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Abstract
The diminishing supply and increasing costs of donated blood have motivated research into novel hemoglobin-based oxygen 
carriers (HBOCs) that can serve as red blood cell (RBC) substitutes. HBOCs are versatile agents that can be used in the 
treatment of hemorrhagic shock. However, many of the RBC substitutes that are based on mammalian hemoglobins have 
presented key limitations such as instability and toxicity. In contrast, erythrocruorins (Ecs) are other types of HBOCs that may 
not suffer these disadvantages. Ecs are giant metalloproteins found in annelids, crustaceans, and some other invertebrates. 
Thus far, the Ecs of Lumbricus terrestris (LtEc) and Arenicola marina (AmEc) are the most thoroughly studied. Based on 
data from preclinical transfusion studies, it was found that these compounds not only efficiently transport oxygen and have 
anti-inflammatory properties, but also can be modified to further increase their effectiveness. This literature review focuses 
on the structure, properties, and application of Ecs, as well as their advantages over other HBOCs. Development of methods 
for both the stabilization and purification of erythrocruorin could confer to enhanced access to artificial blood resources.
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Introduction—motivation 
for the development of novel RBC substitutes

Transfusion is a standard procedure that allows the substi-
tution of the missing blood components. The initial issue 
with this procedure is related to the availability of donors 

[1, 2], especially for individuals with a rare blood group. 
According to statistics, only 7% of the general population 
are donors with universal blood (type “O” and rhesus nega-
tive [Rh] group) [3]. Secondly, an aging society could lead 
to a decrease in potential donors in 10–20 years [4]. The 
third issue is the rising expense of donor blood collection 
due to the expanded screening for blood-borne viruses such 
as the Zika virus or human immunodeficiency virus (HIV) 
[1]. Finally, it is important to note that RBCs have a lim-
ited half-life (42 days under refrigeration) [2, 3, 5] and that 
they can develop significant storage lesions after 48 h (e.g., 
stiffness of the RBC membrane or oxidation of the intracel-
lular hemoglobin) [6]. It is urgent to increase the usage of 
RBC substitutes, also known as artificial oxygen carriers, 
that may be used for trauma patients who have sudden or 
unexpected blood loss [7]. They provide the possibility of 
oxygen treatments in diseases characterized by an absence 
of oxygen [1, 3, 5]. Additionally, the acellular red blood 
cell substitutes could tackle the problem of blood group 
matching [8] that would be beneficial during surgeries or 
cancer chemotherapy [7, 9, 10]. Studies on various organs, 
including the liver or kidney, have revealed that hemoglobin-
based oxygen carriers (HBOCs) can also be employed for 
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the reperfusion and maintenance of organs that are suitable 
as transplants [11–13]. Using PubMed, Science Direct, and 
Web of Science databases, in this paper we reviewed the 
RBC substitutes-related data published mainly from 2000 
to the present using keywords “red blood cell substitutes,” 
“hemoglobin,” “erythrocytes,” “artificial oxygen carriers,” 
with emphasis on one of the promising artificial oxygen car-
riers, i.e., “erythrocruorin.”

Mechanism of action of red blood cell substitutes 
(with examples)

Understanding red blood cell substitutes’ mechanism of 
action is crucial for their clinical advancement. Hemoglobin 
is a tetrameric protein found in RBCs that contributes to 
their characteristic red color [14]. Owing to Hb, red blood 
cells can bind oxygen in the lungs and transport it to other 
tissues/organs. This protein also allows the transport of CO2 
(approx. 30%) in the opposite direction together with the 
products of cell metabolism from tissues and organs. Moreo-
ver, hemoglobin is referred to as a protein buffer because it 
maintains the proper pH of the plasma. Hb is composed of 
two α and two β polypeptide chains [14, 15]. Each of them 
has a heme group containing an iron ion. One heme group 
is capable of binding one O2 molecule, which allows one Hb 
molecule to carry four O2 molecules [5].

Oxygen is an irreplaceable element that plays a crucial 
role in cellular energy [16]. O2 is obtained from the environ-
ment (atmospheric air) and transported to the lungs through 
the respiratory tract via the Hb within RBCs. A simplified 

graphical representation is depicted in Fig. 1A. Additionally 
to its role in oxygen and carbon dioxide transport, Hb enables 
the detoxification of reactive oxygen species (ROS) and some 
nitrogen compounds [17]. Oxygen saturation depends on the 
balance between the binding of O2 to Hb and the release of 
this chemical element from the tetramer. It also depends on 
many factors such as temperature, pH, pCO2 (partial pres-
sure of carbon dioxide), oxygen tension, and concentration 
of 2,3-diphosphoglycerate (DPG) that is an allosteric effector 
stabilizing the low oxygen affinity form of hemoglobin [18]. 
The multi-subunit quaternary structure of hemoglobin influ-
ences oxygen affinity [19]. Even a small change in oxygen 
partial pressure (pO2) during blood flow from the lungs to 
the tissues can greatly affect the oxygen-binding or releasing 
by hemoglobin. This is confirmed by the classical sigmoi-
dal shape of the oxygen equilibrium curve, which correlates 
with the oxygen saturation of hemoglobin across a range of 
oxygen pressures. In healthy adults, an oxygen partial pres-
sure of ~27 mmHg corresponds to 50% hemoglobin saturation 
(P50). A right shift of the curve indicates that hemoglobin has 
a decreased affinity for oxygen. A shift to the left indicates 
increased hemoglobin affinity for oxygen and an increased 
reluctance to release oxygen. (Fig. 1B) [20]. The binding of an 
oxygen molecule to HbA increases the affinity of the remain-
ing binding sites, but as soon as the first O2 is released, the 
oxygen affinity of the remaining globins drops significantly, 
which leads to a rapid release of the remaining oxygen, but 
only after the hemoglobin has reached tissues with a relatively 
low partial pressure of oxygen [14, 19]. In each of the heme 
groups, the binding of an oxygen molecule to a reduced iron 

Fig. 1   Oxygen transport by hemoglobin depends on many factors. 
A Simplified scheme of O2 transport by Hb. Emphasis is put on the 
quantity of heme groups in a single hemoglobin tetramer and thus a 

number of oxygen molecules bound and then released to cells of vari-
ous tissues. B Oxygen–hemoglobin dissociation curve. Figure created 
using BioRender and Inkscape
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atom (Fe2+) produces oxygenated hemoglobin called oxy-
hemoglobin that transports O2 from the lungs to the tissues. 
It is also worth mentioning that hemoglobin has a high ten-
dency to undergo conformational changes, which contributes 
to the saturation of oxygen in the lungs and its release in the 
target tissues (conversion of oxyhemoglobin to deoxyhemo-
globin). These changes are reversible and are aided, i.e., by 
2,3-diphosphoglycerate and other allosteric effector mol-
ecules such as inositol hexaphosphate and bezafibrate [14]. 
However, outside the protective intact RBC environment (i.e., 
in a cell-free milieu), the hemoglobin tetramer is prone to rap-
idly disintegrate into protein subunits and is devoid of regula-
tory molecules like 2,3-diphosphoglycerate, methemoglobin 
reductase, superoxide dismutase, and catalase. This leads to 
decreased tissue oxygenation and the probability of conver-
sion of Hb to methemoglobin (metHb) [10, 14].

Mammalian hemoglobin‑based oxygen carriers

Previous RBC substitutes have been divided into three cat-
egories: perfluorocarbon (PFC) emulsions, lipid or polymer-
encapsulated mammalian hemoglobins, and polymerized or 
cross-linked mammalian hemoglobins [14]. PFC emulsions 
are linear, cyclic, or polycyclic hydrocarbons in which fluorine 
atoms replace hydrogen; these compounds are highly water-
immiscible [1, 21] but are excessively toxic and do not provide 
oxygen in a controlled fashion [22]. Over the years, various 
generations of HBOCs have been developed. The initial gener-
ation of HBOCs consisted of Hb without red blood cell mem-
branes and have demonstrated side effects such as fever, renal 
toxicity, decreased tissue perfusion, and even renal failure [1, 
22]. This prompted the creation of the second generation of 
HBOCs by polymerizing Hb with aldehydes to reduce the risk 
of kidney toxicity. Unfortunately, its clinical trials revealed two 
other significant side effects, i.e., oxidative stress and nitric 
oxide scavenging.

As shown in Eq. 1, bound oxygen can contribute to the 
oxidation of the heme iron to Fe3+ and the generation of super-
oxide (O2

−), which can cause oxidative damage to tissues [23]. 
Furthermore, the oxidized hemoglobin is devoid of the O2 
transportability feature since it unable to bind O2 [24–27].

Hemoglobin can also be oxidized by the gaseous hormone 
nitric oxide (NO), that is released into the bloodstream by 
cells to control vasal tension. As shown in Eq. 2, NO can also 
react with the oxygen bound to hemoglobin to form nitrate 
(NO3−) while also oxidizing the heme iron. Furthermore, the 
elimination of NO by this process induces vasoconstriction, 
which leads to dangerous side effects like hypertension [28, 
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29]. As a consequence, clinical trials have been halted in 
2011 [30] and none of the listed polyHbs have been approved 
for general use by the U.S. Food and Drug Administration 
(FDA) or European Medicines Agency [15, 31–36].

The third generation of hemoglobin-based oxygen carriers 
can be categorized into chemically modified and encapsu-
lated HBOC systems [14]. However, liposome-encapsulated 
hemoglobins showed a tendency to aggregate after several 
days in storage [37]. In contrast, the KaloCyte company con-
structed ErythroMer, a nanoencapsulated human hemoglobin 
that presented interactions with O2 and nitric oxide similar 
to the one in RBC [38]. The remarkable benefit of this car-
rier is able to bind and release oxygen molecules without 
constricting the blood vessels, but it is only stable after dis-
solving for a short period of time. However, the in vivo stud-
ies on ErythroMer are scarce, and this carrier has not yet 
been evaluated in human clinical trials [14, 39]. Currently, 
the greatest progress in research has been made in the case 
of modified hemoglobins, e.g., polyhemoglobins (polyHb) or 
combinations of Hb and fibrinogen in the form of polyHb-
fibrinogen complexes [1].

Chemical modification of HBOCs involves hemoglobin 
cross-linking (intra- or intermolecular), surface modification 
(e.g., polyethylene glycol conjugation), or polymerization 
(e.g., with relevant redox enzymes). These types of RBC sub-
stitutes include, e.g., polyhemoglobin, polyHb-fibrinogen,  
Sangart’s Hemospan products, and Baxter’s HemAssist [14]. 
Polyhemoglobin was one of the first HBOCs to show thera-
peutic efficacy in patients with substantial trauma-related 
blood loss and who had undergone various types of surgery 
[18]. Another example is polyHb-fibrinogen, which plays 
an important role in replenishing not only erythrocytes but 
also platelets and clotting factors, allowing it to function 
as an oxygen carrier with thrombocyte-like activity [18, 
40]. On the other hand, Sangart’s Hemospan products are 
examples of red blood cell substitutes created by macromeric 
bioconjugation with the use of polyethylene glycol (PEG), 
which allows for an increase in its stability and residence 
time in the vessels. The results of clinical trials revealed 
an increased risk of life-threatening bradycardia and also 
its administration in low doses has been associated with 
elevated levels of hepatic and pancreatic enzymes [41–43]. 
Another RBC substitute, i.e., HemAssist was produced by 
acylating hemoglobin with bis-(3,5-dibromosalicyl) fuma-
rate but it failed clinical testing due to the increased patients’ 
mortality [44]. When it comes to encapsulated HBOC sys-
tems, these are substitutes containing hemoglobin enclosed 
in suitable particulate vehicles such as collodion (cellulose 
nitrate) or biodegradable polyethylene glycol polylactide 
(PEG-PLA) [14]. This type of HBOC utilizes bovine and 
human hemoglobin and includes the creation of polymer-
some-encapsulated Hb (PEH), although related in vivo stud-
ies are limited so far [39]. It is worth noting that in vivo 
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and in vitro studies are ongoing for all encapsulated HBOC 
systems [14].

One of the attractive alternatives to previous HBOCs is a 
metalloprotein called erythrocruorin (Ec)—the red respira-
tory pigment found in annelids and crustaceans [45]. Ec pos-
sesses several advantages favoring its potential use as a red 
blood cell substitute. For instance, it has been demonstrated 
that the Ec of Lumbricus terrestris is highly stable, refrac-
tory to oxidation compared to adult hemoglobin (HbA), and 
may interact with NO in a manner that is distinct from that 
of mammalian Hbs [46]. The subsequent sections provide a 
more detailed description of erythrocruorins.

Characteristics of erythrocruorin

Erythrocruorins are found in most annelids, some mollusks, 
and insects that live in a wide variety of environments. Even 
though the majority of erythrocruorins occur in marine 
annelids that live at relatively mild or cold temperatures, Ecs 
have also been identified in extremophiles like the polychaete 
Alvinella pompejana worms that occupy high-temperature 
thermal vents because they can survive under extreme con-
ditions with very little oxygen [25]. Unfortunately, the dif-
ficulty of obtaining some Ec-containing extremophiles has 
limited the study of these atypical oxygen carriers [25].

Various types of Ecs have different shapes and sizes but 
their architecture is similar, based on electron microscopy 
data, these large extracellular multimeric proteins com-
posed of 180–198 subunits are visible as hexagonal bilayers 
(HBLs) that form a double-layer structure with D6 symme-
try [36, 47–50]. Each HBL contains multiple copies of five 
different Hb chains (A, B, C, D1, and/or D2) that assemble 
into dodecamers (e.g., A3B3C3D3) which are bound by trim-
ers of four types of non-hemoglobin linkers (L1, L2, L3, 
and L4) that assemble the globins into the HBL. Moreo-
ver, the subunits are all stabilized by intramolecular and 
intermolecular covalent disulfide bonds and strong electro-
static or hydrophobic forces, which prevents the dissocia-
tion observed with mammalian hemoglobins [48, 51]. The 
molecular mass of Ecs is approximately 3.6×106 Da and 
the sedimentation constant is approximately 60S. Instead of 

packaged in cells, the Ecs of many annelids and arthropods 
are freely dissolved in the blood. Despite the significant dif-
ferences in structure between Ecs and mammalian Hb, Ecs 
bind and release oxygen in an allosteric fashion that is highly 
similar to the oxygen equilibrium curve shown in Fig. 1. 
However, some Ecs from marine worms tend to have similar 
high affinity to O2, e.g., ~28 mmHg for Ec from Lumbricus 
terrestris [47, 51].

The characteristics of Ecs vary depending on the organ-
ism from which they are derived. Some of these Ecs exhibit 
high oxygen affinity (e.g., Ecs of Branchipolynoe symmyti-
lida, P50 = 0.9–1.4 mmHg or Megascolides australis, P50 = 
2 mmHg), while others that are referred to as chlorocruor-
ins (e.g., in Eudistylia vancouverii, P50 = 145mmHg and 
Potamilla leptochaeta, P50=155mmHg) are characterized 
by their low oxygen affinity due to the modified heme group 
(vinyl group at the second position of the porphyrin ring is 
replaced by a formyl group) [14, 52, 53]. In contrast, Ecs 
from terrestrial worms like Glossocolex paulistus Ec (GpEc) 
and Lumbricus terrestris (LtEc, P50=28 mmHg) have a more 
moderate oxygen affinity that is similar to human whole 
blood [46, 54, 55]. The subsequent paragraphs describe the 
structure and biophysical properties of the most thoroughly 
studied erythrocruorins that originate from two organisms 
(Lumbricus terrestris and Arenicola marina) and represent 
the first and second types of erythrocruorins, which can differ 
in some physicochemical properties (Table 1).

The earthworm Lumbricus terrestris is thought to be 
native to Western Europe but it is now globally distributed 
in temperate to mild boreal climates. LtEc consists of 180 
polypeptide chains which include 144 globin subunits and 
36 linker chains [62]. Each globin subunit contains a single 
intramolecular disulfide bond and an oxygen-binding heme 
group. The amount of heme-based oxygen-binding sites in 
erythrocruorins is listed in Table 1. Interestingly, the struc-
ture of this globin resembles myoglobin more closely than 
mammalian Hb subunits [46]. Assembly of LtEc begins with 
the A, B, and C globins, which form intermolecular disulfide 
bonds to create a covalently linked ABC trimer (Fig. 2). In 
turn, the ABC trimer and D monomer (either D1 or D2) self-
associate through electrostatic and hydrophobic interactions 

Table 1   Synopsis of properties of various erythrocruorins

Erythrocruorin Properties

LtEc Oxygen affinity similar to human blood [46, 54, 55] but 144 oxygen-binding hemes [56]; several Ca2+-binding sites; More 
compact structure to that of AmEc [47]

AmEc 156 oxygen-binding hemes [36]; potential anti-inflammatory, anti-bacterial, and anti-oxidant properties [36, 57–59]; effective 
as a preservation solution that is an additive to graft organ, Hemarina-M101 [60]; wide range of operating temperatures 
(4–37 °C) [61]

Others Various oxygen affinity: either high (Ecs of Branchipolynoe symmytilida or Megascolides australis [25, 52, 53]), moderate  
(similar to human blood; Ecs from terrestrial worms like Glossocolex paulistus [46, 54, 55]), or low oxygen affinity  
(chlorocruorins with modified heme group [25, 52, 53])
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to form the ABCD tetramer [54]. The hexagonal bilayer is 
formed by trimers linked by disulfide bonds, which are 
formed by monomeric chains of globin D and globin A, B, 
and C chains, which are connected to heme-deficient linker 
chains. The formation of a full hexagonal LtEc structure 
is possible due to the presence of linker chains, which are 
also stabilized by intramolecular disulfide bridges. The three 
linker chains self-assemble to form the linker trimer (a triple- 
strand coiled coil) with several combinations of L1–L4 
linker chains being possible during trimer formation. Three 
linker chains are present in 1/12 of a unit, each contribut-
ing one long amino-terminal helix to the observed helical 
coil. Twelve of these linker trimeric complexes give rise to 
a “spoke” of a triple-stranded coiled helical coil directed to 
the center of the complex. The resulting complex is a key 
stabilizing element as well as a scaffold for the 12 hemo-
globin dodecamers [46, 51, 63]. Additionally, LtEc is also 
stabilized by several Ca2+-binding sites.

Arenicola marina is an organism found in tidal areas in a 
sulfide-rich environment with frequent fluctuations in envi-
ronmental conditions [64]. AmEc exhibits general D6 sym-
metry and consists of 198 polypeptide chains that include 
156 globin chains and 42 linker chains [36]. The hemoglobin 
subunits form the surface of the molecule, while the linker 
subunits are responsible for the core formation. The arrange-
ment of AmEc subunits is very similar to that of LtEc [47]; 
however, there are also key differences. While the struc-
ture of the hemoglobin dodecamers is congruous in LtEc 
and AmEc, the arrangement of these dodecamers in two 
complexes is different due to the distribution of 36 linker 
subunits in the core of these Ecs. In type I erythrocruorins 
(e.g., LtEc), the vertices of the two hexagonal layers are par-
tially shifted, with one layer being approximately 16° shifted 
from the other. With type II (e.g., AmEc), the vertices are 

essentially eclipsed [65]. Moreover, the architecture of type 
I erythrocruorin allows a more compact structure than that 
of type II and it has been included in Table 1. This is due 
to the fact that in type I the triple-stranded coiled coils (of 
protomer) are broken into longer (approx. 45Å) and shorter 
(approx. 20Å) coiled coil with a disjointed connection, while 
type II is characterized by a continuous long ~70Å coiled 
coil [47]. Comparison of Ecs with traditional HBOCs is 
summarized in Table 2 and will be invoked multiple times 
in subsequent sections.

The potential use of erythrocruorin in medicine

Due to its structural and functional properties, erythro-
cruorin is a promising red blood cell substitute and has 
been undergoing preclinical transfusion studies in rodents 
for many years [78, 81, 82]. Deoxygenated LtEc can be 
stored at 37 °C for at least 7 days without losing its func-
tion, which is a significant improvement over donated 
RBCs that must be continuously refrigerated (Table 1) 
[78]. This is extremely beneficial for military operations 
or in third world countries. Various experiments involv-
ing the injection of small amounts of LtEc and AmEc into 
laboratory animals (mainly mice and rats) have shown 
that these compounds do not seem to cause side effects 
in vivo in rodents; however, only a few parameters have 
been investigated [65, 81]. The half-life of LtEc is approxi-
mately 14 hours (similar to HBOCs with half-lives of 
approximately 19 h), which is shorter compared to RBCs 
(months), so it is worth noting that it cannot provide the 
same sustained O2 transport (Table 1) [63, 64, 79]. How-
ever, the work of Teruyuki Komatsu’s group gave insight 
into Hemoglobin-Albumin clusters as RBC substitutes 
and shows the advantage of new generations of HBOC  

Fig. 2   Lumbricus terrestris erythrocruorin. Two different orientations of 
LtEc are shown: along the molecular six-fold axis (center) and rotated 
90° horizontally to emphasize the hexagonal bilayer (right). Dodecamer, 
linker, and protomer are highlighted. Human Hb is shown as a reference 

for size. Structures were acquired from Protein Data Bank (PDB) and 
visualized using ChimeraX v1.3. The PDB IDs were 4V93, 5M3L, and 
2HHB, respectively for the entire LtEc molecule, LtEc protomer, and 
human Hb
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Table 2   Comparison of erythrocruorins with traditional HBOCs

* Bovine Hb polymerized at two different molar ratios of glutaraldehyde:Hb

Erythrocruorins Traditional HBOCs

Heme-based oxygen-binding sites 144 (LtEc) [63];
156 (AmEc) [36]

4 [56]

Molecular weight (kDa) ~3600 (LtEc and AmEc) [65, 66] 64 (HbA) [46]
Disulfide bonds occurrence Present, reducing the Ecs susceptibility to  

dissociation [67]
Lacking in mammalian Hb [46]

Protein stability after in vivo transfusion Decent stability [68] Instability caused by high osmotic stress [34, 69]
Toxicity after in vivo transfusion Lower rate of nitric oxide dioxygenation reaction; 

less amount of removed NO [70]
Higher rate of nitric oxide dioxygenation 

reaction;
abundant removal of NO [70]

Greater oxidation resistance due to high redox 
potential [46]

Risk of metHb formation due to the high heme 
oxidation rate [46]

Redox potential (mV) +63 (LtEc) [46];
+112 (AmEc) [46]

−50 (HbA) [46]

Oxidation rate (h−1) 2.0×10−4 (LtEc) [71];
4×10−3 (Ecs on average) [72]

4.3×10−2 (HbA) [72]

Cooperativity
(Hill coefficient)

3.74 (LtEc) [70];
2.4 ± 0.01 (LtEc) [71];
2.2 ± 0.2 (LtEc-PAA) [71];
2.4 ± 0.1 (LtEc-PAA-EDA) [71]

2.43 (HbA) [70];
2.45 (bovine [b] Hb) [70];
0.84 (PolybHb 40:1*) [70];
0.87 (PolybHb 50:1*) [70]

O2 affinity (P50) (mmHg) ~28 (LtEc) [73];
~2.6 (AmEc, physiological conditions of 

Arenicola marina) [65];
~7 (AmEc, under human physiological  

conditions) [65]

~11 (HbA) [65];
~26 (RBC) [74]

Circulation half-life (h) 14 (LtEc) [71];
12 (AmEc) [25]

45 (HbA) [62]

Alkaline dissociation Native LtEc dissociates at pH 9 while subunits 
remain resistant up to pH 10 [71];

AmEc dissociates at a slightly alkaline pH 
(between 7 and 8) [65]

Most of the Hb molecules are dimers at pH 
8, with some coexisting tetramers (but no 
monomers). When pH 9 is reached, most of 
the Hb molecules are monomers while only a 
few are tetramers [75]

Oncotic pressure
(mmHg)

14 (LtEc) [70] 1-5 (polyHb) [70]

Vasal tension Presumable slight vasodilation (LtEc) [46] Vasoconstriction (HbA) [76]
Modification aims Purity and stability improvements [55, 77] Cross-linking, surface modification, and 

polymerization [14]
Modification outcomes Unaffected O2 transportability, no severe side 

effects after transfusion of modified Ecs [71]
Promising study results regarding polyHb and 

polyHb-fibrinogen complex; existing side 
effects in others [18, 34]

Synopsis of oxygen carriers’ advantages Freely dissolved in the annelids’ blood (Ecs are 
acellular) [46, 48];

More oxygen-binding hemes compared to HbA 
[56];

AmEc is not scavenged by haptoglobin [46];
Superior O2 delivery due to the large molecule 

size [77];
Reduced susceptibility to dissociation at low 

concentrations compared to mammalian Hb 
[46]; Longer storage time compared to RBC 
(at least 7 days at 37 °C) [78];

Significant reduction of nitric oxide  
dioxygenation [46];

High redox potential, high stability, and lower 
toxicity [77];

RBC can provide more same sustained O2 
transport than Ecs [63, 64, 79];

New generation of HBOCs has a longer half-life 
than Ecs [46, 80]
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over Ecs. The research of this scientific group indicated 
that the HbBv-HSA3 cluster has sufficient preclinical 
safety as a potential alternative material used for RBC 
transfusions, and its circulation half-life was 18.5 hours 
[80]. In vitro experiments also indicated that AmEc is not 
scavenged by haptoglobin, a serum protein that strongly 
binds to free HbA and clears it from the bloodstream [46]. 
The circulation half-life of AmEc, LtEc, and HbA is men-
tioned in Table 2. Nevertheless, cell-free hemoglobin that 
is released from aged or damaged RBCs dissociates in 
dimers that have a half-life of only a few hours [13]. Since 
Ecs have much larger structures their rapid renal uptake 
might be prevented making their half-life longer, espe-
cially if they are cross-linked with glutaraldehyde [66] 
although the precise mechanism is yet unclear.

Regarding LtEc, it was shown that multiple injections 
of erythrocruorin into hamsters did not trigger an immune 
response, which was determined by checking IgE and IgG2 
antibodies [65]. In addition, it was observed that LtEc 
caused slight vasodilation instead of the vasoconstriction 
observed with other HBOCs (Table 2) [46]. It is suggested 
that owing to the naturally occurring amino acids such as 
phenylalanine and tryptophan residues within the heme 
pockets, LtEc may have a significantly reduced nitric oxide 
dioxygenation. This is a very important advantage of Ecs 
over HbA because it means that LtEc can avoid the increase 
in blood pressure and systemic hypertension observed with 
previous blood substitutes [46]. Additional experiments 
in hamsters showed that LtEc is effective in maintaining 
systemic hemodynamics, preserving blood gas parameters, 
and delivering O2, which prevents tissue anoxia that results 
from extreme anemia (11% hematocrit). Compared to other 
plasma expanders, LtEc presented superior O2 delivery due 
to the large molecule size, O2 binding characteristics, high 
viscosity, stability, and long circulating half-life [77]. LtEc 
oncotic pressure is slightly reduced compared to the norm 
of human whole blood (19–24.5 mmHg). The oncotic pres-
sure is important because it determines the direction of fluid 
movement in the body; hence, the relative concentration of 
ions and protein in the solvent [70]. Stability as well as tox-
icity after in vivo transfusion are described and compared 
to HBOCs in Table 2. A study by Hirsch et al. indicated that 
LtEc could be safely transfused into rats and mice, without 
any harmful interaction between LtEc and plasma compo-
nents [81]. With regard to large projects on LtEc, at least 
one is ongoing (ID: 1R15HL133880-01A1) based on the 
National Institutes of Health (reporter.nih.gov).

Like LtEc, AmEc has been successfully transfused into 
rodents and it did not elicit an immune response or changes 
in blood pressure [25]. One study showed that transfusion 
into mice did not cause any changes in the general behav-
ior of those animals or their growth [65]. In contrast to 
LtEc, AmEc dissociation from the hexagonal bilayer into 

dodecamers is quick when exposed to low ionic strength 
in human plasma. Nonetheless, transfusions of both LtEc 
and AmEc have been shown to be effective in maintaining 
oxygen delivery in rodents [25, 65, 77, 81]. Potential anti-
inflammatory, anti-bacterial, and anti-oxidant properties of 
AmEc have also been demonstrated. All of these potential 
properties are listed in Table 1. This O2 carrier is also effec-
tive as a preservation solution that is an additive to graft or 
organ (e.g., heart, liver, lung, or kidney) under perfusion 
conditions [36, 57–59]. Additionally, studies indicate that 
AmEc may be a potential therapeutic agent for the heal-
ing and regeneration of periodontal wounds [83]. A recent 
in vitro study by Dare et al. proved the positive effect of 
AmEc in the reduction of amanitin-induced toxicity in a 
cell-based model of the liver. The erythrocruorin of Areni-
cola marina not only increased the viability of the human 
hepatocyte carcinoma cell line HepaRG but also restored 
the viability of these cells and decreased the production of 
mitochondrial ROS after exposure to α- and β-amanitin. 
The hepatoprotective effect of AmEc can be attributed 
to the ability of this compound to deliver oxygen [84]. In 
turn, the results from Batool et al. study showed the anti-
inflammatory and anti-microbial potential of AmEc; no 
signs of cytotoxicity were observed in oral epithelial cells 
treated with AmEc. This hemoglobin may decrease the 
level of pro-inflammatory markers (e.g., tumor necrosis 
factor alpha [TNF-α], nuclear factor kappa B [NF-κΒ], 
and receptor activator of NF-κB ligand [RANKL] in P. 
gingivalis-lipopolysaccharide-stimulated and P. gingivalis-
infected Ecs) or increase the level of healing mediators (e.g., 
platelet-derived growth factor isoform BB [PDGF-BB], 
transforming growth factor β1 [TGF-β1], interleukin-10 
[IL-10]), and immune modulators. The treatment reduced 
inflammatory cell infiltration (ICI) and improved bone heal-
ing. Moreover, the anti-bacterial activity of this compound 
on P. gingivalis biofilm formation, as well as the reduction 
of bacterial growth, were demonstrated [83]. Clinical trial 
data from the National Institutes of Health (clinicaltrials.
gov) indicate one currently recruiting phase 3 trial (identi-
fier: NCT04181710) which evaluates the effectiveness of 
an AmEc-based medical solution called HEMO2life®. This 
device is an oxygenation solution used for organ preserva-
tion and has recently obtained the CE marking, which proves 
its quality in terms of safety and clinical benefits based on 
EU regulations [85]. Hemarina-M101 is a new non-toxic 
therapeutic oxygen carrier developed from Arenicola marina 
blood. Lower partial pressure is required to saturate some of 
the typical O2-binding sites with blood, allowing oxygen to 
be released solely to hypoxic cells. The advantages of this 
carrier are non-immunogenicity, a wide range of operating 
temperatures (4–37 °C), and anti-oxidant properties due to 
the activity of superoxide dismutase [65]. Recent in vivo 
studies also presented no effect on heart rate or mean arterial 
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pressure, and lower nitric oxide binding properties [60]. The 
research results indicate that Hemarina-M101 may have a 
protective effect against ischemic reperfusion injury that is 
important after transplantation [60].

In addition to erythrocruorin, two major oxygen-binding 
proteins that are beneficial in medicine are worth mention-
ing: hemocyanins (Hcs) and hemerythrins (Hrs) [45, 86]. For 
the former, two main superfamilies can be distinguished, i.e., 
arthropod Hcs and mollusk Hcs, which vary in terms of their 
structural appearance. At present, due to their high therapeutic 
potential, Hcs are under research in various directions, includ-
ing their use as bio-adjuvants, immune stimulants, and vac-
cines [45, 87, 88]. Hcs have also displayed positive outcomes 
in studies conducted in vivo. According to its biochemical and 
immunological properties in the rat in vivo models, Hrs were 
found to behave in a manner similar to hemoglobins, which 
makes them another promising research direction [89].

Advantages of erythrocruorins over other HBOCs

Many hemoglobin-based oxygen carriers have critical bio-
physical limitations and induce severe side effects after 
in vivo transfusion. One of them is protein instability caused 
by the generation of high vascular osmotic stress. The sec-
ond negative aspect is the toxicity of these compounds due to 
the high rate of heme oxidation [34, 56, 69] and the removal 
of nitric oxide [90]. The latter is caused by dioxygenation, 
which directly contributes to pro-inflammatory conditions 
and cardiovascular problems due to vasoconstriction [3, 91]. 
On the other hand, the auto-oxidation of the oxygen-bound 
heme threatens the formation of a metHb that is capable 
of generating ROS with pro-inflammatory potential. These 
disadvantages can be observed after removing RBCs from 
mammals and using them in the production of HBOCs. For 
this reason, extracellular hemoglobins (such as erythrocruor-
ins) from organisms that lack red blood cells may constitute 
a better source of red blood cell substitution [46, 56].

The fact that erythrocruorins, unlike most hemoglob-
ins, are freely dissolved in the annelids’ blood is a definite 
advantage. Furthermore, Ecs are resistant to harsh condi-
tions owing to their structural and functional features [46, 
48]. Another indispensable structural feature of erythro-
cruorins is the presence of covalent disulfide bonds and the 
electrostatic or hydrophobic forces that hold them together. 
In contrast to mammalian hemoglobins, the presence of 
intermolecular disulfide bonds reduces the susceptibility of 
Ecs to dissociation at low concentrations [46]. Furthermore, 
the structure of Ec allows superior binding ability compared 
to that of Hb; erythrocruorins possess many heme-based 
oxygen transport sites. For example, each LtEc molecule 
contains 144 oxygen-binding hemes, while HbA has only 
four [56]. Moreover, Ecs have a high redox potential, the 

value of which is presented in Table 2 [27]; this influences 
the heme’s tendency to reduce and form ferrous hemoglobin. 
It also contributes to their naturally occurring high stability 
and lower toxicity [77]. Reduced toxicity is due to the fact 
that these red blood cell substitutes are resistant to oxidation 
and do not remove NO to such a great extent. The latter fea-
ture stems from the fact that Ecs have smaller heme pockets 
that prevent the simultaneous binding of O2 and NO so that 
nitrate cannot be formed in comparison to other HBOCs 
[56, 70, 78]. Another aspect that is typically measured using 
the Hill coefficient (n) [92] is cooperativity, often described 
together with the oxygen affinity that is mentioned earlier 
in the Introduction. The binding of the first O2 leads to a 
gradual increase in oxygen affinity until all Hb binding sites 
are filled in a cooperative manner [93]. Hill coefficient n>1 
represents positive cooperativity (allosteric interactions 
between subunits), while n=1 indicates a non-cooperative O2 
binding [25]. Negative cooperativity (n<1) can be observed 
when the affinity of the enzyme for subsequent ligands 
decreases once the first ligand molecule is bound. Promis-
ing data are available in the literature, suggesting higher 
cooperativity of LtEc relative to HbA (n=3.74 vs. n=2.43) 
[70]. At the same time, LtEc has the highest Hill coefficient 
when compared to erythrocruorins from Amynthas gracilis 
(AgEc, n=2.16), Eudrilus eugeniae (EeEc, n=1.96), Eisenia 
fetida (EfEc, n=2.39), Eisenia hortensis (EhEc, n=1.97), 
and Eisenia veneta (EvEc, n=2.13) [25]. As for traditional 
HBOCs, some modifications of native Hb can drastically 
decrease cooperativity [94].

Another advantage of erythrocruorins is related to many 
modifications that have been implemented over the years, 
allowing the production of products with enhanced stability. 
So far, the main methods used to purify these extracellular 
hemoglobins are tangential flow filtration (TFF), anion-
exchange purification (AEX), and immobilized metal affin-
ity chromatography (IMAC) [55]. TFF involves using a filter 
to separate or isolate particles of specific sizes. The filtrate is 
discharged across, creating a differential of pressure, and the 
sample flows parallel to the filter and is recirculated multiple 
times. Using TFF, purified Ec was obtained with high yield 
and favorable biophysical properties, presenting no side 
effects when transfused to laboratory animals [55, 70]. The 
AEX approach that separates proteins based on a surface 
charge is more appropriate for the purification of Ecs than 
the IMAC method that is based on the interaction of amino 
acids with metals, since the latter method caused oxidation 
and dissociation of Ecs [73]. Even though the Ecs purified 
with TFF and other methods may not be 100% pure, they 
have been safely transfused into animals without side effects 
caused by impurities [70]. As mentioned above, erythro-
cruorins are relatively stable proteins; however, in order to 
increase their effectiveness as red blood cell substitutes, the 
resistance to high temperatures over a long period of storage 
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should be refined. A study by Spivack et al. presented that 
the cross-linking of Ec with polyacrylic acid (PAA) and eth-
ylenediamine (EDA) can be useful in enhancing the stabil-
ity of this hemoglobin while maintaining its natural oxygen 
transport capacity, and even increasing its affinity to oxygen 
[95]. Conjugation with PEG allows for a prolongation of the 
LtEc half-life in the circulation (up to four times longer than 
that of non-PEGylated LtEc). However, this method resulted 
in faster oxidation of this compound in vivo, as can be seen 
from cooperativity values (Hill coefficient) in Table 2 [68]. 
On the other hand, covalent cross-linking of LtEc with glu-
taraldehyde (gLtEc) resulted in an increase of the melting 
point (from the initial Tm=57 °C to Tm=68 °C, where the 
glutaraldehyde-to-heme ratio was 128:1) and a reduction 
in the dissociation of subunits at alkaline pH. Moreover, 
the LtEc modified using this approach was still capable of 
transporting oxygen, with a higher affinity for this chemical 
element and only with a slight increase in the rate of oxida-
tion [66]. It is also worth mentioning that both LtEc and 
AmEc have been successfully lyophilized and resuspended 
[23, 96]. A comparison of erythrocruorins with traditional 
HBOCs is summarized in Table 2, where there can be seen, 
among other things, the rate of oxidation of Ecs as well as, 
modification aims and outcomes for these compounds.

Conclusions

As the availability of blood decreases and its price rises, 
the demand for red blood cell substitutes is unquestionable. 
Artificial oxygen carriers are versatile agents that can be 
used in patients with blood loss associated with trauma and 
transplantation. It is crucial to understand the action mecha-
nisms of hemoglobin since HBOCs use this protein to carry 
oxygen. Many different red blood cell substitutes have been 
tested for effectiveness. However, following transfusion, 
a large proportion of them have presented key limitations 
such as protein instability and toxicity due to NO scavenging 
and oxidation to methemoglobin. The use of erythrocruorin 
might help to overcome these limitations. This metallopro-
tein could therefore be considered a promising RBC substi-
tute. The major research focus was drawn on erythrocruorin 
derived from Lumbricus terrestris and Arenicola marina. 
These erythrocruorins exhibit different structural features 
that determine their properties; however, both can be used as 
oxygen carriers. The development of methods of purification 
(TFF, AEX, IMAC) and stabilization (PEGylation, PAA, 
and EDA cross-linking) could enable the use of these mac-
romolecular structures in the clinic, which would increase 
the accessibility to artificial RBC resources.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00109-​023-​02350-3.

Author contribution  WK, DK, and ŻKK conceptualized the article. 
ŻKK and DK supervised the article. MK, ŻKK, DK, and KW visual-
ized the figures and prepared a table. WK wrote the original draft based 
on a literature search. WK, MK, ZP, KK, EP, JE, KW, DK, and ŻKK 
reviewed and edited the article. All authors have read and agreed to the 
published version of the manuscript.

Data availability  The datasets generated during and/or analyzed dur-
ing the current study are available in the PDB repository, https://​www.​
rcsb.​org/.

Declarations 

Ethics approval  Not applicable.

Consent to participate  Not applicable.

Consent to publish  Not applicable.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References:

	 1.	 Mohanto N, Park YJ, Jee JP (2023) Current perspectives of arti-
ficial oxygen carriers as red blood cell substitutes: a review of 
old to cutting-edge technologies using in vitro and in vivo assess-
ments. J Pharm Investig 53:153–90. https://​doi.​org/​10.​1007/​
s40005-​022-​00590-y

	 2.	 Khan F, Singh K, Friedman MT (2020) Artificial blood: the his-
tory and current perspectives of blood substitutes. Discoveries 
(Craiova) 8:e104. https://​doi.​org/​10.​15190/d.​2020.1

	 3.	 Coll-Satue C, Bishnoi S, Chen J, Hosta-Rigau L (2021) Stepping 
stones to the future of haemoglobin-based blood products: clini-
cal, preclinical and innovative examples. Biomater Sci 9:1135–52. 
https://​doi.​org/​10.​1039/​d0bm0​1767a

	 4.	 Liu WJ, Chen YY, Hsu LI, Chen JW, Wei ST, Hou SM (2022) An 
imbalance in blood collection and demand is anticipated to occur 
in the near future in Taiwan. J Formos Med Assoc 121:1610–4. 
https://​doi.​org/​10.​1016/j.​jfma.​2021.​07.​027

	 5.	 Jansman MMT, Hosta-Rigau L (2018) Recent and prominent 
examples of nano- and microarchitectures as hemoglobin-based 
oxygen carriers. Adv Colloid Interface Sci 260:65–84. https://​doi.​
org/​10.​1016/j.​cis.​2018.​08.​006

	 6.	 Reilly M, Bruno CD, Prudencio TM, Ciccarelli N, Guerrelli D, 
Nair R, Ramadan M, Luban NLC, Posnack NG (2020) Potential 
consequences of the red blood cell storage lesion on cardiac elec-
trophysiology. J Am Heart Assoc 9:e017748. https://​doi.​org/​10.​
1161/​JAHA.​120.​017748

	 7.	 Spahn DR (2018) Artificial oxygen carriers: a new future? Crit 
Care 22:46. https://​doi.​org/​10.​1186/​s13054-​018-​1949-5

https://doi.org/10.1007/s00109-023-02350-3
https://www.rcsb.org/
https://www.rcsb.org/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40005-022-00590-y
https://doi.org/10.1007/s40005-022-00590-y
https://doi.org/10.15190/d.2020.1
https://doi.org/10.1039/d0bm01767a
https://doi.org/10.1016/j.jfma.2021.07.027
https://doi.org/10.1016/j.cis.2018.08.006
https://doi.org/10.1016/j.cis.2018.08.006
https://doi.org/10.1161/JAHA.120.017748
https://doi.org/10.1161/JAHA.120.017748
https://doi.org/10.1186/s13054-018-1949-5


970	 Journal of Molecular Medicine (2023) 101:961–972

1 3

	 8.	 Moradi S, Jahanian-Najafabadi A, Roudkenar MH (2016) Arti-
ficial blood substitutes: first steps on the long route to clinical 
utility. Clin Med Insights Blood Disord 9:33–41. https://​doi.​org/​
10.​4137/​CMBD.​S38461

	 9.	 Moore EE, Johnson JL, Cheng AM, Masuno T, Banerjee A 
(2005) Insights from studies of blood substitutes in trauma. Shock 
24:197–205. https://​doi.​org/​10.​1097/​01.​shk.​00001​80075.​76766.​fe

	10.	 Belcher DA, Lucas A, Cabrales P, Palmer AF (2020) Tumor vas-
cular status controls oxygen delivery facilitated by infused polym-
erized hemoglobins with varying oxygen affinity. PLoS Comput 
Biol 16:e1008157. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​10081​57

	11.	 Mahboub P, Aburawi M, Karimian N, Lin F, Karabacak M, Fontan 
F, Tessier SN, Markmann J, Yeh H, Uygun K (2020) The efficacy 
of HBOC-201 in ex situ gradual rewarming kidney perfusion in a rat 
model. Artif Organs 44:81–90. https://​doi.​org/​10.​1111/​aor.​13534

	12.	 Fontes P, Lopez R, van der Plaats A, Vodovotz Y, Minervini M, 
Scott V, Soltys K, Shiva S, Paranjpe S, Sadowsky D et al (2015) 
Liver preservation with machine perfusion and a newly developed 
cell-free oxygen carrier solution under subnormothermic conditions. 
Am J Transplant 15:381–94. https://​doi.​org/​10.​1111/​ajt.​12991

	13.	 Cao M, Wang G, He H, Yue R, Zhao Y, Pan L, Huang W, Guo 
Y, Yin T, Ma L et al (2021) Hemoglobin-based oxygen carriers: 
potential applications in solid organ preservation. Front Pharma-
col 12:760215. https://​doi.​org/​10.​3389/​fphar.​2021.​760215

	14.	 Sen Gupta A (2019) Hemoglobin-based oxygen carriers: current 
state-of-the-art and novel molecules. Shock 52:70–83. https://​doi.​
org/​10.​1097/​SHK.​00000​00000​001009

	15.	 Yu S (2022) Hemoglobin: physiology and hemoglobinopathy. 
Blood Substitutes and Oxygen Biotherapeutics 45-51

	16.	 Bartz RR, Piantadosi CA (2010) Clinical review: oxygen as a sign-
aling molecule. Crit Care 14:234. https://​doi.​org/​10.​1186/​cc9185

	17.	 Ascenzi P, Bocedi A, Visca P, Altruda F, Tolosano E, Beringhelli 
T, Fasano M (2005) Hemoglobin and heme scavenging. IUBMB 
Life 57:749–59. https://​doi.​org/​10.​1080/​15216​54050​03808​71

	18.	 Cherian VT (2022) Physiological functions of blood. Blood Sub-
stitutes and Oxygen Biotherapeutics 33-43

	19.	 Storz JF (2016) Gene Duplication and evolutionary innovations in 
hemoglobin-oxygen transport. Physiology (Bethesda) 31:223–32. 
https://​doi.​org/​10.​1152/​physi​ol.​00060.​2015

	20.	 Goutelle S, Maurin M, Rougier F, Barbaut X, Bourguignon L, 
Ducher M, Maire P (2008) The Hill equation: a review of its capa-
bilities in pharmacological modelling. Fundam Clin Pharmacol 
22:633–48. https://​doi.​org/​10.​1111/j.​1472-​8206.​2008.​00633.x

	21.	 Stowell CP (2002) Hemoglobin-based oxygen carriers. Curr 
Opin Hematol 9:537–43. https://​doi.​org/​10.​1097/​00062​752-​
20021​1000-​00013

	22.	 Riess JG (2001) Oxygen carriers (“blood substitutes”)–raison 
d’etre, chemistry, and some physiology. Chem Rev 101:2797–920. 
https://​doi.​org/​10.​1021/​cr970​143c

	23.	 Drvenica IT, Stancic AZ, Maslovaric IS, Trivanovic DI, Ilic VL 
(2022) Extracellular hemoglobin: modulation of cellular functions 
and pathophysiological effects. Biomolecules 12. https://​doi.​org/​
10.​3390/​biom1​21117​08

	24.	 Umbreit J (2007) Methemoglobin–it’s not just blue: a concise review. 
Am J Hematol 82:134–44. https://​doi.​org/​10.​1002/​ajh.​20738

	25.	 Zimmerman D, DiIusto M, Dienes J, Abdulmalik O, Elmer JJ 
(2017) Direct comparison of oligochaete erythrocruorins as poten-
tial blood substitutes. Bioeng Transl Med 2:212–21. https://​doi.​
org/​10.​1002/​btm2.​10067

	26.	 Winterbourn CC (1985) Free-radical production and oxidative 
reactions of hemoglobin. Environ Health Perspect 64:321–30. 
https://​doi.​org/​10.​1289/​ehp.​85643​21

	27.	 Dorman SC, Kenny CF, Miller L, Hirsch RE, Harrington JP 
(2002) Role of redox potential of hemoglobin-based oxygen car-
riers on methemoglobin reduction by plasma components. Artif 

Cells Blood Substit Immobil Biotechnol 30:39–51. https://​doi.​org/​
10.​1081/​bio-​12000​2726

	28.	 Zweier JL, Ilangovan G (2020) Regulation of nitric oxide metab-
olism and vascular tone by cytoglobin. Antioxid Redox Signal 
32:1172–87. https://​doi.​org/​10.​1089/​ars.​2019.​7881

	29.	 Cabrales P, Friedman JM (2013) HBOC vasoactivity: interplay 
between nitric oxide scavenging and capacity to generate bioactive 
nitric oxide species. Antioxid Redox Signal 18:2284–97. https://​
doi.​org/​10.​1089/​ars.​2012.​5099

	30.	 Kim HW, Greenburg AG (2013) Hemoglobin-based oxygen car-
riers as red cell substitutes and oxygen Therapeutics

	31.	 Tsai AG, Cabrales P, Young MA, Winslow RM, Intaglietta M (2015) 
Effect of oxygenated polyethylene glycol decorated hemoglobin 
on microvascular diameter and functional capillary density in the 
transgenic mouse model of sickle cell anemia. Artif Cells Nanomed 
Biotechnol 43:10–7. https://​doi.​org/​10.​3109/​21691​401.​2014.​936063

	32.	 Portoro I, Mukli P, Kocsis L, Herman P, Caccia D, Perrella M, Moz-
zarelli A, Ronda L, Mathe D, Eke A (2020) Model-based evaluation 
of the microhemodynamic effects of PEGylated HBOC molecules 
in the rat brain cortex: a laser speckle imaging study. Biomed Opt 
Express 11:4150–75. https://​doi.​org/​10.​1364/​BOE.​388089

	33.	 Kim HW, Greenburg AG (2004) Artificial oxygen carriers as red 
blood cell substitutes: a selected review and current status. Artif 
Organs 28:813–28. https://​doi.​org/​10.​1111/j.​1525-​1594.​2004.​07345.x

	34.	 Faggiano S, Ronda L, Bruno S, Abbruzzetti S, Viappiani C, 
Bettati S, Mozzarelli A (2022) From hemoglobin allostery to 
hemoglobin-based oxygen carriers. Mol Aspects Med 84:101050. 
https://​doi.​org/​10.​1016/j.​mam.​2021.​101050

	35.	 Cooper CE, Silkstone GGA, Simons M, Gretton S, Rajagopal BS, 
Allen-Baume V, Syrett N, Shaik T, Popa G, Sheng X et al (2020) 
Engineering hemoglobin to enable homogenous PEGylation with-
out modifying protein functionality. Biomater Sci 8:3896–906. 
https://​doi.​org/​10.​1039/​c9bm0​1773a

	36.	 Batool F, Delpy E, Zal F, Leize-Zal E, Huck O (2021) Therapeutic 
potential of hemoglobin derived from the marine worm Arenicola 
marina (M101): a literature review of a breakthrough innovation. 
Mar Drugs 19. https://​doi.​org/​10.​3390/​md190​70376

	37.	 Sakai H, Tomiyama KI, Sou K, Takeoka S, Tsuchida E (2000) 
Poly(ethylene glycol)-conjugation and deoxygenation enable long-
term preservation of hemoglobin-vesicles as oxygen carriers in a 
liquid state. Bioconjug Chem 11:425–32. https://​doi.​org/​10.​1021/​
bc990​173h

	38.	 Pan D, Rogers S, Misra S, Vulugundam G, Gazdzinski L, Tsui 
A, Mistry N, Said A, Spinella P, Hare G et al (2016) Erythromer 
(EM), a nanoscale bio-synthetic artificial red cell: proof of con-
cept and in vivo efficacy results. Blood 128:1027. https://​doi.​org/​
10.​1182/​blood.​V128.​22.​1027.​1027

	39.	 Arifin DR, Palmer AF (2005) Polymersome encapsulated hemo-
globin: a novel type of oxygen carrier. Biomacromolecules 
6:2172–81. https://​doi.​org/​10.​1021/​bm050​1454

	40.	 Wong NS, Chang TM (2007) Polyhemoglobin-fibrinogen: a novel 
oxygen carrier with platelet-like properties in a hemodiluted set-
ting. Artif Cells Blood Substit Immobil Biotechnol 35:481–9. 
https://​doi.​org/​10.​1080/​10731​19070​15862​10

	41.	 Caretti A, Fantacci M, Caccia D, Perrella M, Lowe KC, Samaja M 
(2008) Modulation of the NO/cGMP pathway reduces the vaso-
constriction induced by acellular and PEGylated haemoglobin. 
Biochim Biophys Acta 1784:1428–34. https://​doi.​org/​10.​1016/j.​
bbapap.​2007.​12.​011

	42.	 Olofsson C, Ahl T, Johansson T, Larsson S, Nellgard P, Ponzer 
S, Fagrell B, Przybelski R, Keipert P, Winslow N et al (2006) A 
multicenter clinical study of the safety and activity of maleimide-
polyethylene glycol-modified hemoglobin (Hemospan) in patients 
undergoing major orthopedic surgery. Anesthesiology 105:1153–
63. https://​doi.​org/​10.​1097/​00000​542-​20061​2000-​00015

https://doi.org/10.4137/CMBD.S38461
https://doi.org/10.4137/CMBD.S38461
https://doi.org/10.1097/01.shk.0000180075.76766.fe
https://doi.org/10.1371/journal.pcbi.1008157
https://doi.org/10.1111/aor.13534
https://doi.org/10.1111/ajt.12991
https://doi.org/10.3389/fphar.2021.760215
https://doi.org/10.1097/SHK.0000000000001009
https://doi.org/10.1097/SHK.0000000000001009
https://doi.org/10.1186/cc9185
https://doi.org/10.1080/15216540500380871
https://doi.org/10.1152/physiol.00060.2015
https://doi.org/10.1111/j.1472-8206.2008.00633.x
https://doi.org/10.1097/00062752-200211000-00013
https://doi.org/10.1097/00062752-200211000-00013
https://doi.org/10.1021/cr970143c
https://doi.org/10.3390/biom12111708
https://doi.org/10.3390/biom12111708
https://doi.org/10.1002/ajh.20738
https://doi.org/10.1002/btm2.10067
https://doi.org/10.1002/btm2.10067
https://doi.org/10.1289/ehp.8564321
https://doi.org/10.1081/bio-120002726
https://doi.org/10.1081/bio-120002726
https://doi.org/10.1089/ars.2019.7881
https://doi.org/10.1089/ars.2012.5099
https://doi.org/10.1089/ars.2012.5099
https://doi.org/10.3109/21691401.2014.936063
https://doi.org/10.1364/BOE.388089
https://doi.org/10.1111/j.1525-1594.2004.07345.x
https://doi.org/10.1016/j.mam.2021.101050
https://doi.org/10.1039/c9bm01773a
https://doi.org/10.3390/md19070376
https://doi.org/10.1021/bc990173h
https://doi.org/10.1021/bc990173h
https://doi.org/10.1182/blood.V128.22.1027.1027
https://doi.org/10.1182/blood.V128.22.1027.1027
https://doi.org/10.1021/bm0501454
https://doi.org/10.1080/10731190701586210
https://doi.org/10.1016/j.bbapap.2007.12.011
https://doi.org/10.1016/j.bbapap.2007.12.011
https://doi.org/10.1097/00000542-200612000-00015


971Journal of Molecular Medicine (2023) 101:961–972	

1 3

	43.	 Jahr JS, Akha AS, Holtby RJ (2012) Crosslinked, polymerized, and 
PEG-conjugated hemoglobin-based oxygen carriers: clinical safety 
and efficacy of recent and current products. Curr Drug Discov 
Technol 9:158–65. https://​doi.​org/​10.​2174/​15701​63128​02650​742

	44.	 Chen L, Yang Z, Liu H (2023) Hemoglobin-based oxygen carriers: 
where are we now in 2023? Medicina (Kaunas) 59. https://​doi.​org/​
10.​3390/​medic​ina59​020396

	45.	 Coates CJ, Decker H (2017) Immunological properties of oxygen-
transport proteins: hemoglobin, hemocyanin and hemerythrin. Cell 
Mol Life Sci 74:293–317. https://​doi.​org/​10.​1007/​s00018-​016-​2326-7

	46.	 Elmer J, Palmer AF (2012) Biophysical properties of lumbricus 
terrestris erythrocruorin and its potential use as a red blood cell 
substitute. J Funct Biomater 3:49–60. https://​doi.​org/​10.​3390/​
jfb30​10049

	47.	 Royer WE Jr, Omartian MN, Knapp JE (2007) Low resolution 
crystal structure of Arenicola erythrocruorin: influence of coiled 
coils on the architecture of a megadalton respiratory protein. J Mol 
Biol 365:226–36. https://​doi.​org/​10.​1016/j.​jmb.​2006.​10.​016

	48.	 Strand K, Knapp JE, Bhyravbhatla B, Royer WE Jr (2004) Crystal 
structure of the hemoglobin dodecamer from Lumbricus erythro-
cruorin: allosteric core of giant annelid respiratory complexes. J 
Mol Biol 344:119–34. https://​doi.​org/​10.​1016/j.​jmb.​2004.​08.​094

	49.	 Jouan L, Marco S, Taveau JC (2003) Revisiting the structure of 
Alvinella pompejana hemoglobin at 20A resolution by cryoelec-
tron microscopy. J Struct Biol 143:33–44. https://​doi.​org/​10.​1016/​
s1047-​8477(03)​00115-1

	50.	 Royer WE Jr, Strand K, van Heel M, Hendrickson WA (2000) 
Structural hierarchy in erythrocruorin, the giant respiratory 
assemblage of annelids. Proc Natl Acad Sci U S A 97:7107–11. 
https://​doi.​org/​10.​1073/​pnas.​97.​13.​7107

	51.	 Royer WE Jr, Sharma H, Strand K, Knapp JE, Bhyravbhatla B 
(2006) Lumbricus erythrocruorin at 3.5 A resolution: architec-
ture of a megadalton respiratory complex. Structure 14:1167–77. 
https://​doi.​org/​10.​1016/j.​str.​2006.​05.​011

	52.	 Toulmond A (1992) Properties and functions of extracellular heme 
pigments. blood and tissue oxygen carriers. Adv Comp Environ 
Physiol 231-56

	53.	 Asakura T, Sono M (1974) Optical and oxygen binding properties 
of spirographis, isospirographis, and 2,4-diformyl hemoglobins. J 
Biol Chem 249:7087–93

	54.	 Santiago PS, Moura F, Moreira LM, Domingues MM, Santos NC, 
Tabak M (2008) Dynamic light scattering and optical absorp-
tion spectroscopy study of pH and temperature stabilities of the 
extracellular hemoglobin of Glossoscolex paulistus. Biophys J 
94:2228–40. https://​doi.​org/​10.​1529/​bioph​ysj.​107.​116780

	55.	 Savla C, Munoz C, Hickey R, Belicak M, Gilbert C, Cabrales P, 
Palmer AF (2020) Purification of Lumbricus terrestris mega-
hemoglobin for diverse oxygen therapeutic applications. ACS Bio-
mater Sci Eng 6:4957–68. https://​doi.​org/​10.​1021/​acsbi​omate​rials. 
​0c011​46

	56.	 Roche CJ, Talwar A, Palmer AF, Cabrales P, Gerfen G, Friedman 
JM (2015) Evaluating the capacity to generate and preserve nitric 
oxide bioactivity in highly purified earthworm erythrocruorin: 
a giant polymeric hemoglobin with potential blood substitute 
properties. J Biol Chem 290:99–117. https://​doi.​org/​10.​1074/​jbc.​
M114.​583260

	57.	 Glorion M, Polard V, Favereau F, Hauet T, Zal F, Fadel E, Sage 
E (2018) Prevention of ischemia-reperfusion lung injury during 
static cold preservation by supplementation of standard preserva-
tion solution with HEMO(2)life((R)) in pig lung transplantation 
model. Artif Cells Nanomed Biotechnol 46:1773–80. https://​doi.​
org/​10.​1080/​21691​401.​2017.​13923​15

	58.	 Lemaire F, Sigrist S, Delpy E, Cherfan J, Peronet C, Zal F, Bouzakri 
K, Pinget M, Maillard E (2019) Beneficial effects of the novel marine 
oxygen carrier M101 during cold preservation of rat and human 

pancreas. J Cell Mol Med 23:8025–34. https://​doi.​org/​10.​1111/​jcmm.​
14666

	59.	 Alix P, Val-Laillet D, Turlin B, Ben Mosbah I, Burel A, Bobillier 
E, Bendavid C, Delpy E, Zal F, Corlu A et al (2020) Adding the 
oxygen carrier M101 to a cold-storage solution could be an alter-
native to HOPE for liver graft preservation. JHEP Rep 2:100119. 
https://​doi.​org/​10.​1016/j.​jhepr.​2020.​100119

	60.	 Varney J, Rivera A, Dong V, Tieu P, Zia S, Huy NT (2021) Mini-
review on the properties and possible applications of therapeutic 
oxygen carrier Hemarina-M101. Transfus Apher Sci 60:103016. 
https://​doi.​org/​10.​1016/j.​trans​ci.​2020.​103016

	61.	 Leung AF (1982) Calculation of the laser diffraction intensity of 
striated muscle by numerical methods. Comput Programs Biomed 
15:169–74. https://​doi.​org/​10.​1016/​0010-​468x(82)​90002-2

	62.	 Harnois T, Rousselot M, Rogniaux H, Zal F (2009) High-level 
production of recombinant Arenicola marina globin chains in 
Escherichia coli: a new generation of blood substitute. Artif Cells 
Blood Substit Immobil Biotechnol 37:106–16. https://​doi.​org/​10.​
1080/​10731​19090​29084​45

	63.	 Lamy J, Kuchumov A, Taveau JC, Vinogradov SN, Lamy JN 
(2000) Reassembly of Lumbricus terrestris hemoglobin: a study 
by matrix-assisted laser desorption/ionization mass spectrometry 
and 3D reconstruction from frozen-hydrated specimens. J Mol 
Biol 298:633–47. https://​doi.​org/​10.​1006/​jmbi.​2000.​3689

	64.	 Keeley N, Valdemarsen T, Strohmeier T, Pochon X, Dahlgren T, 
Bannister R (2020) Mixed-habitat assimilation of organic waste 
in coastal environments - it’s all about synergy. Sci Total Environ 
699:134281. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​134281

	65.	 Rousselot M, Delpy E, Drieu La Rochelle C, Lagente V, Pirow R, 
Rees JF, Hagege A, Le Guen D, Hourdez S, Zal F (2006) Arenicola 
marina extracellular hemoglobin: a new promising blood substitute. 
Biotechnol J 1:333–45. https://​doi.​org/​10.​1002/​biot.​20050​0049

	66.	 Rajesh A, Zimmerman D, Spivack K, Abdulmalik O, Elmer J 
(2018) Glutaraldehyde cross-linking increases the stability of 
Lumbricus terrestris erythrocruorin. Biotechnol Prog 34:521–8. 
https://​doi.​org/​10.​1002/​btpr.​2593

	67.	 Schmidt AE, Refaai MA, Blumberg N (2016) Past, present and 
forecast of transfusion medicine: what has changed and what is 
expected to change? Presse Med 45:e253-72. https://​doi.​org/​10.​
1016/j.​lpm.​2016.​06.​017

	68.	 Jani VP, Jelvani A, Moges S, Nacharaju P, Roche C, Dantsker D, 
Palmer A, Friedman JM, Cabrales P (2017) Polyethylene glycol 
camouflaged earthworm hemoglobin. PLoS One 12:e0170041. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01700​41

	69.	 Jansman MMT, Coll-Satue C, Liu X, Kempen PJ, Andresen TL, 
Thulstrup PW, Hosta-Rigau L (2022) Hemoglobin-based oxygen 
carriers camouflaged with membranes extracted from red blood 
cells: optimization and assessment of functionality. Biomater Adv 
134:112691. https://​doi.​org/​10.​1016/j.​msec.​2022.​112691

	70.	 Elmer J, Zorc K, Rameez S, Zhou Y, Cabrales P, Palmer AF 
(2012) Hypervolemic infusion of Lumbricus terrestris eryth-
rocruorin purified by tangential-flow filtration. Transfusion 
52:1729–40. https://​doi.​org/​10.​1111/j.​1537-​2995.​2011.​03523.x

	71.	 Matsumoto M, Ra C, Kawamoto K, Sato H, Itakura A, Sawada J, 
Ushio H, Suto H, Mitsuishi K, Hikasa Y et al (1999) IgE hyper-
production through enhanced tyrosine phosphorylation of Janus 
kinase 3 in NC/Nga mice, a model for human atopic dermatitis. J 
Immunol 162:1056–63

	72.	 Savla C, Palmer AF (2021) Structural stability and biophysi-
cal properties of the mega-protein erythrocruorin are regulated 
by polyethylene glycol surface coverage. Biomacromolecules 
22:2081–93. https://​doi.​org/​10.​1021/​acs.​biomac.​1c001​96

	73.	 Timm B, Abdulmalik O, Chakrabarti A, Elmer J (2020) Purifi-
cation of Lumbricus terrestris erythrocruorin (LtEc) with anion 
exchange chromatography. J Chromatogr B Analyt Technol 

https://doi.org/10.2174/157016312802650742
https://doi.org/10.3390/medicina59020396
https://doi.org/10.3390/medicina59020396
https://doi.org/10.1007/s00018-016-2326-7
https://doi.org/10.3390/jfb3010049
https://doi.org/10.3390/jfb3010049
https://doi.org/10.1016/j.jmb.2006.10.016
https://doi.org/10.1016/j.jmb.2004.08.094
https://doi.org/10.1016/s1047-8477(03)00115-1
https://doi.org/10.1016/s1047-8477(03)00115-1
https://doi.org/10.1073/pnas.97.13.7107
https://doi.org/10.1016/j.str.2006.05.011
https://doi.org/10.1529/biophysj.107.116780
https://doi.org/10.1021/acsbiomaterials.0c01146
https://doi.org/10.1021/acsbiomaterials.0c01146
https://doi.org/10.1074/jbc.M114.583260
https://doi.org/10.1074/jbc.M114.583260
https://doi.org/10.1080/21691401.2017.1392315
https://doi.org/10.1080/21691401.2017.1392315
https://doi.org/10.1111/jcmm.14666
https://doi.org/10.1111/jcmm.14666
https://doi.org/10.1016/j.jhepr.2020.100119
https://doi.org/10.1016/j.transci.2020.103016
https://doi.org/10.1016/0010-468x(82)90002-2
https://doi.org/10.1080/10731190902908445
https://doi.org/10.1080/10731190902908445
https://doi.org/10.1006/jmbi.2000.3689
https://doi.org/10.1016/j.scitotenv.2019.134281
https://doi.org/10.1002/biot.200500049
https://doi.org/10.1002/btpr.2593
https://doi.org/10.1016/j.lpm.2016.06.017
https://doi.org/10.1016/j.lpm.2016.06.017
https://doi.org/10.1371/journal.pone.0170041
https://doi.org/10.1016/j.msec.2022.112691
https://doi.org/10.1111/j.1537-2995.2011.03523.x
https://doi.org/10.1021/acs.biomac.1c00196


972	 Journal of Molecular Medicine (2023) 101:961–972

1 3

Biomed Life Sci 1150:122162. https://​doi.​org/​10.​1016/j.​jchro​mb.​
2020.​122162

	74.	 Webb KL, Dominelli PB, Baker SE, Klassen SA, Joyner MJ, Senefeld 
JW, Wiggins CC (2021) Influence of high hemoglobin-oxygen affin-
ity on humans during hypoxia. Front Physiol 12:763933. https://​doi.​
org/​10.​3389/​fphys.​2021.​763933

	75.	 Huang YX, Wu ZJ, Huang BT, Luo M (2013) Pathway and mecha-
nism of pH dependent human hemoglobin tetramer-dimer-monomer 
dissociations. PLoS One 8:e81708. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00817​08

	76.	 Cabrales P, Han G, Nacharaju P, Friedman AJ, Friedman JM 
(2011) Reversal of hemoglobin-induced vasoconstriction with 
sustained release of nitric oxide. Am J Physiol Heart Circ Physiol 
300:H49-56. https://​doi.​org/​10.​1152/​ajphe​art.​00665.​2010

	77.	 Elmer J, Palmer AF, Cabrales P (2012) Oxygen delivery during 
extreme anemia with ultra-pure earthworm hemoglobin. Life Sci 
91:852–9. https://​doi.​org/​10.​1016/j.​lfs.​2012.​08.​036

	78.	 Muzzelo C, Neely C, Shah P, Abdulmalik O, Elmer J (2018) Pro-
longing the shelf life of Lumbricus terrestris erythrocruorin for 
use as a novel blood substitute. Artif Cells Nanomed Biotechnol 
46:39–46. https://​doi.​org/​10.​1080/​21691​401.​2017.​12906​45

	79.	 Mackenzie CF, Dube GP, Pitman A, Zafirelis M (2019) Users 
guide to pitfalls and lessons learned about HBOC-201 during 
clinical trials, expanded access, and clinical use in 1,701 patients. 
Shock 52:92–9. https://​doi.​org/​10.​1097/​SHK.​00000​00000​001038

	80.	 Okamoto W, Hasegawa M, Usui T, Kashima T, Sakata S, Hamano 
T, Onozawa H, Hashimoto R, Iwazaki M, Kohno M et al (2022) 
Hemoglobin-albumin clusters as an artificial O(2) carrier: physic-
ochemical properties and resuscitation from hemorrhagic shock in 
rats. J Biomed Mater Res B Appl Biomater 110:1827–38. https://​
doi.​org/​10.​1002/​jbm.b.​35040

	81.	 Hirsch RE, Jelicks LA, Wittenberg BA, Kaul DK, Shear HL, 
Harrington JP (1997) A first evaluation of the natural high 
molecular weight polymeric Lumbricus terrestris hemoglobin as 
an oxygen carrier. Artif Cells Blood Substit Immobil Biotechnol 
25:429–44. https://​doi.​org/​10.​3109/​10731​19970​91189​32

	82.	 Hod EA, Zimring JC, Spitalnik SL (2008) Lessons learned from 
mouse models of hemolytic transfusion reactions. Curr Opin Hema-
tol 15:601–5. https://​doi.​org/​10.​1097/​MOH.​0b013​e3283​11f40a

	83.	 Batool F, Stutz C, Petit C, Benkirane-Jessel N, Delpy E, Zal F, 
Leize-Zal E, Huck O (2020) A therapeutic oxygen carrier isolated 
from Arenicola marina decreased P. gingivalis induced inflam-
mation and tissue destruction. Sci Rep 10:14745. https://​doi.​org/​
10.​1038/​s41598-​020-​71593-8

	84.	 Le Dare B, Ferron PJ, Bellamri N, Ribault C, Delpy E, Zal F, 
Lagente V, Gicquel T (2021) A therapeutic oxygen carrier isolated 
from Arenicola marina decreases amanitin-induced hepatotoxicity. 
Toxicon 200:87–91. https://​doi.​org/​10.​1016/j.​toxic​on.​2021.​07.​004

	85.	 Gicquel J (2022) Finistère: A CE-certified sanitary product made 
from sea worm blood. 20 Minutes France. https://​www.​20min​utes.​
fr/​sante/​40031​60-​20220​930-​finis​tere-​produ​it-​sanit​aire-​base-​sang-​
ver-​marin-​certi​fie. Accessed 05 January 2023.

	86.	 Arancibia S, Del Campo M, Nova E, Salazar F, Becker MI 
(2012) Enhanced structural stability of Concholepas hemocya-
nin increases its immunogenicity and maintains its non-specific 
immunostimulatory effects. Eur J Immunol 42:688–99. https://​
doi.​org/​10.​1002/​eji.​20114​2011

	87.	 Guncheva M, Paunova K, Ossowicz P, Rozwadowski Z, Janus E, 
Idakieva K, Todinova S, Raynova Y, Uzunova V, Apostolova S 
et al (2016) Rapana thomasiana hemocyanin modified with ionic 
liquids with enhanced anti breast cancer activity. Int J Biol Macro-
mol 82:798–805. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2015.​10.​031

	88.	 Arancibia S, Espinoza C, Salazar F, Del Campo M, Tampe R, 
Zhong TY, De Ioannes P, Moltedo B, Ferreira J, Lavelle EC et al 
(2014) A novel immunomodulatory hemocyanin from the limpet 
Fissurella latimarginata promotes potent anti-tumor activity in 
melanoma. PLoS One 9:e87240. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00872​40

	89.	 Toma VA, Farcas AD, Roman I, Sevastre B, Hathazi D, Scurtu 
F, Damian G, Silaghi-Dumitrescu R (2018) In vivo evaluation of 
hemerythrin-based oxygen carriers: similarities with hemoglobin-
based counterparts. Int J Biol Macromol 107:1422–7. https://​doi.​
org/​10.​1016/j.​ijbio​mac.​2017.​10.​005

	90.	 Helms CC, Gladwin MT, Kim-Shapiro DB (2018) Erythrocytes 
and vascular function: oxygen and nitric oxide. Front Physiol 
9:125. https://​doi.​org/​10.​3389/​fphys.​2018.​00125

	91.	 Kim-Shapiro DB, Schechter AN, Gladwin MT (2006) Unraveling 
the reactions of nitric oxide, nitrite, and hemoglobin in physiol-
ogy and therapeutics. Arterioscler Thromb Vasc Biol 26:697–705. 
https://​doi.​org/​10.​1161/​01.​ATV.​00002​04350.​44226.​9a

	92.	 Altszyler E, Ventura AC, Colman-Lerner A, Chernomoretz A 
(2017) Ultrasensitivity in signaling cascades revisited: linking local 
and global ultrasensitivity estimations. PLoS One 12:e0180083. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01800​83

	93.	 Alayash AI (2021) The impact of COVID-19 infection on oxygen 
homeostasis: a molecular perspective. Front Physiol 12:711976. 
https://​doi.​org/​10.​3389/​fphys.​2021.​711976

	94.	 Meng F, Kassa T, Jana S, Wood F, Zhang X, Jia Y, D’Agnillo F, 
Alayash AI (2018) Comprehensive biochemical and biophysical 
characterization of hemoglobin-based oxygen carrier therapeutics: 
all HBOCs are not created equally. Bioconjug Chem 29:1560–75. 
https://​doi.​org/​10.​1021/​acs.​bioco​njchem.​8b000​93

	95.	 Spivack K, Tucker M, Zimmerman D, Nicholas M, Abdulmalik O, 
Comolli N, Elmer J (2018) Increasing the stability of Lumbricus 
terrestris erythrocruorin via poly(acrylic acid) conjugation. Artif 
Cells Nanomed Biotechnol 46:1137–44. https://​doi.​org/​10.​1080/​
21691​401.​2018.​14804​91

	96.	 Savla C, Palmer AF (2022) Lyophilized annelid mega-hemoglobin 
retains its’ quaternary structure and oxygen equilibrium proper-
ties after room temperature storage for over 6 months. PLoS One 
17:e0263996. https://​doi.​org/​10.​1371/​journ​al.​pone.​02639​96

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jchromb.2020.122162
https://doi.org/10.1016/j.jchromb.2020.122162
https://doi.org/10.3389/fphys.2021.763933
https://doi.org/10.3389/fphys.2021.763933
https://doi.org/10.1371/journal.pone.0081708
https://doi.org/10.1371/journal.pone.0081708
https://doi.org/10.1152/ajpheart.00665.2010
https://doi.org/10.1016/j.lfs.2012.08.036
https://doi.org/10.1080/21691401.2017.1290645
https://doi.org/10.1097/SHK.0000000000001038
https://doi.org/10.1002/jbm.b.35040
https://doi.org/10.1002/jbm.b.35040
https://doi.org/10.3109/10731199709118932
https://doi.org/10.1097/MOH.0b013e328311f40a
https://doi.org/10.1038/s41598-020-71593-8
https://doi.org/10.1038/s41598-020-71593-8
https://doi.org/10.1016/j.toxicon.2021.07.004
https://www.20minutes.fr/sante/4003160-20220930-finistere-produit-sanitaire-base-sang-ver-marin-certifie
https://www.20minutes.fr/sante/4003160-20220930-finistere-produit-sanitaire-base-sang-ver-marin-certifie
https://www.20minutes.fr/sante/4003160-20220930-finistere-produit-sanitaire-base-sang-ver-marin-certifie
https://doi.org/10.1002/eji.201142011
https://doi.org/10.1002/eji.201142011
https://doi.org/10.1016/j.ijbiomac.2015.10.031
https://doi.org/10.1371/journal.pone.0087240
https://doi.org/10.1371/journal.pone.0087240
https://doi.org/10.1016/j.ijbiomac.2017.10.005
https://doi.org/10.1016/j.ijbiomac.2017.10.005
https://doi.org/10.3389/fphys.2018.00125
https://doi.org/10.1161/01.ATV.0000204350.44226.9a
https://doi.org/10.1371/journal.pone.0180083
https://doi.org/10.3389/fphys.2021.711976
https://doi.org/10.1021/acs.bioconjchem.8b00093
https://doi.org/10.1080/21691401.2018.1480491
https://doi.org/10.1080/21691401.2018.1480491
https://doi.org/10.1371/journal.pone.0263996

	The artificial oxygen carrier erythrocruorin—characteristics and potential significance in medicine
	Abstract
	Introduction—motivation for the development of novel RBC substitutes
	Mechanism of action of red blood cell substitutes (with examples)
	Mammalian hemoglobin-based oxygen carriers
	Characteristics of erythrocruorin
	The potential use of erythrocruorin in medicine
	Advantages of erythrocruorins over other HBOCs

	Conclusions
	Anchor 10
	References


