen Carriers Current State-of-the-Art and Novel 
Molecules, Anirban Gupta, Shock Injury, Inflammation and Sepsis, Oct 3, 2018, Publish Ahead of 
Print, Figs. 1–4, with permission of Wolters Kluwer Health, Inc.)
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surrogate [56]. In this context, an essential factor is to maintain the intraerythrocytic 
physicochemical milieu of Hb, since outside of the protective RBC environment 
(i.e., in plasma, which fundamentally differs from that in RBCs with regard to pH, 
redox potential, key ion/small molecule abundance, etc.), the Hb tetramer is prone 
to rapidly oxidize and disassemble into its dimeric and monomeric protein units, 
which in turn results in rapid clearance from circulation into extravascular space and 
kidneys. This results in reduced circulation residence time and increased risk of 
nephrotoxicity. Extraerythrocytic Hb is also devoid of oxygen affinity regulatory 
effectors, such as 2,3-DPG, as well as protective anti-oxidant enzymes and reducing 
equivalents. As a result, free Hb in plasma exhibits dysregulated tissue oxygenation 
capacity compared to RBC-encapsulated Hb and is also prone to rapid MetHb 
accrual (without reversal systems available in RBCs), thereby degrading its oxygen 
transport ability. Unencapsulated Hb is also a potent nitric oxide (NO) scavenger, 
which is produced by endothelial cells as a principle effector molecule to achieve 
vasodilation in response to multiple physiologic reflexes that optimize tissue perfu-
sion; notably, this pathologic Hb-NO interaction has been implicated in hyperten-
sive and (paradoxical) perfusion-limiting side effects of unencapsulated Hb. Hence, 
providing efficient tissue oxygenation while maintaining reasonable circulation 
lifetime, minimizing hypertensive side effects, and avoiding Hb-induced toxicity 
are the three prominent design requirements for HBOCs. The following sections 
review and discuss the various design approaches that attempt to address these 
requirements.

�Hb-Based Oxygen Carrier (HBOC) Systems

HBOCs are semisynthetic systems that utilize biologically generated Hb as the 
oxygen-carrying component and are formulated either as chemically modified cell-
free suspensions or conjugated and cross-linked with polymers along with protec-
tive enzymes or encapsulated within microparticulate or nanoparticulate vehicles 
[51, 57]. The Hb used in these systems is usually derived from outdated human or 
bovine RBCs or from recombinant sources [57–63]. In the case of outdated human 
or bovine RBCs, the Hb is isolated via cell lysis, purified by sterile filtration and 
chromatographic techniques, and sterilized (e.g., by low heat) [64]. Using cell-free 
Hb presents the advantage of minimum antigenicity and improved oxygen diffusiv-
ity, due to the lack of interference by cell membrane. In fact, reported in the early 
twentieth century, suspension of cell-free Hb in lactated Ringer’s solution was used 
to intravenously treat 15 patients; however, a large number of them developed renal 
toxicity and cardiovascular complications [64]. Similar results were also found in 
the 1950s when US Navy treated several patients with cell-free Hb [65]. Cell-free 
Hb was also found to have a very short circulatory residence time because the Hb 
tetramer rapidly dissociates into dimeric and monomeric forms that can bind non-
specifically to plasma proteins or are captured by scavenging proteins devoted to 
this purpose (haptoglobin, hemopexin) and thus undergo rapid clearance by the 
reticulo-endothelial system (RES) into spleen and liver, as well as renal clearance 
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into kidneys, leading to Hb-induced toxicities in these organs [66, 67]. Additionally, 
cell-free Hb and its dissociated derivatives can also extravasate into the subendothe-
lial domain of the circulatory system and rapidly sequester nitric oxide (NO), result-
ing in its conversion into nitrate (dioxygenation reaction) and of oxy-Hb to MetHb 
[68]. NO is an essential endogenous vasodilator (e.g., endothelial-derived relaxant 
factor) and therefore such NO scavenging results in vasoconstriction and cardiovas-
cular complications, paradoxically, thereby diminishing tissue O2 delivery. 
Furthermore, 2,3-DPG absence in plasma (as well as lack of Bohr and Haldane-
based OEC “shifting,” which is enabled in “intact” RBCs) leads to unnaturally high 
cell-free Hb oxygen affinity, limiting O2 off-loading across physiologic O2 gradi-
ents—further diminishing tissue O2 delivery. Cell-free Hb can also change blood 
osmolarity, leading to alteration of blood volumes and associated side effects. 
Altogether, for these reasons, cell-free human Hb appears problematic for in vivo 
oxygen-carrying applications. Instead of human Hb, studies have also been con-
ducted with bovine Hb, but this also presents similar issues of stability, extravasa-
tion, NO scavenging, and renal clearance and toxicity. Historically, an innovative 
approach to address some of these issues was by development of “designer” recom-
binant Hb (e.g., in E. coli) where targeted mutations decrease the likelihood of tet-
ramer dissociation, optimize heme redox behavior, and modulate propensity for NO 
consumption, but an optimal combination of mutations that results in free-Hb per-
formance similar to that observed for intraerythrocytic Hb remains elusive [69–
71]. Recombinant technologies are also prohibitively expensive, in comparison to 
human or bovine sourcing for Hb. Therefore, a substantial volume of research has 
been directed to achieve in  vivo stabilization and performance optimization via 
chemical modification of purified Hb utilizing techniques (alone or in combina-
tion) such as cross-linking, polymerization, and macromeric surface conjugations. 
The goals of these modifications are to reduce Hb dissociation, extravasation, and 
renal clearance, while maintaining reasonable circulation lifetime and O2-transport 
capacities.

�Chemically Modified HBOCs

Hb tetramers can be cross-linked both intra- and intermolecularly. For example, 
intramolecular cross-linking in human Hb formed between its two α-subunits using 
acylation with bis-(3,5 dibromosalicyl)-fumarate (also known as Diaspirin) led to a 
product called HemAssist from Baxter, USA [57, 72, 73]. This product showed an 
increase in circulation residence time up to 12 h compared to <6 h for unmodified 
Hb, but in human trials, cross-linked Hb unfortunately led to a 72% increase in 
mortality compared to saline, and clinical trials were discontinued [74]. An analo-
gous approach to cross-link the α-subunits of recombinant Hb using Glycine led to 
a product called Optro from Somatogen, USA, but this also resulted in increased 
risks of cardiac arrest and mortality [75–77]. Instead of site-specific intramolecu-
lar cross-linking only, polymerized Hb has also been created from using bifunc-
tional cross-linking reagents like glutaraldehyde-based cross-linking of bovine 
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Hb (e.g., Hemopure originally from Biopure, USA, now HbO2 Therapeutics, USA) 
or human Hb (e.g., PolyHeme from Northfield Labs, USA) and o-raffinose-based 
cross-linking of human Hb (e.g., the product HemoLink from Hemosol, Canada) 
[78, 79]. Such polymeric cross-linking creates higher-molecular-weight cell-free 
Hb that retains “simple” oxygen-binding properties (physiologic OEC shifting is 
not retained) while minimizing dissociation and rapid clearance observed for 
unmodified Hb tetramers, when free in plasma. One challenge in these approaches 
is to precisely control polymer molecular weight and geometry, and rigorous purifi-
cation steps are necessary to ensure product quality. PolyHeme was reported to 
progress into Phase III clinical trials in the USA in treating trauma-associated blood 
loss and showed a decreased need of natural blood transfusions [77]. Clinical trials 
with HemoPure also showed a reduced need of additional blood transfusions in 
cardiac surgery [80]. HemoPure has received clinical approval in South Africa and 
Russia for acutely anemic human patients and is occasionally used on a compas-
sionate basis in the USA. An analogous product from the same company (HbO2 
Therapeutics, USA) called Oxyglobin is currently approved in the USA for veteri-
nary use, but has not gained widespread acceptance. HemoLink also advanced to 
Phase III clinical trials but was discontinued in 2003 when patients receiving treat-
ment experienced adverse cardiac events. In fact, as noted in the meta-analysis 
which led to FDA stopping clinical trials for this HBOC class, all of these products 
in their clinical studies have shown various degrees of transient hypertension, organ 
damage through microvascular constriction and dysfunction, gastro-intestinal dis-
tress, nephrotoxicity, neurotoxicity, and increased mortality [52, 80–82].

Instead of intramolecular cross-linking and intermolecular polymerization, Hb 
modification has also been carried out with macromeric bioconjugation to increase 
stability and vascular residence time while reducing immune recognition [83–85]. 
Important examples of this approach are found in polyethylene glycol (PEG) modi-
fication (e.g., the products Hemospan from Sangart Inc., USA, and PEG-Hb from 
Enzon, USA) and poly(oxyethylene) modification of pyridoxylated cross-linked Hb 
(e.g., the product PHP from Apex Bioscience, USA). PEG-ylated Hb products have 
undergone extensive clinical trials, and the studies showed risks of bradycardia and 
elevation of hepatic pancreatic enzymes even at low doses [86]. Nonetheless, the 
Phase I and Phase II clinical trials showed that Hemospan was well tolerated in 
humans for efficient oxygen delivery, and Phase III trials in orthopedic surgery 
patients were carried out in Europe [87]. The trials suggested that the risk of cardio-
vascular and renal dysfunction still persisted with such chemically modified Hb 
products. During the past two decades, it has been identified that cell-free Hb 
(including chemically modified versions) are potent scavengers of nitric oxide (NO) 
via rapid irreversible binding (rate constant ~107 M−1 s−1), which in turn can affect 
systemic and pulmonary vascular tone, resulting in vasoconstriction, hypertension, 
and lowering of cardiac output [88, 89]. A resolution of this issue has been attempted 
by (NO pre-loading) Hb modifications, such as S-nitrosylation of cysteine residues 
in the β-subunits of Hb; however, this approach is critically constrained by natural 
limits imposed by simple stoichiometry [90]. Of note, RBCs contain anti-oxidant 
enzymes, such as catalase (CAT) and superoxide dismutase (SOD) that mitigate 
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oxidative stress arising from Hb-generated superoxide. In an interesting approach, 
these enzymes have been cross-linked to polymerized Hb to form PolyHb-SOD-
CAT, which has shown combined advantages of long circulation time and reduced 
oxidative damage [91, 92]. Another interesting approach is to incorporate regula-
tory molecules such as 2,3-DPG and methemoglobin reductase along with Hb in 
appropriate HBOC systems, to prevent hemoglobin oxidation [93]. In recent years, 
a product named HemoTech has been reported that uses purified bovine Hb cross-
linked intramolecularly with ATP and intermolecularly with adenosine, and conju-
gated with reduced glutathione (GSH) [94]. This unique design employs 
pharmacologically active molecules (ATP, adenosine, and GSH) as the chemical 
modifiers, in that ATP is intended to regulate vascular tone through purinergic 
receptors, adenosine is intended to counteract the Hb-based vasoconstriction via 
stimulating adenosine receptors, and GSH is intended to protect heme from NO and 
various reactive oxygen species. Pre-clinical and early-phase clinical studies have 
shown that HemoTech works as an effective oxygen carrier in treating blood loss, 
anemia, and ischemic vascular conditions, and further studies are warranted [95]. 
Another polymeric Hb reported in recent years is OxyVita®, which is produced 
through modification of a zero-linked polymerization mechanism using carbodi-
imide chemistry on bovine tetramer hemoglobin to produce “super-polymeric” 
macromolecules [96]. In yet another recent approach, a polynitroxylated PEG-
ylated hemoglobin (PNPH) nanostructure design has been reported, named 
VitalHeme™ (SynZyme Technologies LLC, Irvine, CA), where PEG-ylated hemo-
globin is covalently modified with catalytic-caged NO [97]. These designs report-
edly allow for higher Hb stability in  vivo and are currently under pre-clinical 
investigation. Figure 11.2 shows some of the prominent designs based on chemical 
modification of cell-free Hb that have undergone (or are still undergoing) pre-
clinical and clinical evaluation for oxygen transport. In spite of promising pre-
clinical results, many of the chemically modified Hb products have been withdrawn 
from clinical studies and discontinued in production, due to indication of clinical 
risks stemming from chemical heterogeneity and variable stability of final product, 
suboptimal vascular residence time, non-ideal oxygen loading and off-loading capa-
bilities, rapid irreversible conversion to methemoglobin, and increased cardiovascu-
lar and renal dysfunction issues. While some of the newer products are refining their 
design and processing to address these issues, a “next-generation” approach has 
focused on Hb encapsulation within various micro- and nanocarrier vehicles, to 
more closely mimic the physiological encapsulated state of Hb in RBCs.

�Encapsulated HBOC Systems

During the past two decades, particulate drug delivery platform technologies (mic-
roparticles and nanoparticles) have revolutionized the packaging and delivery of 
pharmaceutical compounds, by encapsulating active compounds/biologics to pro-
tect them from plasma-induced effects, increase their circulation time, and allow 
sustained availability to cells, tissues, and organs. This design concept has also been 

A. Sen Gupta and A. Doctor



205

adapted to create HBOCs that encapsulate Hb within suitable particulate vehicles. 
In fact, the pioneering concept and demonstration of “bio-artificial cells” was pre-
sented as early as the 1950s and 1960s by Chang and colleagues, by encapsulating 
Hb as well as other proteins and enzymes within polymeric membrane-based 
microvesicles. The membrane material originally used was collodion (cellulose 
nitrate) and later changed to biodegradable polyethylene glycol-polylactide (PEG-
PLA) [98, 99]. These Hb-loaded microvesicles, aptly termed “hemoglobin 

Fig. 11.2  Representative approaches and design schematics for HBOCs based on chemical modi-
fication (cross-linking, surface modification, polymerization, etc.) of Hb that have undergone sig-
nificant pre-clinical and clinical evaluation. (From 2017 Military Supplement: Hemoglobin-based 
Oxygen Carriers Current State-of-the-Art and Novel Molecules, Anirban Gupta, Shock Injury, 
Inflammation and Sepsis, Oct 3, 2018, Publish Ahead of Print, Figs.  1–4, with permission of 
Wolters Kluwer Health, Inc.)
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corpuscles,” showed oxygen equilibrium curves similar to RBCs and also allowed 
coencapsulation and activity of RBC-relevant enzymes like 2,3-diphosphoglycerate 
(2,3-DPG), carbonic anhydrase, and CAT [100–102]. However, in these systems, a 
major challenge was posed by the rapid macrophagic uptake and clearance of these 
micrometer-sized vesicles from circulation, resulting in suboptimal circulation resi-
dence time for in vivo use. Reducing the diameter to ~1 micron only marginally 
improved the circulation lifetime, and a significant research effort has been directed 
toward further improving the vascular residence time by modifying the surface of 
the vesicles with lipids and polysaccharides. In another similar design approach, 
Djordjevich et al. reported on encapsulation of Hb in micron and submicron size 
lipid vesicles (liposome-encapsulated Hb or LEH), with membrane made of phos-
pholipids and cholesterol [103–105]. A number of variations of this design have 
followed, e.g., “neohemocytes,” “TRM-645 Neo Red Cells,” etc., where the primary 
focus has been to maintain uniform Hb-encapsulation levels and uniform size distri-
bution of the vesicles, minimize vesicle destabilization or fusion over time, and 
enhance storage stability of the vesicles while maintaining the RBC-analogous oxy-
gen transport properties of the encapsulated Hb [106–108]. During the 1990s, the 
“Stealth Liposome” technology was clinically established, where lipid nanovesicles 
(100–200  nm in diameter) were surface-functionalized with polyethylene glycol 
(PEG) to enhance storage stability, reduce opsonization, and prevent rapid macro-
phagic uptake, and this significantly enhanced the circulation residence time [109, 
110]. Consequently, this technology was adapted to form Hb-encapsulated PEG-
ylated liposomal vesicles (HbV) [111–113]. 1,2-Dioctadecadienoyl-sn-glycero-3-
phosphatidylcholine (DODPC) was used as the major membrane phospholipid for 
HbV preparation, such that γ-irradiation-induced radiolysis of water molecules in 
the vesicles generated hydroxy (-OH) radicals that promoted intermolecular polym-
erization of dienoyl groups to produce highly stable liposomes that could withstand 
freeze-thawing, freeze-drying, and rehydration processes. The HbV design has 
shown substantial improvement of circulation lifetime (~60 h in some animal mod-
els), and several refinements of this design have been recently reported [114–118]. 
The oxygen transport ability of these HbV systems was found to be similar to natu-
ral RBCs, with comparable oxygen saturation and release kinetics. Also, the liposo-
mal encapsulation of Hb attenuated its NO scavenging effect and thereby appears to 
reduce the associated negative effects on vasculature. Hb encapsulation in liposo-
mal vesicles also prevented glomerular clearance of Hb (since liposomes are too big 
for renal clearance) and therefore reduced nephrotoxicity. The current optimized 
HbV product contains about 30,000 Hb molecules encapsulated within one PEG-
ylated liposomal vesicle of ~250 nm in diameter. In comparison, a natural RBC is 
~7 μ in diameter and ~2 μ in thickness, containing about 250 million Hb molecules. 
HbVs have undergone extensive pre-clinical evaluation in suitable animal models 
for potential use as an RBC surrogate in transfusion and resuscitative mitigation of 
massive hemorrhagic shock and hemodilution incidents, and oxygenation of isch-
emic as well as transplanted tissues and organs. Although these studies have shown 
promise of HbVs as RBC surrogate oxygen carrier, these systems still present issues 
of broad size distribution of the vesicles, variation in Hb-encapsulation efficiencies, 
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as well as variable pharmacokinetics and complement-mediated immune response 
in  vivo. Further research is currently directed toward resolving these issues for 
potential clinical translation of HbV designs as well as other analogous designs of 
liposome-encapsulated hemoglobin (LEH) systems as RBC surrogates (114–118). 
Interestingly, instead of encapsulating Hb, others have attempted to encapsulate 
oxygen (O2) directly within phospholipid microvesicles (2–4 μm in diameter) to 
deliver O2 to deoxygenated RBCs in circulation [119, 120]. Although these oxygen-
loaded microbubbles were found to be stable for a few weeks in storage with only 
small extent of oxygen loss, in vivo they were found to have a very short circulation 
lifetime (<1 h). Therefore, treatment with these systems would require multiple dos-
ing, which may prompt negative effects of dysregulated oxidative stress and associ-
ated toxicity and immune response. Therefore, long-term safety profile of such 
technologies needs to be rigorously evaluated.

Encapsulation of Hb has also been studied in other microparticle and nanoparti-
cle systems other than lipid vesicles. In pioneering work by Chang et al., Hb was 
encapsulated within polymeric nanoparticles (80–200 nm in diameter) made from 
PEG-PLA and analogous block-copolymers [121, 122]. These polymeric nanopar-
ticles allow oxygen transport kinetics of Hb at levels similar to natural RBCs, and 
the polymeric material could be engineered to be biocompatible and biodegradable. 
Furthermore, enzymes that maintain the redox environment for Hb stability and 
function regulation (e.g., carbonic anhydrase, CAT, SOD, MetHb reductase, etc.) 
could also be encapsulated within the same nanoparticles toward further mimicry of 
“natural” RBCs [123]. This design approach has also been adopted for other poly-
mer systems including poly(ε-caprolactone)/poly(L-lactic acid) (PCL/PLA) copo-
lymers, poly(L-lysine) (PLL), poly(lactic-co-glycolic acid) (PLGA)/PEG 
copolymers, etc. [124, 125]. Amphiphilic block-copolymer systems also provide 
the ideal building blocks for designing polymer vesicles, otherwise known as poly-
mersomes, analogous to liposomes. These polymersome systems have been recently 
utilized to create polymersome-encapsulated Hb (PEH) systems [126]. Hb loading 
in these PEH systems is reportedly 1–2 mg/mL, compared to human blood (i.e., 
within RBC) concentration of ~150 mg/mL. Utilization of hollow fiber-based mem-
brane extrusion system has provided an automated way to manufacture these PEH 
systems [127]. These PEH systems are reportedly capable of encapsulating both 
bovine and human Hb, and have shown oxygen equilibrium kinetics and other bio-
physical parameters similar to RBCs. This suggests considerable promise toward 
the application of such PEH systems as RBC surrogates, but currently very limited 
in vivo evaluation data is available for these systems. A potential issue with poly-
mersome systems may be their higher shell thickness compared to liposomes, which 
may increase oxygen diffusion time beyond the (low millisecond) time window 
required for physiologic gas exchange during circulatory transit. Modulation of 
polymer molecular weight of the shell components, and therefore of the shell thick-
ness, can provide a unique way to influence oxygen flux properties of PEH systems. 
Higher stability of polymersomes compared to liposomes, both in storage and 
in vivo, is an additional advantage for use as Hb-encapsulated RBC surrogate sys-
tems. Ongoing and future studies with these systems should be directed toward 
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establishment of batch-to-batch consistency, sterilization metric and storage stabil-
ity evaluation, post-sterilization Hb bioactivity determination, in vivo pharmacoki-
netics and biodistribution determination, and therapeutic evaluation in appropriate 
animal models (e.g., hemorrhagic shock, ischemia, etc.). Figure 11.3 shows some 
representative designs and components for encapsulated Hb systems that have 
undergone and are currently still undergoing in  vitro and in  vivo evaluation for 
RBC-mimetic oxygen carrier application.

Fig. 11.3  Representative approaches and design schematics for HBOCs based on encapsulation 
of Hb in microparticle and nanoparticle systems that have undergone significant pre-clinical evalu-
ation and hold clinical promise. (From 2017 Military Supplement: Hemoglobin-based Oxygen 
Carriers Current State-of-the-Art and Novel Molecules, Anirban Gupta, Shock Injury, Inflammation 
and Sepsis, Oct 3, 2018, Publish Ahead of Print, Figs. 1–4, with permission of Wolters Kluwer 
Health, Inc.)
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�Novel Molecules and Designs Incorporating Hb as O2 Carrier

The focus of this section is to not distinguish between “chemically modified” and 
“encapsulated” Hb systems, but rather describe and review emerging novel 
designs and technologies that incorporate Hb for oxygen transport purposes. In 
one interesting approach, instead of Hb, PEG-ylation was carried out on bovine 
carboxyhemoglobin (CO-Hb), and the resultant PEG-CO-Hb system has been 
evaluated for oxygen transport (and CO transport) properties [128–130]. The 
rationale behind this design is that endogenous CO produced from (hypoxia-
enhanced) heme-oxygenase activity is reported to render cytoprotective and 
homeostatic effects, such as inhibition of apoptosis and inflammation and reduc-
tion of oxidative stress and vasodilatory activity [131]. The PEG-CO-Hb product 
(Sanguinate, Prolong Pharmaceuticals, South Plainfield, New Jersey, USA) has 
undergone pre-clinical evaluation in small animal models, and is now in Phase I/
II clinical trials for sickle cell anemia, thrombotic thrombocytopenic purpura 
(TTP), and ischemia after subarachnoid hemorrhage, with promising safety pro-
file and oxygenation parameters. In another approach, core-shell cluster structures 
were formed by conjugating human serum albumin (HSA) on Hb using Hb sur-
face lysines conjugated to HSA cysteine-34 using α-succinimidyl-ε-maleimide 
cross-linker [132]. These Hb-HSA clusters reported lower risk of rapid clearance 
and extravasation and thus improve circulation residence time. Further modifica-
tion of these Hb-HSA core-shell nanoclusters was recently reported in which anti-
oxidant enzymes and platinum nanoparticles were embedded in HSA pockets for 
Hb protection [133]. Thus far, this nanocluster design has been evaluated only 
in vitro, for oxygen-binding capacity, redox properties, and stability, with promis-
ing results. However, rigorous in vivo pharmacokinetics, toxicology, biodistribu-
tion, and oxygenation studies, along with demonstrating batch-to-batch 
compositional and functional consistency, are needed to establish in vivo utility. 
In another approach, Hb has been loaded in microparticles by coprecipitation with 
calcium carbonate (CaCO3), followed by glutaraldehyde cross-linking and CaCO3 
dissolution, resulting in Hb payload density approaching that of RBCs [134]. 
However, although these Hb microparticles demonstrate oxygen equilibrium 
kinetics similar to free Hb (affinity too high for O2 release under physiologic con-
ditions), the circulation lifetime is significantly extended, compared to free Hb. 
Analogous Hb microparticles carrying about 80% Hb content compared to RBCs 
have been reported where Hb and MnCO3 were coprecipitated, immediately fol-
lowed by human serum albumin addition for encapsulation and stabilization of the 
particles [135]. These particles have shown reduced risks of NO scavenging and 
associated effect on vasoconstriction. In yet another recent approach, Hb was 
covalently conjugated directly to the hydrophobic or hydrophilic domain of block-
copolymers, and the resultant conjugates were self-assembled to form Hb-loaded 
micelles [136, 137]. In another interesting design, MnCO3 nanoparticles were 
used as templates to deposit layer-by-layer (L-B-L) assemblies of Hb and dialde-
hyde heparin (DHP), followed by cross-linking to stabilize the layers and selec-
tive dissolution of the template core [138]. A similar approach was also used to 
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form L-B-L-coated nanotubes where alternate layers of Hb, DHP, and the enzyme 
CAT were deposited, to create systems for potential application in treating oxida-
tive stress [139]. These complex nanostructures have been characterized in vitro 
for their morphology, stability, cytotoxicity, and in some cases biofunctionality, 
but pre-clinical evaluation for oxygen carrying efficacy in vivo is not yet reported. 
Another recent exciting development in the area of novel HBOC molecules is the 
utilization of large-molecular-weight extracellular Hb isolated from marine inver-
tebrates like polychaete annelid (e.g., the product HEMOXYCarrier from 
Hemarina, France) [140]. Pre-clinical studies with this unique Hb molecule have 
shown reduced microvascular vasoconstriction and no significant impact on mean 
arterial blood pressure, compared to other HBOCs that utilize bovine or human 
Hb [139]. Further investigation of this system is currently ongoing to evaluate its 
potential as a clinical oxygen carrier therapeutic system.

In recent years, some Hb-encapsulation approaches have also focused on adapt-
ing the physico-mechanical properties of natural RBCs that significantly influence 
their biological functions. Healthy RBCs have a biconcave discoid morphology, 
with a diameter of ~8 μm and a thickness of ~2 μm. These RBCs are also highly 
flexible (Young’s modulus 0.1–0.2 kPa) that enables them to change their morphol-
ogy when passing through microvascular circulation [141, 142]. The mechanical 
integrity and viscoelastic nature of RBCs during their cyclical deformation is ren-
dered by a two-dimensional spectrin network that exhibits context-variable stiff-
ness and tethering to the cytosolic membrane surface. Oxygen loading results in 
RBCs having significantly more deformability than oxygen unloading, and this 
enables the flexibility RBCs require to efficiently transit the microvasculature. 
RBC size, shape, and flexibility also influence their movement and distribution in 
the blood flow field, where they mostly reside in the center of the parabolic flow 
field in mid to large vessels, while in small vessels and capillaries, RBCs distribute 
throughout for efficient oxygen exchange [143, 144]. These considerations have 
recently led to biomaterials-based mimicry of RBC’s physical (size, shape, and 
flexibility) attributes into Hb-encapsulating synthetic constructs. For example, 
polyelectrolyte-driven layer-by-layer assembly has been used to create micropar-
ticles that mimic the shape and deformability of natural RBCs [145]. In this 
approach, Hb and BSA were electrostatically deposited on the surface of discoid 
PLGA particles of ~7 μm diameter and 400 nm shell thickness, and then the PLGA 
core was selectively dissolved to yield RBC-shaped Hb-loaded particles that have 
high elastic deformation. Similar RBC-mimetic flexible particles have been fabri-
cated using PEG hydrogel system in a stop-flow-lithography (SFL) approach 
where the mechanical properties of resultant particles could be controlled by mod-
ulating cross-linking density of the hydrogel systems [146]. In a different approach, 
RBC shape-mimetic particles were fabricated from acrylate hydrogels using a 
“particle replication in non-wetting templates” (PRINT®) technology [147]. These 
particles were made in 2–3 μm molds, such that, upon hydration, the particles 
swelled to disks with ~6 μm diameter and ~1.5 μm thickness. Also, the meniscus 
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effect from the molds resulted in the particles being thinner in the middle and 
thicker at the edges, resembling the biconcave morphology of RBCs. RBC mor-
phology and flexibility mimicking particle designs made through these two tech-
niques have demonstrated in  vitro elastic deformation capabilities sufficient for 
transport through narrow channels, and controllable circulation lifetime in vivo, 
depending on their elastic modulus. Although these particles have been reported to 
be capable of Hb encapsulation via physical trapping or covalent bonding, detailed 
oxygen transport capabilities and associated in vivo transfusion applications have 
not been reported. In another interesting approach, liposome-encapsulated actin-
hemoglobin (LEAcHb) constructs were prepared using a polymerized actin core, 
to mimic morphology of natural RBCs [148]. Although these particles were much 
smaller (~140 nm) than RBCs, the biconcave shape along with the mechanical sup-
port of the membrane improved the half-life to ~72 h. In natural RBCs, the nega-
tive surface charge electrostatically prevents RBC aggregation over a distance of 
20  nm, and this rationale has led to some research in mimicking RBC-relevant 
surface charge on Hb-encapsulating PEG-PLA nanoparticles (<200 nm in diame-
ter) using cetyltrimethylammonium bromide (CTAB) or anionic sodium dodecyl 
sulfate (SDS) surfactants [149]. Of note, cationized particles were found to have a 
half-life of ~11 h (8-fold higher than untreated particles), while the anionized par-
ticles were quickly eliminated, giving a half-life of <1 h. In yet another particularly 
innovative approach, a biosynthetic artificial RBC (ErythroMer) has been devel-
oped following a formal “bioinspired” design principles and is reported to closely 
emulate RBC physiology, particularly under physiologic stress by preserving 
cooperative O2 binding/dissociation and by linking O2 affinity to biochemical cues 
of aerobic sufficiency, while inhibiting methemoglobin (metHb) accumulation and 
NO sequestration [150]. Importantly, this design is crafted to enable sterile, lyophi-
lized storage suitable for rapid reconstitution even in remote/austere environments. 
Moreover, due to unique shell properties, this polymeric particle is expected to be 
immuno-silent, with limited complement activation or other immune-related reac-
tions. ErythroMer is based upon a novel amphiphilic polymeric system that 
employs polyethylene imine (PEI) grafted to palmitic acid that self-assembles to 
form payload-bearing toroidal-shaped nanoparticles (termed nanobialys, ~200 nm 
diameter) that encapsulate Hb, as well as maintain both physiologic, context-
responsive O2 affinity and a reductive environment to retard the rate of metHb 
accrual by coencapsulation of the synthetic allosteric inhibitor RSR-13 and leuko-
methylene blue [150]. These novel Hb-containing particles, termed, have shown 
promising oxygen transport in vivo in rodent models of hemorrhagic shock/resus-
citation and near-complete exchange transfusion. Detailed biocompatibility stud-
ies (e.g., for PEI which can pose cytotoxicity issues), circulation lifetime and 
stability, Hb-loading capacity and oxygen transport capabilities, etc. must be fur-
ther evaluated to establish the clinical potential of such designs as RBC surrogates 
in transfusion medicine. Figure  11.4 shows design schematics of these novel 
emerging designs and structures for Hb-based oxygen carriers.
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�Current State-of-Art and Future Perspectives

In traumatic injuries and hemorrhage, tissue oxygenation is severely compromised, 
resulting in drastic, progressive damage to vital tissues and organs. Therefore, rapid 
hemorrhage control and restoration of tissue oxygen are critical to optimizing out-
comes. To this end, timely transfusion of whole blood or balanced ratio administra-
tion of blood components (RBCs, platelets, and plasma) has become the current 
clinical standard. However, these blood products currently present significant logis-
tical challenges with regard to widespread usage in austere battlefield and pre-
hospital settings, where trauma- and hemorrhage-related morbidities and mortalities 
become significant, particularly in the context of prolonged field care scenarios. 
One potential solution is the bioengineering of semisynthetic or synthetic surrogates 
of blood components that are specifically designed for facile use in this challenging 
environment. In this framework, one important category of technology is that of 
Hb-based oxygen carriers (HBOCs), which provide the oxygen transport properties 
of RBCs while enabling higher availability (via in vitro large-scale manufacture), 

Novel molecules and
designs for HBOCs

Novel molecules and
designs for HBOCs

Product names, Materials and
design approaches

Product names, Materials and
design approaches

HemoTech (HemoBioTech) :
Bovine Hb cross-linked

intramolecularly with ATP,
intermolecularly with adenosine,
and further conjugated with GSH

HEMOXYCarrier (Hemarina) :
Giant extracellular Hb (3600 kDa)

obtained from marine annelid

Core-shell structured protein clusters
of bovine hemoglobin (Hb) and human
serum albumin (HSA) by forming Hb-
HSA via linkage of Hb surface lysines

to HSA cysteine-34 using α-succinimidyl-
ε -maleimide cross-linker

Template-induced layer-by-layer (L-B-
L) assembly of cationic Hb with

anionic polymers like dialdehyde
heparin (DHP), followed by

dissolution of the template core

Conjugation of Hb on the surface of
block copolymer-based core-shell

nanoparticle structures

Erythromer :
Hydrophobic tail conjugated

amphiphilic polyethylene imine
(PEl) molecules self-assemble with
human Hb, DPG and anti- oxidants

in reverse-micelle process
to give nanobialys particle

Mechanobiologic mimicry of RBCs
where Hb is encapsulated within
RBC morphology-mimetic flexible

discoid polymer-based
microparticles formed by

lithographic or template-induced
printing techniques

Hb co-precipitated with CaCO3 or
MnCO3, stabilized by cross-linking

(e.g. with glutaraldehyde) and
further complexed with anionic

proteins like HSA to form nano- or
micro-scale clustered particles

Direct conjugation of Hb on the
hydrophobic block of a block
copolymer and subsequent
micellization of the polymer

molecules to form Hb-encapsulated
micelle nanoparticles

Hb
Hb

HSA

PEG

Fig. 11.4  Representative schematics for novel HBOC molecules and designs, including new 
polymerization strategies, new sources of Hb, and novel encapsulation and biomimetic strategies 
that are currently under development and pre-clinical evaluation. (From 2017 Military Supplement: 
Hemoglobin-based Oxygen Carriers Current State-of-the-Art and Novel Molecules, Anirban 
Gupta, Shock Injury, Inflammation and Sepsis, Oct 3, 2018, Publish Ahead of Print, Figs. 1–4, with 
permission of Wolters Kluwer Health, Inc.)
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universal applicability (no need for blood type matching), reduced contamination 
risks (due to sterilization), and longer shelf-life under ambient conditions (for some 
designs). While a wide variety of approaches have been dedicated to creating 
HBOCs, with some advancing to clinical trials, major risks associated with cell-free 
Hb (e.g., short circulation lifetime, renal clearance and associated toxicity, NO 
scavenging and associated vasoconstrictive/hypertensive side effects, etc.) have led 
to negative clinical outcomes and deep concerns for viability of this therapeutic 
class. As a result, no HBOC has attained FDA approval for human use, although one 
product (HemoPure or HBOC-201) is approved for (restricted) human use in South 
Africa and has been, under special circumstances, dispensed for compassionate use 
provision in the USA and Europe [151]. Other HBOC products (PolyHeme, 
Hemospan, and HemoTech) all advanced to different levels of clinical trials (e.g., 
Phase I for HemoTech, Phase II for Hemospan, and Phase III for PolyHeme); how-
ever, further studies are needed to establish their clinical safety and efficacy profiles. 
In many clinical studies, functional efficacy comparison has been to natural RBC 
transfusion, and, though HBOCs have demonstrated a reduction in the number of 
RBC transfusions, it remains to be answered whether HBOCs are suitable as “RBC 
substitutes” or rather as “oxygen carriers” in scenarios in which natural RBCs are 
either unavailable or undesirable. Future considerations of clinical study design 
should utilize this framework to compare HBOCs to relevant “standard of care” 
(e.g., saline or plasma expanders in pre-hospital trauma) instead of RBCs, to most 
appropriately evaluate real-world comparative risk/benefit in this context. Other 
questions that remain are whether these chemically modified and polymeric HBOC 
designs based on cell-free Hb have adequately addressed issues of NO scavenging 
(associated hypertensive effects) and heme toxicity. Newer HBOC designs, both 
chemically modified cell-free Hb (e.g., HemoTech) and encapsulated Hb (e.g., 
LEH, PEH, ErythroMer etc.), are still undergoing rigorous pre-clinical evaluation to 
elucidate and establish batch-to-batch consistency, mechanism of action, pharmaco-
kinetics and biodistribution, tissue oxygenation capability, and in vivo safety pro-
files. In this framework, it remains to be seen if “encapsulated” Hb designs are 
superior to chemically modified cell-free systems, in terms of allowing coencapsu-
lation of oxygen affinity regulatory and redox environment preserving molecules. It 
is important to note here that such multicomponent design will add manufacturing 
costs and thus the cost–benefit analysis need to be rigorously validated in appropri-
ate pre-clinical models, before clinical studies and translation. Going forward, there 
is a significant need to systematically study cell-free chemically modified polymeric 
Hb designs versus encapsulated Hb designs (with or without effector molecule and 
anti-oxidant enzyme coencapsulation) in a suite of established anatomically and 
physiologically relevant pre-clinical animal model to compare circulation residence 
time, tissue oxygenation efficacy, NO scavenging-associated hypertensive risks and 
heme-associated toxicity, and importantly, suitability for pragmatic field use (both 
acutely and in prolonged field care scenarios).

Regarding Hb sourcing, most designs have utilized either human or bovine Hb, 
although some newer designs have adapted utilization of recombinant Hb where the 
physicochemical and biological properties can be precisely engineered, as well as 
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giant Hb sourced from marine invertebrates with salutary properties. One critical 
aspect regarding Hb sourcing for efficient HBOC design is the regulation of oxygen 
loading/off-loading capacity of the Hb used. For human Hb, this is regulated by 
allosteric effector molecules like 2,3-DPG, which maintains the P50 of human Hb at 
26–28  mm mercury. However, oxygen affinity for cell-free human Hb (i.e., in 
absence of DPG) is much higher (OEC curve shifts to left), and this will lead to 
reduced oxygen release across any given physiologic gradient [152]. In contrast, 
oxygen affinity of bovine Hb is not critically dependent on DPG but rather on chlo-
ride ions, which are present in abundance in all mammals including humans. Bovine 
Hb has also been reported to have higher thermal stability than human Hb during 
isolation and processing [153]. Furthermore, while human Hb is sourced from out-
dated human units, bovine Hb can be obtained from dedicated farms and slaughter-
houses and hence has more availability. Therefore, from availability, processing, 
and oxygen transport regulation standpoint, bovine Hb may provide benefit over 
human Hb and is used for Hemopure (or HBOC-201). However, both human and 
bovine sourcing share risk of infectious transmission, although this risk can be miti-
gated by appropriate processing and novel pathogen reduction technologies. Other 
alternative sources of Hb (recombinant technologies, annelid supramolecular extra-
cellular Hb, etc.) should incorporate isolation and manufacturing costs, as well as 
physicochemical comparison of oxygen loading/off-loading aspects (with respect to 
human Hb), in order to successfully translate the corresponding HBOC designs to 
the clinic. Importantly, HBOCs designed with cell-free non-human Hb should also 
carefully analyze product immunogenicity, compared to encapsulated version of the 
same Hb. Other than Hb-based systems, oxygen carriers based on perfluorocarbons 
(PFCs) and iron (Fe2+)-containing porphyrin systems have also undergone signifi-
cant pre-clinical and limited clinical evaluation, but an ideal oxygen carrier system 
for safe and effective in vivo use from this approach is yet to be realized. It is also 
important to note that the various HBOC systems should not be categorized as “arti-
ficial blood,” but rather as a critical component of such a system. It is now unam-
biguously clear that attention to hemostatic blood components (platelets and plasma) 
is critical to successful resuscitation for hemorrhagic shock, and a significant vol-
ume of research has evolved in the area of platelet surrogates and plasma expanders, 
reviewed elsewhere [23, 24, 154–158]. Exciting advancements have also been 
made in recent years to develop “donor independent” RBCs (and platelets) from 
stem cells, AKA “blood pharming” [159–164]. In continuing evaluation and clini-
cal translation of these technologies, it should be very important to consider and 
resolve manufacturing challenges (e.g., scaling up of complex multicomponent 
designs while maintaining batch-to-batch consistent quality and functional effi-
cacy, etc.) as well as meticulously design pre-clinical studies in physiologically 
relevant animal models and clinical studies where current “standard of care” in the 
specific application is compared. Through such studies, it is envisioned that 
Hb-based oxygen carriers will revolutionize combat casualty care in pre-hospital 
and en route scenarios, as well as allow emergency management of civilian trauma 
in remote locations or when blood products are not immediately or sufficiently 
available.
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