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Abstract 

For the body to carry out basic metabolic activities, there is a constant need for the supply of 

oxygen towards its tissues and cells. Loss of oxygen supply can be caused by blood diseases such 

as hemophilia, ischemia, and chronic anemia or due to blood loss during traumatic injury and 

surgery. To replenish the oxygen carrying capacity within the body, the transfusion of donor whole 

blood or isolated red blood cells (RBCs) is a well-established clinical procedure. However, the 

usage of donor RBCs comes with drawbacks such as the need for typing and cross-matching, 

limited availability, and short shelf life with specific storage requirements. Therefore, research 

efforts have been dedicated to fabricating hemoglobin (Hb)-based oxygen carriers (HBOCs), 

which are able to replace or complement standard transfusion procedures. 

Hb is the main component of RBCs and is responsible for ~98% of blood’s oxygen carrying 

capacity. However, stroma-free Hb cannot be administered directly as blood substitute due to 

various adverse effects related to the protein’s dissociation, extravasation into the smooth muscle 

tissue, and saturation of the Hb-removal pathways. To overcome the Hb’s toxicity while preserving 

its functionality, Hb is either chemically modified or entrapped within an encapsulation platform. 

In this PhD thesis, we employed a polymeric-based nanocarrier and Hb was either encapsulated in 

its core or adsorbed onto its surface without the need to chemically modifying the protein. Next, 

the Hb’s functionality has to be protected against the oxidation of Hb into non-functional 

methemoglobin, a process that occurs over time and is accelerated by the presence of reactive 

oxygen species (ROS). Thus, to inhibit or retard the oxidation of Hb, an antioxidant system is 

incorporated. The incorporation of nanozymes was assessed, which are a type of nanoparticles 

(NPs) that display enzymatic activity. Specifically, cerium oxide (CeO2)-NPs were employed, 

which have shown superoxide dismutase-like and catalase-like activity. Polydopamine (PDA) was 

furthermore explored to facilitate surface modification and to protect the Hb structure and 

functionality. Finally, to provide the nanocarrier system with stealth properties, poly(L-lysine)-

graft-poly(ethylene glycol) (PLL-g-PEG) and RBC membrane (RBC-M) coatings were employed. 

PEG is regarded as the golden standard to obtain stealth coating and has been widely explored. 

Alternatively, RBC-M is novel biological-derived stealth coating, which employs the RBC’s 

surface properties to achieve long circulation.  
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First, HBOC with antioxidant properties were prepared by depositing PDA-coated Hb (HbPDA), 

CeO2-NPs, and PLL-g-PEG onto a poly(lactide-co-glycolide) (PLGA)-NP core. The assembly was 

thoroughly assessed by evaluating the functionality of the different components prior and after 

deposition onto the nanocarrier system. It was shown the HbPDA had preserved protein structure 

and functionality, the CeO2-NPs were able to deplete ROS, and the PLL-g-PEG reduced the 

protein adsorption and cell association/uptake. Furthermore, the complete HBOC system was 

shown to be biocompatible, hemocompatible, and was able to deplete ROS for at least five cycles.  

Next, the PLGA-NPs were evaluated by their ability to entrap Hb within their core, thereby 

increasing the Hb content of the HBOCs. Hb-loaded PLGA-NPs (PLGAHb-NPs) were fabricated 

using the double emulsification solvent evaporation method, where the effect of Hb, PLGA, and 

emulsifier concentration was assessed. Optimal fabrication parameters were chosen to prepare 

functional PLGAHb-NPs with improved Hb-content and a good size distribution.  

Finally, to improve the stealth properties of the HBOC, the usage of RBC-M as a stealth coating 

was investigated. The PLGAHb-NPs were used as NP cores to deposit CeO2-NPs onto, followed 

by RBC-M coating. The PLGAHb-NPs were shown to reversibly bind and release oxygen, while 

the ROS scavenging and storage stability of the CeO2-NPs were further assessed in comparison to 

the native enzymes. For the RBC-M deposition, three methodologies, namely the sonication, 

extrusion, and combination method were assessed and the RBC-M’s ability to reduce protein 

adsorption was demonstrated. It was furthermore shown that the RBC-M did not affect the 

underlaying compounds, yielding RBC-M coated nanocarriers with retained oxygen carrying 

capacity and ROS depletion ability, thus making the as-prepared nanocarriers potent HBOCs with 

antioxidant properties.   

  



v 

 

Resumé 

For at kroppen kan udføre dets grundlæggende metaboliske aktiviteter, har dens væv og celler 

konstant behov for forsyning af ilt. Tab af iltforsyning kan skyldes blodsygdomme såsom 

hæmofili, iskæmi, kronisk anæmi eller blodtab efter traumatiske skader og kirurgiske indgreb. For 

at genopbygge kroppens iltbæreevne, er transfusion af fuldblod eller isolerede røde blodlegemer 

(RBC’er) fra en donor en veletableret klinisk procedure. Blandt ulemperne ved anvendelsen af 

RBC’er er behov for blodtypebestemmelse og krydsmatch, begrænset tilgængelighed til donorblod 

og en kort holdbarhed med særlige opbevaringskrav. Derfor er forskningen dedikeret til 

fremstilling af hæmoglobin (Hb)-baserede iltbærere (HBOC), hvilket kan bruges til at erstatte eller 

komplimentere standard transfusions procedure. 

Hb er hovedkomponenten i RBC'er og er ansvarlig for ~98% af blodets iltbæreevne. Stroma-fri 

Hb kan dog ikke administreres direkte som bloderstatning på grund af forskellige bivirkninger, 

relateret til proteinets dissociation, ekstravasation i de glatte muskulatur og mætning af Hb-

fjernelsesveje. For at overkomme Hb's toksicitet og samtidig bevare dens funktion er Hb enten 

kemisk modificeret eller lukket i en indkapslingsplatform. I denne Ph.d.-afhandling anvendte vi 

en polymerbaseret nanobærer, hvor Hb blev enten indkapslet i kernen eller adsorberet på 

overfladen uden kemisk modification af proteinet. Dernæst skulle Hb’s funktionalitet beskyttes 

mod oxidation af Hb til inaktiv methemoglobin, en proces, der forekommer over tid og forøges af 

tilstedeværelsen af reaktive iltarter (ROS). For at hæmme eller forsinke oxidationen af Hb, 

inkorporeres der et antioxidantsystem. Inkorporeringen af nanozymer, en type nanopartikler 

(NP'er) der viser enzymatisk aktivitet, blev vurderet. Især var ceriumoxid (CeO2)-NP'er anvendt, 

som har vist superoxiddismutaselignende og katalaselignende aktivitet. Polydopamin (PDA) blev 

desuden undersøgt for at facilitere overflademodifikation og for at beskytte Hb’s struktur og 

funktionalitet. Til sidst blev der anvendt poly(L-lysin)-graft-poly(ethylenglycol) (PLL-g-PEG) og 

RBC-membran (RBC-M) belægninger for at give nanobærersystemet stealth-egenskaber. PEG 

betragtes som den foretrukne belægning for at opnå stealth-egenskaber og har udbredt brug. 

Alternativt er RBC-M et hidtil ukendt stealthcoating af biologisk oprindelse, som anvender RBC's 

overfladeegenskaber for at opnå øget cirkulation. 
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Først blev HBOC med antioxidant egenskaber fremstillet ved at deponere PDA-belagt Hb (HbPDA), 

CeO2-NP'er og PLL-g-PEG på en poly(lactid-co-glycolid) (PLGA)-NP-kerne. Partikelsamlingen 

blev grundigt vurderet ved at evaluere funktionaliteten af de forskellige funktionelle komponenter 

før og efter deponering på nanobærer-systemet. Det blev vist, at HbPDA havde bevaret dets 

proteinstruktur og funktionalitet, CeO2-NP'erne var i stand til at nedbryde ROS, og PLL-g-PEG 

reducerede proteinadsorption og celleadsorption/optagelse. Desuden var hele HBOC-systemet vist 

til at være biokompatibelt, hæmokompatibelt og var i stand til at nedbryde ROS minimum fem 

gentagne gange. 

Dernæst blev PLGA-NP'ernes evne til at indfange Hb i deres kerne, og derved øge Hb'ernes Hb-

indhold, evalueret. Hb-ladte PLGA-NP'er (PLGAHb-NP'er) blev fremstillet med dobbelt-

emulgerings-solvent-fordampningsmetoden, hvor effekten af koncentrationen af Hb, PLGA og 

emulgatoren blev vurderet. Optimale fabrikationsparametre blev valgt til at forberede funktionelle 

PLGAHb-NP'er med forbedret Hb-indhold og en god størrelsesfordeling.  

Som sidste led i projektet blev RBC-M’s evner som stealthcoating undersøgt for at forbedre 

HBOC's stealth-egenskaber. PLGAHb-NP'erne blev brugt som NP-kerner til deponering af CeO2-

NP'er, efterfulgt af RBC-M-belægning. PLGAHb-NP'erne blev vist til at reversibelt binde og frigive 

ilt, mens CeO2-NP'ernes ROS-rensning og opbevaringsstabilitet blev yderligere vurderet og 

sammenlignet med de native enzymer. Tre metoder til RBC-M-deponeringen blev vurderet, dvs 

sonikering, ekstrudering og en kombinationsmetode, og RBC-M's evne til at reducere 

proteinadsorption blev demonstreret. Derudover blev det bevist, at RBC-M ikke påvirkede de 

underliggende forbindelser, hvilket gav RBC-M-belagte nanobærerer en iltbærende egenskab og 

en ROS-udtømningsevne. Det gjorde de tilberedte nanobærere potente som HBOC’er med 

antioxidantegenskaber. 
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1.1. Background 

Red blood cells (RBCs) supply oxygen to the different tissues and cells in the body by taking up 

oxygen in the oxygen-rich environment of the lungs and transporting it via the vasculature to the 

oxygen-poor tissues. RBCs are the most abundant cell type in our body and account for 45% of 

the blood volume. This dense packing of RBCs in our vasculature is vital to meet the high oxygen 

demands of the body. Thus, a loss in the RBCs’ volume or functionality has severe impact on our 

survival.  

The transfusion of whole blood or packed RBCs is a well-established procedure to replenish blood 

loss (e.g., due to traumatic injuries and surgical procedures) or to treat blood disorders that promote 

insufficient oxygen supply to the tissues (e.g., anemia, hemophilia, and ischemia). Blood 

transfusions make use of donor blood, where allogeneic blood is matched to the recipient. Under 

normal circumstances, this approach is the best method to replace blood. However, despite this 

procedure being regarded as a safe and routine regimen, there are some limitations and risks 

associated with it. Firstly, there is a limited supply of donor blood, where only 10% of eligible 

people donate blood, with a further decline in donor numbers due to the aging population [1,2]. 

Secondly, antigen typing and cross-matching between donor and recipient limits the use of donor 

blood, since only 7% of donors possess universal O-negative blood [1,3]. The need for typing can 

additionally delay the administration of blood, which can potentially result in fatal outcomes 

during emergency situations. Thirdly, aside from testing for blood compatibility, donor blood must 

also be tested for the presence of viral and bacterial agents, such as the human immunodeficiency 

virus (HIV), the Zika virus, hepatitis B, and hepatitis C [4]. Furthermore, new infective agents can 

emerge for which cannot be tested, resulting in contaminated donor blood. This risk became 

especially apparent in the 80’s, when the HIV virus was transmitted through blood transfusions 

[5]. Rigorous guidelines for the testing of donor blood have been set in place, but the possibility 

of transmission is still present while the testing itself can become expensive and time consuming. 

Finally, donor blood has a short storage lifetime of 42 days under refrigerated conditions and just 

1 day at room temperature. This creates logistic challenges, especially when blood is needed in 

remote and austere locations. The blood products furthermore undergo physiological changes and 

cell lesion during the storage period, affecting their efficiency when administered [6]. 
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While efforts have been made to resolve these limitations, the field of RBCs substitutes (RBCSs) 

has simultaneously emerged as a powerful alternative. RBCSs are semi- or fully synthetic 

analogues to RBCs, with the main function of providing oxygen transport throughout the 

vasculature. RBCSs furthermore overcome the limitations of donor blood, since RBCSs can be 

produced on an industrial scale, thereby creating an unlimited availability, having prolonged 

storage stability at various environmental conditions, and lacking the presence of blood group 

antigens and possible diseases, thus being universally applicable without the need of testing [3]. 

Within the field of RBCSs, two main fabrication approaches exist: perfluorocarbon (PFC)-based 

emulsions in which oxygen is physically dissolved in PFCs; and hemoglobin (Hb)-based oxygen 

carriers (HBOCs) in which oxygen binds covalently to Hb [7,8]  

The PFCs’ inertness and high oxygen solubility makes them promising RBCSs. However, the use 

of PFC emulsions also comes with limitations such as low emulsion stability, limited intravascular 

half-life, activation of the mononuclear phagocyte and complement system, and weak oxygen 

carrying interactions [8,9]. Furthermore, PFCs have a linear relation between the oxygen uptake 

and the oxygen partial pressure (pO2), which means they require an increased pO2 in the patients’ 

lungs to be effective oxygen carriers.  

HBOCs on the other hand make use of Hb, which is the main protein present in RBCs and is 

responsible for the oxygen transport in the blood. To prepare HBOCs, Hb is extracted from either 

outdated RBCs or xenogeneic RBCs (e.g., bovine, and porcine), where the extraction process 

allows for purification of the protein solution, thereby removing any contaminants or RBC-specific 

antigens. Most importantly, since native Hb is being used, their great oxygen carrying capacity can 

be exploited. Therefore, throughout the duration of the thesis, HBOCs were explored as the type 

of RBCSs of interest. 

1.1.1. Hemoglobin. 

1.1.1.1. Hb’s Structure and Functionality. 

Hb is a tetrameric protein consisting of two α and two β subunits, each accommodating a Fe2+-

containing porphyrin structure called heme (Scheme 1.1A). Each heme can bind a single oxygen 

molecule, with a positive cooperative binding relation present within the tetrameric structure.  This  
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means that depending on the pO2, Hb is conforming towards a relaxed (R)-state or tense (T)-state 

(Scheme 1.1B). Cooperative oxygen binding of Hb can be described by the allosteric theory, first 

explained by Perutz [10]. In deoxygenated conditions (deoxy-Hb) Hb conforms to the T-state, 

where due to the compact packing of the subunits there is a limited of access for oxygen to bind to 

the heme. Upon binding oxygen, the tetramer structure shifts to a R-state conformation, which 

opens the heme pockets. The R-state has an increased oxygen affinity, thereby facilitating 

complete oxygenation of the Hb (oxy-Hb) [11]. This cooperativity between the subunits results in 

a sigmoidal oxygen dissociation curve (ODC) (Scheme 1.1C), meaning that binding of the first 

oxygen molecule facilitates the uptake of oxygen in by the rest of the tetramer, resulting in a 

complete oxy-Hb. The same mechanism is also applicable in the opposite way, where the release 

of the first oxygen molecule facilitates the removal of the remaining oxygen molecules, resulting 

in complete oxygen release. Cooperativity between the subunits makes Hb a potent oxygen carrier, 

since it facilitates maximum oxygen loading in the lungs (high pO2) and maximum oxygen release 

in the tissues (low pO2). The p50 value is the pO2 where 50% of the Hb is saturated with oxygen, 

which value can shift depending on physical factors such as pH, temperature, partial pressure of 

carbon dioxide (pCO2), and the concentration of allosteric effector 2,3-diphosphoglycerate [3]. For 

RBC-encapsulated Hb, the p50 has a value of ~27 mmHg [12]. 

A) Hemoglobin (Hb) quaternary protein structure consisting of four globular subunits (α1β1α2β2), each 
containing a heme group. B) Representation of the Tense (T) and Relaxed (R) conformational states 
according to the allosteric theory [10]. In the T-state, the overall structure is compact due to the closed 
clamps, compressing the springs and narrowing the heme pockets, limiting the access of oxygen to bind. 
In the R-state, the clamps are open, relaxing the springs and opening the heme pockets, thus allowing 
access for the  oxygen  to bind to the heme. Uptake of  oxygen in the T-state strains the clamps until they 
burst open at once, resulting in a R-state conformation. Release of oxygen in the R-state narrows the 
heme pockets until the clamps can close at once, resulting in a T-state conformation. C) Oxygen 
dissociation curve, where p50 shows the oxygen partial pressure (pO2) at which 50% of Hb is saturated.  

Scheme 1.1. Hemoglobin structure and oxygen carrying capacity. 
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1.1.1.2. Preservation of Hb’s Functionality. 

To facilitate sufficient oxygen transport, the Hb within the RBCs should reversibly bind and 

release oxygen when circulating through the vasculature. This activity is dependent on the iron 

state of Hb, where oxidation from ferrous Hb (Hb(Fe2+)) to ferric Hb (Hb(Fe3+)), also known as 

methemoglobin (metHb), results in the loss of functionality. To ensure a maintained ferrous state, 

RBCs contain an antioxidant system which can prevent or reverse the formation of metHb.  

Oxidation occurs automatically over time (autoxidation) or when Hb encounters reactive oxygen 

species (ROS). Although oxy-Hb is a very stable molecule, ~3% of the RBC’s Hb autoxidizes 

daily to metHb [13]. The autoxidation rate is furthermore increased under oxidative stress or during 

increased oxygen delivery. When Hb is oxidized into metHb, the superoxide radical (O2
•–) is 

produced as a side product (Scheme 1.2A). MetHb is reduced back to active Hb by cytochrome-

b5 reductase, while O2
•– is dismutated into hydrogen peroxide (H2O2) and water (H2O) by 

superoxide dismutase (SOD) or via auto-reduction [14]. H2O2 is also a potent ROS, which is 

subsequently reduced mainly by catalase (CAT) and glutathione peroxidase (GPx) into oxygen 

and H2O [15]. However, if the H2O2 is not removed from the RBCs’ environment, it initiates a 

cascade of secondary oxidative reactions with Hb (Scheme 1.2B). Herein, H2O2 oxidizes both oxy-

Hb and metHb into ferryl Hb (Hb(Fe4+)) or oxoferryl Hb (*Hb(Fe4+)) [16]. Next, the Hb(Fe4+) and 

*Hb(Fe4+) can auto-reduce over time or react with H2O2, both resulting into Hb(Fe3+) products. 

Primary oxidative reactions due to autoxidation of Hb (A). Oxy-Hb autoxidized into metHb with 
superoxide radical anion (O2

•–) as side product. MetHb is reduced back, while O2
•– is reduced into 

hydrogen peroxide (H2O2). H2O2 is further reduced to oxygen (O2) and water (H2O). However, if no 
antioxidant system is present, secondary oxidative reactions can take place (B). Hb products in different 
Fe-states will react with H2O2 until heme degradation occurs. Inspired by [16]. Hb hemoglobin; Hb(Fe2+) 
ferrous Hb; Hb(Fe3+) ferric Hb or metHb; Hb(Fe4+) ferryl Hb; *Hb(Fe4+) oxoferryl Hb;  SOD superoxide 
dismutase; CAT catalase; GPx glutathione peroxidase. 
 

Scheme 1.2. Hemoglobin oxidative reactions. 
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Finally, the obtained O2
•– producing Hb(Fe3+) can react with H2O2, resulting in degradation of the 

heme moieties and subsequently the release of the iron from the heme pocket [15,16].  

Thus, to prevent Hb from irreversible damage, RBCs employ an antioxidant system consisting of 

both enzymatic and nonenzymatic compounds to neutralize ROS (further explained in Section 

1.4.2). While oxidation of Hb into metHb impairs the oxygen carrying capacity of Hb, it also 

impairs the cooperativity between the subunits, which can further lead to inflammation and 

dysregulated vascular tone [3,17]. Therefore, the preservation of the Hb’s functionality should be 

taken into consideration when fabricating HBOCs.  

1.1.1.3. Fate of Intravascular Hb. 

While Hb is responsible for the oxygen carrying capacity within RBCs, Hb cannot be administered 

directly as a RBCS due to the body’s intrinsic mechanism to clear intravascular Hb, where 

overloading this system can further result in various adverse effects (Scheme 1.3). When outside 

the RBCs, the tetramer dissociates into dimers (α-β complexes) and monomers, resulting in 

different associated toxicities [18,19]. The first pathway for the removal of extracellular Hb 

involves the plasma immunoglobin haptoglobin [20]. Hb dimers form complexes with 

haptoglobin, which are subsequently recognized by the mononuclear phagocyte system (MPS) 

through the CD163 receptors of monocytes and macrophages, followed by endocytosis and 

removal in the liver and spleen [21]. However, large amounts of free Hb results in the rapid 

depletion of haptoglobin resulting in the accumulation of Hb in the plasma. Unbound Hb dimers 

and monomers will be oxidized into metHb and Hb(Fe4+) products. As mentioned previously, the 

oxidation of Hb leads to the loss of its oxygen carrying ability and the production of ROS [22–25], 

leading to the rapid removal of nitric oxide (NO) [26,27], which is a natural vasodilator. Oxidation 

further results in  heme degradation, where the released ferric hemes subsequently bind to the 

plasma glycoprotein hemopexin [20]. The Hb products are degraded in the liver whereas 

hemopexin is recycled after heme delivery [28]. When the immunoglobin scavenging pathways 

are saturated, Hb will scavenge NO. Free Hb has shown to scavenge NO 500–1000 times faster 

than RBCs, since RBCs provide various diffusion barriers (e.g., compartmentalization of Hb 

within RBCs and location of RBCs within the vasculature under flow) to retard the interaction  
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with NO [29,30]. Hb is able to enter the cell-free zone in the blood vesicles due to its small size, 

thereby interacting with the endothelial cells and extravasating into the subendothelial layer where 

they continue to scavenge NO [30]. The depletion of NO results in endothelial inflammation, 

smooth muscle dysfunction (e.g., vasoconstriction and cardiovascular complications), and platelet 

activation (blood clot formation) [20,31]. Finally, further accumulation of Hb in the blood stream 

overloads the kidney’s filtering system, resulting in oxidative damage and cell toxicity within the 

kidneys [32].  

Intravascular hemolysis releases cell-free hemoglobin (Hb) into the plasma as dimers and tetramers, 
which can be oxidized to form Hb(Fe3+) (metHb). Dimeric cell- free Hb is normally sequestered by 
haptoglobin, whereupon haptoglobin–Hb complexes bind to the haptoglobin–Hb receptor CD163 on the 
surface of macrophages or monocytes to trigger endocytosis. Chronic and/or excessive hemolysis 
overwhelms and depletes these Hb scavenging systems and results in an accumulation of Hb in the 
plasma. Cell-free plasma Hb mediates direct proinflammatory and pro-oxidant effects on vascular 
endothelial cells. Free Hb is maintained in its reduced ferrous redox state and reacts with hydrogen 
peroxide (H2O2) to generate metHb. Translocation of Hb dimers into the subendothelial space and redox 
cycling back to the ferrous state might enhance endothelial dysfunction and pathological vascular 
remodeling. MetHb releases ferric heme, which is bound by hemopexin and degraded in the liver. 
Oxidation of Hb from the ferric to the ferryl state drives further oxidative cellular damage, involving 
phospholipid peroxidation. Nitric oxide (NO) maintains smooth muscle relaxation and regulates vessel 
tone. Cell-free plasma Hb reacts with and scavenges NO, limiting the availability of NO and potentially 
resulting in dystonias such as systemic and pulmonary hypertension. Adapted with permission from [19]. 
Copyright ©2019, Springer Nature.  
 

Scheme 1.3. Schematic representation of intravascular Hb. 
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1.1.1.4. Hb as Oxygen Carrier. 

The challenge when developing RBCSs lies in preserving Hb’s functionality while simultaneously 

avoiding its adverse effects. Thus, it is important to increase the overall size of Hb to prevent its 

extravasation into the subendothelial layer and prevent the dissociation of the tetramer. Two main 

strategies have been developed to fulfil these requirements namely, the chemical-modification of 

Hb and the encapsulation of Hb within a delivery platform. These two categories are explored in 

Section 1.2, which will introduce various HBOCs systems. For a more detailed overview the paper 

Recent and Prominent Examples of Nano- and Microarchitectures as Hemoglobin-based Oxygen 

Carriers can be found in Appendix 1 [33].  

1.2. Hemoglobin-based Oxygen Carriers 

1.2.1. Chemically Modified Hb. 

The first generation of HBOCs was based on chemically modified Hb, where Hb is cross-linked, 

polymerized, or conjugated with polymers [33,34]. These approaches use overall easy fabrication 

methods, have low production costs associated to them, and achieve high Hb content within the 

systems. However, due to the modifications on protein level, most chemically modified HBOCs 

are in the kD–MD range, resulting in challenges with extravasation and NO scavenging.  

Hb can be crosslinked both intra- and inter-molecularly. Intra-molecular crosslinking has the 

purpose of stabilizing the tetramer structure, thereby targeting the problem of Hb dissociation. 

Diaspirin has been used as a crosslinker between the two α subunits of Hb. The initial product 

obtained by this method was HemAssist, which was discontinued after causing increased mortality 

rates, which were associated with vasopressor effects of Hb [3,35]. More recently, another patented 

product called YQ23 has employed similar crosslinking to obtain stabilized tetrameric structures 

[36]. 

A more common approach is using crosslinking to achieve inter-molecular linkage, thereby 

obtaining protein-protein and protein-polymer bioconjugates. For the former, when Hb is used as 

the sole protein, polymerized Hb is obtained. Polymerized Hb can be achieved by crosslinking 

multiple Hb proteins together to increase their overall size. Glutaraldehyde is the predominantly 
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used crosslinker, which binds non-specifically to Hb resulting in both inter- and intra-molecular 

crosslinking. This non-specific crosslinking can influence the functionality of Hb by restricting the 

Hb’s movement and changing the p50 value, and furthermore results in a broad size distribution 

within the polymerized Hb product [37]. The groups of Palmer and Calabres have investigated 

these systems intensively, assessing the influence of the Hb’s conformational state (R- and T-state) 

during the fabrication process as well as the obtained polymer lengths. When polymerized in a T-

state, the polyHb increased tissue oxygenation, while when polymerized in the R-state it reduced 

the oxygenation [38]. They further polymerized small molecular weight (MW) (>100 kD) and 

large MW (>500 kD) polyHb, where they showed increased circulation times and reduced toxicity 

for the large MW polyHb [39]. This supports the theory that small diameters of HBOCs systems 

are the main cause of the increased toxicities observed in the first generation HBOCs [40].  

Hb has also been conjugated to other proteins to add additional functionality to the HBOCs. Co-

polymerization of Hb with SOD and CAT (polyHb-SOD-CAT) has been employed to provide an 

antioxidant system to protect against metHb formation [41]. In a follow-up study, carbonic 

anhydrase (CA) was also included (polyHb-SOD-CAT-CA), which is responsible for the transport 

of CO2 from the tissues to the lungs [42]. On a different note, the product HemoAct uses a 1:3 

conjugation ratio to wrap Hb with serum albumin molecules [43]. Albumin is employed to provide 

the HBOCs with lower risks of extravasation and MPS recognition, thereby extending the 

circulation times of the product.  

The last subgroup of chemically modified Hb is protein-polymer conjugates. Hb is modified with 

poly(ethylene glycol) (PEG) or conjugated to polymers to self-assemble into nanoparticles (NPs). 

PEGylated Hb has been investigated extensively, with multiple products aiming to reach clinical 

approval (e.g., Sanguinate, MP4, VitalHeme, and Euro-PEG-Hb) [44–48]. While PEGylation 

improved circulation times due to reduced recognition by the MPS system, this category also 

includes discontinued products that showed increased mortality rates [3,40]. Here again, it seemed 

that the small diameter of the HBOCs caused toxicities related to extravasation and NO 

scavenging. Thus, more interestingly, Hb has also been conjugated to polymers that form larger 

NP structures. Two examples of this are the conjugation of Hb to self-assembled dextran hydrogels 
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(320 nm in diameter) or to self-assembling polymeric micelles (147 nm in diameter) [49,50]. 

However, these novel approaches were not investigated beyond in vitro studies.  

1.2.2. Encapsulated Hb. 

In RBCs, Hb is protected from the intravascular environment by the RBC membrane. By 

encapsulating the Hb within this protective shell, Hb is prevented from being cleared from the 

blood stream by the MPS or to extravasate into the endothelial and smooth muscle tissue. HBOCs 

prepared by encapsulation strategies make use of this same principle. By encapsulating Hb within 

a shell structure, the removal of Hb from the bloodstream is prevented without the need to 

chemically modify its structure. Encapsulation of Hb further reduces Hb’s high viscosity and 

colloidal osmotic pressure. A diverse range of approaches are employed to fabricate Hb-

encapsulated HBOCs due to these advantages, which include among others polymeric-, lipidic-, 

metal-organic, and carbonate-based particles.  

1.2.2.1. Polymeric Particles. 

This encapsulation strategy was explored first by the Chang group, which employed poly(lactide-

co-glycolide) (PLGA), poly(lactide) (PLA), PLA-PEG, and poly(isobutyl cyanoacrylate) to create 

polymeric membranes that encapsulated Hb [51].  

Amphiphilic co-polymers also have been explored to fabricate HBOCs. Amphiphilic polymers are 

fabricated by combining a hydrophobic block, such as PLA, PLGA, or poly(ε-caprolactone), with 

a hydrophilic PEG block. Due to their amphiphilicity, the co-polymers self-assemble into 

polymersomes. Polymersomes have similar properties as liposomes, but with the advantage of 

having a higher membrane stability. This is due to their synthetic origin and increased membrane 

thickness (8-21 nm) compared to liposomes (3-5 nm) [52]. 

The last approach within polymeric NPs, is the polymerization of dopamine (DA) in the presence 

of Hb. DA polymerizes at basic conditions, resulting in polydopamine (PDA) polymeric chains 

involving both covalent and noncovalent binding (Further explored in Section 1.4.2.3). 

Interestingly, PDA can be polymerized onto any kind of substrate independent of shape and size, 

with barely any chemical reactions with the underlying substrate [53]. Wang et al. were the firsts 
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to coat Hb with a PDA shell to protect Hb from tetrameric dissociation [54]. It was shown that the 

Hb’s structure and activity were preserved. Furthermore, PDA is known to hold a redox potential 

that can scavenge ROS, thereby providing an antioxidant system for the Hb. In their follow-up 

studies, different thicknesses of the PDA shell were investigated [55]. Liu et al. also employed 

PDA to prepare HBOCs, but rather than coating individual Hb molecules, Hb-PDA complexes 

were synthesized with a size of ~100 nm [56]. Herein, PDA was also employed to replace the 

activity of SOD and CAT. Next, the Hb-PDA complexes were extruded together with RBC-

derived membranes through a final porous filter of ~800 nm pores. Transmission electron 

microscopy imaging showed that multiple Hb-PDA complexes were dispersed within an elongated 

RBC membrane vesicle. The prepared ‘man-made RBCs’ were assessed in vivo as tumoral co-

treatment, providing oxidation of the hypoxic tissue, and thereby improving the effect of 

photodynamic therapy. 

1.2.2.2. Liposomes. 

The encapsulation of Hb inside lipidic vesicles, also known as liposomes, was one of the first 

approaches to prepare HBOCs. The usage of liposomes is promising due to their biomimetic 

phospholipid bilayer membrane, which resembles natural cell membranes. By encapsulating Hb 

inside liposomes, the circulation time was improved from ~6h (free Hb) to ~24h [57,58]. The 

addition of PEG to the liposomal formulation has further shown to improve the circulation times 

to up to ~72 h (in monkeys) [59]. These liposome formulations are explored more in-depth in 

Appendix 1. 

While liposomal formulations of HBOCs show great potential as RBC substitutes, only the 

products Hemoglobin-vesicle (HbV) and TRM-645 have made it far enough in their development 

to approach clinical trials [60,61]. The scarcity of liposomal HBOCs could be due to several 

shortcomings of liposomes, which include lower Hb content compared modified-Hb products, 

insufficient stability and strength of liposomes, and the sensitivity of phospholipid membranes to 

environmental degradation during circulation or storage.  
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1.2.2.3. Metal-organic Frameworks. 

A more novel approach to fabricate HBOCs is the encapsulation of Hb into metal-organic 

frameworks (MOF), which are a type of self-assembled particles made of metal-containing units 

and organic linkers to create an open crystalline framework [62]. Peng et al. used the zinc-based 

ZIF-8 MOF structure to entrap Hb [63]. The Hb was present during the ZIF-8 fabrication, thereby 

incorporating the Hb into the framework. Optimization resulted in ZIF-8@Hb NPs with a ~180 

nm diameter and ~82% encapsulation efficiency. After the assessment of the oxygen carrying 

capacity, the NPs were applied in an in vivo hemorrhagic shock model. The ZIF-8@Hb NPs 

showed significant increase in blood circulation compared to free Hb and bare ZIF-8 NPs.  

Aluminum-based MOFs have also been reported within our group [64]. Herein, Hb was post-

encapsulated within the porous MOF structure. A Hb loading of ~50% was obtained with 

preservation of the Hb’s oxygen binding and releasing properties. Stealth properties were 

introduced by coating the MOF-NPs with RBC membrane, which was shown to reduce protein 

adsorption on the NPs’ surface and reduce cell uptake.  

MOF systems however also come with the drawback of their instability in buffered solutions. It 

was shown that the ZIF-8 MOF structures degraded significantly upon exposure to phosphate 

buffer saline for 6 hours [63]. A possible solution towards this instability could be the surface 

modification of the MOFs, thereby protecting the MOF structure from the external environment 

or against dissociation. Coating the MOFs with RBC membrane, as employed in the case of the 

aluminum-based MOFs could be such a solution [64]. However, this effect remains to be 

evaluated.  

1.2.2.4. Carbonate-based Particles. 

A final approach to fabricate Hb-encapsulated HBOCs is the use of metal carbonate sacrificial 

templates. Two varieties have been explored as HBOCs: manganese carbonate (MnCO3) and 

calcium carbonate (CaCO3).  

To obtain these particles, Hb is co-precipitated with the inorganic compounds, resulting in Hb 

entrapment within a carbonate-based core (either MnCO3 or CaCO3). The entrapped Hb can then 
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be cross-linked, followed by the dissolution of the carbonate core using ethylenediaminetetraacetic 

acid (EDTA). This technique is called the coprecipitation, cross-linking, and dissolution (CCD) 

method. The CCD method allows for high adsorption capacity of the carbonate particles, while 

employing mild fabrication conditions [65]. The drawback of this method is that generally, only 

microparticles (MPs) can be obtained.  

Xiong et al. used co-precipitation of Hb with CaCO3 to obtain Hb-loaded MPs of ~3.2 μm [65]. 

While the entrapment efficiency lay between 8% and 50%, once the Hb was cross-linked with 

glutaraldehyde and the CaCO3 core was dissolved, pure Hb-loaded MPs were obtained (100% Hb 

content). The MPs were further loaded with magnetite, adding a potent MRI contrast agent. It was 

shown that a fraction of the particles was still in circulation four days post injection.  

In a different study, Hb and bovine serum albumin (BSA) were co-precipitated together to be 

entrapped within a MnCO3 core, yielding 3.1–3.6 μm HBOCs [66]. Interestingly, an additional 

layer of BSA was added on the surface to subsequently be crosslinked with genipin. The addition 

of this adsorbed BSA layer led to the formation of a crosslinked albumin capsule loaded with Hb. 

A maximum encapsulation efficiency of ~82% was achieved, where this percentage depended on 

the amount of initial Hb added.  

Recently, McDonel et al. sonicated the particle solution after the CCD process for 5–20 minutes 

at different sonication intensities to reduce the particle size [67]. Although sonication is 

traditionally used during the formation of nanoparticulate systems, it was hypothesized that 

sonication of the MnCO3 templates would be best after the formation of the final particles. 

Applying sonication afterwards would thereby result in the breakage of aggregates that may have 

formed during the EDTA treatment. Sonication resulted in a reduction in particle size from ~2.5 

μm to 250 nm, which makes the carbonate-based particles an interesting approach again when 

fabricating HBOCs. 

1.3. The Layer-by-layer Technique 

While Section 1.2.2 shows the variety of particle systems being used to encapsulate Hb, these 

systems are however based on singular approaches to create liposomal, polymeric, metal-organic, 
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or carbonate-based particles. Thus, to create more versatile particle systems, the layer-by-layer 

(LbL) technique can be employed.  

The LbL technique is used to fabricate surface coatings by depositing alternating layers with 

complementary multivalent compounds (Scheme 1.4) [68–70]. Multilayers can be assembled via 

dipping, spraying, and spin coating, where the dipping method is employed when coating particle 

systems. The adsorption of the layers occurs either via electrostatic or non-electrostatic 

interactions, such as host-guest, bio specific, hydrogen, or covalent interactions. The films can be 

built upon planar surfaces, porous surfaces, and colloidal particles.  

To obtain a reproducible and effective film, each deposition of a layer is followed by a washing 

step, which removes excess material and stabilizes the adsorbed layers. This highlights the main 

drawback of the LbL technique; the fabrication process of building up layers (including the 

intermediate washing steps) which can become time-consuming. Increasing the number of layers 

further comes with larger amounts of materials needed.  

In contrast, advantages of the LbL technique include that the assembly process can occur at room 

temperature, without any expensive equipment, and under mild conditions. This allows for the 

Layer-by-layer (LbL) approaches (left), common interaction exploited in LbL self-assembly (middle), 
and examples of substrates coated for biomedical applications (right). Adapted with permission from 
[68]. Copyright ©2020, Annual Reviews, Inc. 
 

Scheme 1.4. Schematic overview of layer-by-layers assembly in biomedical applications. 
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incorporation of biological compounds without compromising their activity [69,71]. Furthermore, 

since the technique can employ both physical and chemical interactions to deposit the layers, a 

large variety of materials and their corresponding functionalities can be incorporated within the 

LbL assembly, making it a promising technique for bioimplants, biomaterials, and drug delivery 

[68].  

The most employed force behind the LbL technique is electrostatic interaction. The initial LbL 

fabrication made use of polyelectrolytes, depositing alternating polycations and polyanions to 

create a polymeric film. Molecules with MW of >10 kD (e.g., proteins) could furthermore be 

permanently immobilized between the polyelectrolyte layers or within a polyelectrolyte capsule 

itself [70,72]. This means that various compounds can be incorporated depending on their physical 

and chemical characteristics. In parallel, polyelectrolyte films are highly permeable for small 

molecules, which indicate good permeability for e.g., oxygen delivery and ROS scavenging. 

Furthermore, by choosing an inner layer that does not interact with the encapsulated molecule, the 

functionality of the cargo can be retained [70]. 

The use of the LbL technique has also been explored for the fabrication of HBOCs. Particles have 

been coated using LbL, while hollow capsules have been obtained by selectively dissolving the 

sacrificial core after LbL coating. This last approach has been employed using MnCO3 and CaCO3 

sacrificial cores (also discussed in Section 1.2.2.4). By depositing multilayered films onto the 

cores, followed by core dissolution, capsules could be obtained that incorporated Hb.  

Liu et al. deposited alternative layers of Hb and dialdehyde heparin (DHP) onto a MnCO3 

sacrificial core [73]. A total of six Hb layers were incorporated, with a final PEG layer to 

incorporate an antifouling coating. DHP was chosen as an intermediate layer since it 

simultaneously acted as a crosslinker for the Hb, thereby preventing dissociation of the Hb 

tetrameric structure. After dissolving the core, microcapsules were obtained with Hb as the capsule 

component. It was shown that the capsules incorporated functional Hb, showing two successive 

cycles of oxygen release and uptake. In a different study, DHP was used to fabricate Hb containing 

nanotubes, incorporating five layers of Hb [74]. The final layer consisted of CAT in order to protect 

the Hb from the external environment. Surprisingly, the application for the incorporated Hb was 

to scavenge radicals.  
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PEG has also been used as an alternating layer for Hb. Duan et al. deposited five alternating layers 

of dialdehyde-PEG and Hb onto iron oxide (Fe3O4)-containing MPs [75]. However, the aim again 

was not the fabrication of RBCSs, but rather the fabrication of a uranyl ion scavenger system. 

In a very creative work, Shi et al. employed the LbL technique to assemble Hb-containing NPs of 

~145 nm in diameter to target tumor hypoxia [76]. Fe3O4-NPs were co-precipitated into copper 

oxide (CuO) complexes, creating star-shaped polygon Fe3O4@CuO. The Fe3O4-NPs provided 

magnetic field assisted tumor targeting and MRI contrast, while Cu was chosen due to its strong 

affinity to the histidine residues within Hb. Hb was adsorbed onto the Fe3O4@CuO followed by 

the adsorption of an anti-cancer drug using electrostatic interaction. Finally, acrylate-modified 

hyaluronic acid was deposited, which offered a crosslinked protective polysaccharide shell after 

UV radiation. The design of this NP system shows the potential of using the LbL technique, where 

each layer adds functionality to the system, thereby allowing for the multifaceted targeting of 

tumor tissue.  

Thus, while the LbL technique has been employed to incorporate Hb into various particle and 

vesicle systems, only few examples were found. Preparing multifunctional Hb-incorporated NPs 

using the LbL technique could therefore by a novel approach in creating HBOCs. 

1.4. Design of Hb-based Oxygen Carriers 

1.4.1. Nanoparticle Size. 

As previously mentioned, one of the reasons free Hb cannot be administered is due to their small 

hydrodynamic size, which allows the Hb to escape from the cell-free zone of the blood vessel and 

extravasation into the endothelial lining, becoming potent NO scavengers. Thus, the fabrication of 

HBOCs with diameters larger than 100 nm to avoid extravasation may solve the problem of NO 

scavenging and the associated complications [77]. On the other hand, particles in the range of 1–

3 μm in diameter are strongly phagocytosed while particles larger than 3 μm are sequestered in 

the lung capillaries [77–79]. Thus, the size of the HBOCs is an important factor to be considered 

when fabricating RBCSs. Herein, we aimed to develop HBOCs with sizes between 200–400 nm 

in diameter to avoid the aforementioned risks.  
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1.4.2. Antioxidant System. 

As touched upon in Section 1.1.1.2, the antioxidant system within RBCs facilitates the 

functionality of Hb. Without this system, various Hb products will interact with ROS, resulting in 

Hb oxidation, tetramer dissociation, and eventually heme degradation and iron release. Thus, when 

designing HBOC systems the incorporation of an antioxidant system should be taken into 

consideration.  

1.4.2.1. Native Antioxidants. 

RBCs contain an antioxidant system which consists of both enzymatic and non-enzymatic 

compounds, where the enzymatic compounds are mainly present in the cytosol and are responsible 

for the removal of ROS, while the non-enzymatic compounds (e.g., vitamin C and vitamin E) are 

mainly associated with the RBC membrane and are responsible of the protection against ROS-

induced lipid peroxidation [80–82]. Therefore, in this PhD thesis only the enzymatic antioxidant 

system will be discussed for the fabrication of Hb-based oxygen carriers. 

RBCs are fully packed with Hb, constituting for 95-97% of all the cytosolic proteins. To protect 

the Hb’s functionality, the remaining protein population consists in a large part of ROS scavenging 

proteins, including SOD, CAT, and GPx [15]. During autoxidation of Hb into metHb, the potent 

ROS O2
•– is produced as a side product (as previously described in Scheme 1.2A). SOD is the 

enzyme responsible for the removal of O2
•–, where SOD reduces O2

•– into the less toxic H2O2 and 

water [14]. H2O2 can be reduced into H2O and oxygen by either CAT or GPx (Scheme 1.5). Under 

normal conditions, GPx has a more prominent role in the reduction of H2O2 [83]. GPx needs 

glutathione (GSH) as a co-factor to reduce H2O2. H2O2 is reduced to water, while GSH becomes 

oxidized. For the GSH to regain its functionality, glutathione reductase is needed to reduce the 

GSH back to its ground state, which reaction is nicotinamide adenine dinucleotide phosphate 

(NADP+/ NADPH) dependent. 

The role of CAT in the depletion of H2O2 only becomes prominent when increased H2O2 

concentrations are present in the RBC [82]. CAT has furthermore shown to be more effective in 

scavenging exogenously added H2O2 compared to the GPx system [84]. Reduction of H2O2 by 

CAT consists of two steps; the first reaction with H2O2 results in the formation of the reduced CAT  
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product, i.e. Compound I, followed by the second step where Compound I can react with H2O2 

and thereby returning CAT to the ground state [85]. This makes the catalytic activity recyclable 

without the need of additional co-factors. 

Thus, RBC are well equipped with an antioxidant system to scavenge O2
•– and H2O2. Without the 

removal of these ROS, secondary oxidative reactions with Hb will take place, resulting in the loss 

of functionality and heme degradation (as summarized in Scheme 1.2). This should be considered 

when fabricating HBOCs, where retaining the Hb functionality is vital. 

1.4.2.2. Nanozymes. 

Natural enzymes play a vital role in the regulation of biological systems and are therefore well 

explored in many biomedical applications. However, the use of enzymes comes with several 

disadvantages such as functionality loss, denaturation, high costs, and laborious preparation and 

purification [86]. To circumvent these drawbacks, a variety of materials (e.g., metal complexes, 

polymers, supramolecular systems) are being synthesized to mimic the catalytic activities present 

in vivo. Especially the discovery of inorganic nanoparticles with enzyme-like properties, which 

are collectively called ‘nanozymes’ (NZs), are of interest [87]. Advantages of NZs over the use of 

enzymes include their robustness in harsh conditions, the possibility of having multiple enzyme-

like active sites, and their cost-efficient synthesis [88–90]. A broad range of materials have shown 

to exhibit enzyme-mimicking functionalities, including carbon, metal, and metal-oxide derived 

materials [86].  

A) The reduction of hydrogen peroxide (H2O2) into water (H2O) by glutathione peroxidase (GPx) using 
glutathione (GSH) as co-factor. GHS becomes oxidized, which subsequently can be reduced by GSH 
reductase via the  nicotinamide adenine dinucleotide phosphate (NADP+/NADPH) system. B) Catalase 
(CAT) reduces H2O2 resulting in H2O and the CAT Compound I. Compound I is reduced back to CAT 
by another reaction with H2O2, resulting in H2O and oxygen (O2) . 
 

Scheme 1.5. Hydrogen peroxide scavenging by glutathione peroxidase and catalase.  
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However, while this large variety of materials has shown its potential, NZs are not yet being 

explored in the context of antioxidants in HBOCs. Only Hosaka et al. have previously shown the 

potential of adding NZs to HBOCs as an antioxidant system [91]. Specifically, protein clusters 

with one Hb at the center and three human serum albumins (HSA) at the periphery were prepared 

to create Hb-HSA3 clusters. Next, a platinum NP (Pt-NP) was embedded within the cleft of an 

HSA unit to create Hb-HSA3(PtNP) clusters. Pt-NPs were chosen due to their effective catalytic 

activity [92]. It was shown that the Hb-HSA3(PtNP) clusters were able to scavenge both O2
•– and 

H2O2, thus exhibiting SOD- and CAT-like activities respectively [91]. The high H2O2 scavenging 

of the PtNPs in the periphery of the HSA3(PtNP) clusters was further able to significantly reduce 

metHb formation of the Hb core, with only 17% metHb formation after 180 min, compared to 37% 

metHb formation within 30 min for the empty Hb-HSA3(PtNP) clusters. Thus, these results signify 

the great promise of NZs incorporation in HBOCs to provide antioxidant activities.    

Cerium Oxide Nanoparticles. 

In this PhD thesis, cerium oxide NPs (CeO2-NPs) were explored as NZs. CeO2-NPs were chosen 

to mimic the RBCs’ intrinsic antioxidant system, since they have been shown to exhibit SOD-, 

CAT-, and peroxidase-like activity [93].    

The ROS scavenging capacity of CeO2-NPs comes from the co-existence of Ce3+ and Ce4+ 

oxidation states within the crystalline NP framework. Both O2
•– and H2O2 can be reduced via Ce3+ 

Ce4+  Ce3+ regenerative redox cycles [94]. SOD-like activity was positively correlated with 

the Ce3+:Ce4+ ratio in CeO2-NPs, while CAT-like activity was negatively correlated with this ratio 

[95,96]. It was furthermore shown that the activity was dependent on the size of the CeO2-NPs 

[95]. These parameters should therefore be considered when synthesizing CeO2-NPs, obtaining 

NZs for SOD-like, CAT-like, or combined catalytic activity.  

Due to their self-regenerating catalytic activity, CeO2-NPs have been explored in the context of 

regenerative medicine and tissue engineering. Various applications are reviewed in Appendix 2 

Cerium- and Iron-Oxide-Based Nanozymes in Tissue Engineering and Regenerative Medicine, 

showing their potential in targeting oxidative stress and regulating the oxygen environment [97]. 



20 

 

1.4.2.3. Polydopamine. 

PDA is a bioinspired polymer that has attracted great interest when modifying various surfaces. 

Intrigued by the adhesive threads used by marine mussels to adhere to many surfaces, researchers 

found high contents of catechol 3,4-dihydroxy-L-phenylalanine and amines (i.e., lysine and 

histidine residues) [98]. This resulted in the interest in the use of PDA, which bears both catechol 

and amine functionalities. 

By polymerizing DA into PDA, virtually any type and shape of surface can be coated. Lee et al. 

were the first to use this method, coating different inorganic and organic substrates with a thin 

adherent PDA film [53]. Polymerization relies on the self-oxidative polymerization of DA in an 

oxygen-containing alkaline (pH< 7.5) solution. However, even though the polymerization reaction 

is a fairly simple one, the structure and formation steps of PDA are still not known [99]. The 

current proposed mechanism combines three main theories, involving both covalent and 

noncovalent assembly (Scheme 1.6) [99–102]. The first steps include the oxidation of DA to 

quinone, which results in cyclized 5,6-dihydroxyindole (DHI) [103]. Hong et al. proposed that DA 

self-assembles non-covalently into (DA)2/HDI complexes, but also polymerizes covalently into 

PDA [102]. Next, linear hetero-polymerization is also proposed, where the PDA is hypothesized 

to exist in an oligomeric mixture. Within the PDA structure the monomers can be open or cyclized, 

with different degrees of saturation, yielding a catechol/amine/quinone/indole-containing polymer 

[100]. Finally, it is proposed that PDA is held together by intra- and interchain noncovalent forces 

such as ionic, hydrogen, and π-π interactions [104].  

Advantages of using PDA include their biocompatibility, biodegradability, and ease of fabrication. 

Furthermore, by introducing PDA to a surface post-modification through Michael and/or Schiff 

base reactions becomes possible, since the oxidized o-quinone in PDA can covalently bind with 

amine- and thiol-containing compounds [105].  

Another remarkable feature of PDA is its antioxidant functionality due to the free radical character 

[101,106]. The redox property in PDA comes from its catechol-quinone nature, which involves 

the reduced catechol, the semi-quinone radical, and the oxidized o-quinone [107,108]. This 

interplay of between PDA oxidative states allows for the repeated donation and acceptance of 

electrons as well as hydrogen transfers, thereby reducing or quenching ROS. Specifically, O2
•– can  
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either oxidize the catechol or reduce the quinone subunit, both resulting in the semi-quinone unit 

and the consumption of the O2
•– (Scheme 1.6C) [106,109,110]. For the H2O2, the catechol subunits 

can react with the H2O2, resulting in a quinone subunits and the side products of oxygen and H2O. 

As mentioned in Section 1.2.2.1, the use of PDA to create a protective shell has already been 

explored in the fabrication of HBOCs. By coating Hb with a PDA protective shell, Wang et al. 

were able to preserve both the Hb structure and functionality [54,55]. In vitro evaluations further 

showed that the PDA-coated Hb was able to suppress intracellular ROS generation in H2O2-

induced cell damage. PDA has also been employed to coat electrosprayed Hb-NPs, where the PDA 

layer allowed for post-modification of the surface with PEG, while the PDA simultaneously 

provided antioxidative protection of the Hb towards H2O2 [111]. Thus, the antioxidant properties 

A) Auto-oxidation of dopamine (DA) leads to the formation of dopamine-quinone and 5,6-
dihydroxyindole (DHI). B) Proposed mechanisms for PDA formation range from noncovalent self-
assembly of trimer complexes and monomers, and covalent coupling yielding catecholamine/ 
quinone/indole heteropolymers and polymerized PDA. Based on structures discussed in [99–102]. C) 
Redox reactions of PDA with superoxide radical anion (O2

•–) and hydrogen peroxide (H2O2) [109]. 
Adapted with permission from: [99], Copyright ©2018, American Chemical Society; [102], Copyright 
©2012 John Wiley and Sons; and [100], Copyright  ©2013, American Chemical Society.  
 

Scheme 1.6. Polydopamine structure and scavenging properties. 
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together with the possibility of surface modifications makes PDA a promising element in creating 

multifunctional HBOC systems (explored in Chapter 3). 

1.4.3. Stealth Properties. 

Since RBCs can survive for up to 120 days, long circulation times of the oxygen carrier systems 

is another factor to consider when fabricating RBCSs [112]. As mentioned in Section 1.4.1, 

particle sizes between 100 nm and 1 μm are preferred when fabricating HBOCs, thereby achieving 

circulation without extravasation or retention in small vesicles [77]. Furthermore, to improve 

circulation times of HBOC systems, the recognition of the particles by the MPS system should be 

reduced and preferably eliminated. Upon intravenous administration, the phagocytic cells of the 

MPS can remove unprotected NPs within seconds [113]. The principal phagocytic cells are the 

macrophages found in the liver, also known as the Kupffer cells, which recognize foreign materials 

due to the presence of specific proteins adsorbed to their surface.  

When NPs are administered intravenously, they are subjected to serum proteins. Serum proteins 

can be adsorbed onto the NPs’ surface by various interactions, such as van der Waals, hydrophobic, 

electrostatic, or ionic, which depends on the surface properties of the NPs. This adsorption leads 

to coverage of the NPs’ surface with proteins, creating a protein corona. The proteins can be 

divided in two categories: dysopsonins and opsonins.  

Dysopsonins improve the stealth properties of the coated NPs, resulting in longer circulation of 

foreign materials. The main dysopsonin is serum albumin, which is the most abundant protein in 

plasma. While albumin can protect against MPS recognition, the adsorption onto the NPs’ surface 

is transient and the albumin can easily be displaced over time by proteins with higher affinity [79].  

Opsonization is the process in which opsonins cover the foreign material, thereby making the 

material more apparent to phagocytic cells [113,114]. Immunoglobins and complement proteins 

are the most common opsonins [115]. When opsonins are adsorbed onto the NPs’ surface they 

typically change their structure conformation, thereby facilitating the recognition of foreign 

materials by the phagocytes [113]. However, non-specific adherence of phagocytes to the NPs’ 

protein corona or the activation of the complement system can also initiate the clearance of the 

NPs by the phagocytes [113]. Once the NPs are recognized, the phagocytic cells will engulf the 
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NPs, and break down or remove the NPs from the bloodstream [114]. For non-biodegradable 

materials, their size will determine whether the materials are removed via renal filtration or 

sequestered and stored in the MPS organs [114]. Accumulation in the MPS organs can lead to 

various side effects and tissue toxicities (mainly in the liver and spleen). 

Since the initial opsonization of NPs is the critical step in removal of foreign materials by the MPS, 

large research efforts have been put into hindering protein adsorption. Strategies to modify the 

NPs’ surface and thereby circumvent the MPS include the use of stealth polymers and biological 

derived materials (e.g., proteins and cell membranes) [114,116]. While no complete blockage has 

achieved, the strategies have been shown to retard opsonization and thereby increasing the 

circulation half-lives of NP systems.  

1.4.3.1. PEGylation. 

It has been shown that hydrophilic and neutral charged particles have longer circulation times due 

to lower opsonization. Thus, by modifying the surface of NPs with a hydrophilic or neutral charged 

polymer, these characteristics can be added to the particulate system.  

PEG is the most widely used polymer and is even regarded as the golden standard to achieve 

antifouling properties. PEG is an uncharged and hydrophilic polymer, which creates steric 

hindrance and/or a hydration layer around the coated NP system, thereby blocking the interaction 

with serum proteins [117]. The use of PEG to achieve stealth properties was first reported in 1977, 

where it was shown that PEGylated CAT had increased blood circulation (from 12 to 48 h) while 

maintaining the protein’s functionality [118].  

PEG has been FDA approved for pharmaceutical, cosmetic, and food industries, with many 

PEGylated drug delivery systems reaching the market [119,120]. To achieve PEGylation, PEG can 

directly be incorporated into the formulation (e.g., using PEG-conjugated polymers and lipids) or 

PEG can be grafted or adsorbed onto the NPs’ surface. All these approaches have been explored 

in the fabrication of HBOCs (Section 1.2) and are further discussed in Appendix 1.  

For the first project in this the PhD thesis (Chapter 3), the approach of using poly(L-lysine) (PLL)-

graft-PEG (PLL-g-PEG) is employed to achieve a stealth HBOC system. PLL-g-PEG is obtained 

by covalently linking PEG onto the primary amine of the lysine units in PLL (Scheme 1.7). The  



24 

 

grafting ratio (GR) is defined as the ratio of lysine units to the number of PEG side chains, where 

a lower GR indicates a denser PEG grafting. The resulting PLL-g-PEG has a comb-like structure, 

with the PLL backbone providing electrostatic binding sides to adsorb onto an anionic NP surface 

while the PEG chains protrude outwards, thus shielding the NP from protein adsorption [121]. 

While the initial usage of PLL-g-PEG lay in the coating of metal and metal oxide surfaces [121–

123], PLL-g-PEG has also been used for modifying PDA-coated liposomes, micro-, and 

nanoparticles [111,124–126]. 

As mentioned above, PEG is widely approved and used in pharmaceutical, cosmetic, and food 

products. While PEG is often considered non-immunogenic, the increased exposure to PEG has 

resulted in immune response due to anti-PEG antibodies (APAs). APAs can be produced upon 

injection of the first dose, resulting in fast drug clearance in the subsequent doses [127]. More 

surprising however, is the presence of APAs in individuals that have not undergone PEGylated 

drug treatments, which is linked to daily exposure to PEG-containing cosmetic and cleaning 

products [128,129]. While alternatives to PEG are being investigated (e.g., poly(oxazoline) and 

hydroxypropyl-methacrylamide) [116], PEG is still the first choice when designing antifouling 

NPs.   

1.4.3.2. RBC Membrane Coating. 

Instead of using polymers, interest has also been shown into the use of biological derived materials, 

specifically RBC membrane (RBC-M). RBCs can circulate in the vasculature for 120 days due a 

Poly(L-lysine) (PLL)-graft-poly(ethylene glycol) (PEG) (PLL-g-PEG) is obtained by linking PEG chains 
onto the PLL backbone, creating a comb-like structure. Grafting ratio is ratio between the lysin unit (x) 
and lysine-grafted PEG chains (y). PEG chains can have various lengths (n). 
 

Scheme 1.7. PLL-g-PEG structure. 
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collection of biomolecules located at their surface. The main component responsible for this long 

circulation time is the surface glycoprotein CD47 [130]. When a RBC comes in contact with a 

macrophage, the CD47 interacts with the signal-regulatory protein α of the macrophage, thereby 

marking the RBC as ‘self’ and thus inhibiting phagocytosis. It was shown that a 2-fold increase in 

circulation half-lives could be obtained for RBC-M coated NPs (39.6 h) compared to PEGylated 

NPs (15.8 h), demonstrating the potential of RBC-M as a stealth coating [131]. This promising 

data inspired the usage of RBC-M coating in the second project in this PhD thesis (Chapter 5). 

To obtain RBC-M, the intracellular components of the RBCs are removed using hypotonic 

treatment. This method involves multiple washing cycles using centrifugation. The RBC-Ms can 

be spun down at high speed while the extracted proteins stay in the supernatant. After obtaining 

empty RBC-M ghosts, the RBC-Ms can be used as a coating material.  

The group of Zhang introduced the concept of cell membrane-coated NPs in 2011, where they 

coated PLGA-NP cores with RBC-M [131]. The RBC-Ms were first extruded through a 100 nm 

porous membrane to obtain RBC-M vesicles, which were added to the PLGA-NPs (70 nm in 

diameter) and subsequently fused together by another extrusion step. Gel electrophoresis showed 

the composition of membrane proteins was retained after the deposition of RBC-Ms onto the NPs’ 

surface [131]. Since the RBC-M coating approach relies on the presence of the ‘marker-of-self’ 

CD47, the group next focused on the preservation of CD47 in the RBC-M coating [132]. Western 

blotting confirmed the protein was present in the RBC-M coating of the NPs. By increasing the 

RBC-M:PLGA-NP ratio during the fusion an increase in CD47 signal was observed until a plateau 

value was reached. This value corresponded to the theoretical RBC-M: PLGA-NP ratio needed to 

obtain a complete unilamellar coating layer. The completeness of the coverage was also assessed 

by a streptavidin-biotin-based aggregation assay, were insufficient RBC-M coating results in 

crosslinked and aggregated PLGA-NPs, which also resulted in similar values between the 

theoretical and experimental ratios [133]. Next, by quantifying the Western blot signal, it was 

shown a close match in CD47 density was observed between natural RBCs and the RBC-M 

coating, indicating nearly all CD47 content was retained [132]. By assessing the RBC-M surface’s 

glycoprotein and sialic acid content, it was furthermore confirmed the RBC-M orientation was in 

the correct way, with the surface proteins on the outside of the RBC-M coated NPs [133]. Thus, 

these results show that the surface contents of the RBC-M were transferred successfully onto the 
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NP’s surface during the coating process without altering its composition, thereby transferring the 

RBC-M’s native stealth properties onto the particles.  

Since RBC-M coating is still a less explored approach in obtaining stealth properties, the use of 

RBC-M poses some drawbacks [134]. RBC-Ms are derived from blood samples, resulting in 

biological variability between batches and the possible presence of biological contaminants. 

Furthermore, their variability makes establishing standardized preparation protocols more 

difficult. However, in turn, their biological nature comes with the advantage of adding 

biocompatibility, a ‘marker-of-self’, and long circulation times to the coated particles. 

RBC-membrane coatings have been employed in applications targeting diseases such as cancer, 

infections, and heart- and vasculature-related disorders [135]. Various cores have been coated with 

RBC-M, including drug-, protein-, polymeric-, and inorganic NPs, showing its broad application. 

For example, PFC-loaded PLGA-NPs coated with RBC-M were synthesized to target tumor 

hypoxia [136]. The PFC allowed for the loading of oxygen, while the membrane coating was 

shown to prolong circulation, thereby resulting in an improved hypoxia relief. As mentioned in 

Section 1.2.2.1., RBC-M coating was also employed to encapsulate multiple Hb-PDA complexes 

within RBC-M vesicles to target hypoxia-resistance during tumor photodynamic therapy [56]. The 

RBC-M coating was shown to reduce the macrophage uptake and in vivo studies further showed 

prolonged circulation times, with improved particle accumulation and hypoxia relief in the treated 

tumors. Thus, these studies demonstrate the RBC-M’s potential as novel stealth coating for 

HBOCs.    
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2.1. Objectives  

The focus of this PhD thesis is the assembly and characterization of a novel hemoglobin-based 

oxygen carrier with antioxidant properties. Herein, the hemoglobin functionality needs to be 

preserved to allow for oxygen delivery, while surface modifications should allow for long-

circulating nanocarriers. The results presented in this PhD thesis aim to represent a step forward 

in the HBOCs field by introducing the use of nanozymes in this branch of biomedicine.  

The main objectives of the PhD thesis are: 

i) The development of a novel HBOCs using PLGA-NPs. 

ii) The assessment of the Hb’s oxygen carrying functionality within the nanocarrier 

system. 

iii) The incorporation of CeO2-NPs as an antioxidant system to minimize metHb 

conversion. 

iv) The investigation of surface modifications to obtain stealth coating of the HBOCs. 

 

To achieve these objectives, several aims have been set: 

i) Prepare PLGA-NPs as polymeric cores for the fabrication of HBOCs. 

ii) Investigate PDA-coating of Hb to protect the Hb’s structure and functionality. 

iii) Synthesize CeO2-NPs with catalytic activity to act as an antioxidant system. 

iv) Investigate the CeO2-NPs’ ability to deplete the two most prominent ROS, namely O2
•– 

and H2O2, in terms of activity, recyclability, and the long-term storage stability. 

v) Evaluate PEGylation as stealth surface modification. 

vi) Assess the biocompatibility in terms of hemocompatibility and cell viability upon 

incubation with macrophages (RAW 246.7) and endothelial cells (HUVEC). 

vii) Improve the Hb loading of the HBOCs by investigating the Hb encapsulation within 

the PLGA-NP cores. 

viii) Evaluate the effect of RBC-M coating as stealth surface modification. 
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2.2. Thesis Outline  

The outline of the thesis is as follows: 

Chapter 3 consists of Paper I: Hemoglobin-based Oxygen Carriers Incorporating Nanozymes for 

the Depletion of Reactive Oxygen Species. Paper I was published in 2020 in ACS Applied 

Materials and Interfaces. The paper describes the fabrication and characterization of the HBOC 

system, which incorporates PDA-coated Hb, CeO2-NPs, and PLL-g-PEG onto PLGA-NP cores.   

Chapter 4 contains the optimization of Hb-loaded PLGA-NPs. The chapter explored the effect of 

Hb, PLGA, and PVA concentration on the obtain PLGAHb-NPs in terms of size, PDI, Hb 

functionality, loading capacity, and encapsulation efficiency. 

Chapter 5 consists of Manuscript I: Membrane-coated Hemoglobin-based Oxygen Carriers with 

Antioxidant Properties. Herein, RBC-M was investigated as stealth coating, where three different 

methodologies were assessed. The manuscript describes the fabrication and characterization of the 

HBOC system, which incorporates CeO2-NPs and RBC-Ms onto PLGAHb-NP cores. 

Chapter 6 summarizes the results from the work presented in this thesis and gives an outlook on 

future perspectives for the developed systems. 

 

 

Appendix 1 contains Paper II: Recent and Prominent Examples of Nano- and Microarchitectures 

as Hemoglobin-based Oxygen Carriers. Paper II was published in 2018 in Advances in Colloid 

and Interface Science. Herein, existing HBOCs are discussed, which are divided into chemically 

modified Hb and Hb encapsulation strategies.  

Appendix 2 comprises Paper III: Cerium- and Iron-Oxide-Based Nanozymes in Tissue 

Engineering and Regenerative Medicine. Paper III was published in 2019 in Catalysts. Different 

applications of the nanozymes are being reviewed to show their catalytic potential.   
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Chapter 3 

3. Hemoglobin-based Oxygen Carriers Incorporating Nanozymes 

for the Depletion of Reactive Oxygen Species 
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Depletion of Reactive Oxygen Species. ACS Applied Materials & Interfaces 2020, 12 (45), 

50275-50286. DOI: 10.1021/acsami.0c14822.   



40 

 

Abstract 

While transfusion of donor blood is a reasonably safe and well-established procedure, artificial 

oxygen carriers offer several advantages over blood transfusions. These benefits include 

compatibility with all blood types thus avoiding the need for cross matching, availability, lack of 

infection and long-term storage. HBOCs are being explored as an “oxygen bridge” to replace or 

complement standard blood transfusions in extreme, life-threatening situations such as trauma in 

remote locations or austere battlefield or when blood is not an option due to compatibility issues 

or patient refusal due to religious objections.  

Herein, a novel HBOC was prepared using the LbL technique. A PLGA core was fabricated and 

subsequently decorated with Hb and NZs. The Hb was coated with PDA and preservation of the 

protein structure and functionality was demonstrated. Next, CeO2-NPs were incorporated as NZs 

and their ability to deplete ROS was shown. Finally, decorating the nanocarriers surface with PEG 

decreased protein adsorption and cell association/uptake. The as-prepared Hb-based oxygen 

nanocarriers were shown to be hemo- and biocompatible. Their catalytic potential was furthermore 

demonstrated in terms of O2
•– and H2O2 scavenging abilities, which were retained over multiple 

cycles. Overall, these results demonstrate that the reported nanocarriers show potential as novel 

oxygen delivery systems with prolonged catalytic activity against ROS. 

3.1. Introduction 

The transfusion of donor blood is a well-established and indispensable clinical procedure. Whole 

blood or isolated RBCs are routinely employed to replenish blood loss during surgery and 

traumatic injury, and to treat diseases such as chronic anemia, hemophilia, and ischemia [1-3]. 

Unfortunately, blood transfusions come with limitations due to the need of typing and cross-

matching, short storage life-time, limited supply, and the possible risks of viral and bacterial 

transmission [4,5]. Therefore, research efforts have focused in developing RBC substitutes that 

circumvent the aforementioned drawbacks.  

HBOCs are one of the most prominent types of RBC substitutes being investigated, and they make 

use of the excellent oxygen carrying and delivering properties of native Hb [1,6]. In HBOCs, Hb 

is chemically modified or encapsulated to overcome the adverse effects of intravascular cell-free 
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Hb, which include renal toxicity, inflammation, and vasoconstriction [1,4,7]. Multiple chemically-

modified HBOCs underwent clinical development, but showed persistent safety concerns with 

increased risk of myocardial infarction and mortality [8,9]. This toxicity was mainly attributed to 

the extravasation of the HBOCs. Because of their small size, the developed HBOCs could infiltrate 

in between the endothelial cells lining the capillary walls into the smooth muscle tissue. There, the 

HBOCs acted as NO scavengers. Being NO a potent vasodilator, its scavenging resulted in 

cardiovascular complications. Therefore, Hb encapsulation strategies have gained attraction, 

shielding Hb from permeating through the blood vessels, while simultaneously providing a 

protective environment against tetramer dissociation and loss of function. Examples of 

encapsulation platforms developed so far include liposomes [10], polymeric NPs [11], hydrogels 

[12], and MOFs [13]. However, despite the advancements in recent years, fabrication of HBOCs 

that are non-toxic, hemocompatible, biodegradable, with good O2 delivery properties, and are 

long-circulating in the bloodstream still remains a challenge. 

In biological RBCs, Hb’s O2-delivery capacity is secured by an antioxidant system that involves 

both non-enzymatic (e.g., glutathione, ascorbic acid) and enzymatic (e.g., SOD, CAT, and GPx) 

entities [14]. This antioxidant system protects Hb from exogenous and endogenous ROS. RBCs 

take up exogenous ROS when circulating in the microvasculature, since ROS are produced by the 

cellular components of the vascular wall [15]. Additionally, endogenous ROS are produced within 

the RBCs following Hb’s autoxidation into metHb [14,16]. MetHb conversion, apart from 

resulting in the loss of Hb’s O2-carrying ability, also leads to the production of the O2
•–. Within 

RBCs, metHb is reduced back to active Hb by cytochrome b5 reductase, while the formation of 

ROS is prevented. SOD catalyzes the dismutation of O2
•– into H2O2 [16]. Next, H2O2 can be 

reduced by CAT into O2 and water. However, in the absence of such an antioxidant system, H2O2 

reacts with both metHb and oxy-Hb, initiating heme-mediated oxidative reactions [14,16].  

Approaches to develop HBOCs where Hb is protected against oxidation, thus preserving its O2-

delivery properties, include the incorporation of CAT and SOD [17,18]. Chang et al. pioneered 

this approach by co-polymerizing Hb together with CAT and SOD. The resulting polyHb-CAT-

SOD complex was able to remove ROS while also decreasing metHb conversion and heme release 

[19,20]. Despite these encouraging results, employing enzymes has several limitations which 

include high production costs, short catalytic half-lives, limited active sites, and environmental 
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sensitivity [21,22]. Therefore, herein, the novel approach of incorporating NZs is explored. NZs 

are a type of nanoparticulate systems displaying enzyme-like properties, which overcome the 

aforementioned limitations [23]. Furthermore, since NZs are synthetic compounds, additional 

advantages include decreased batch-to-batch variations and lack of xenogeneic contamination. 

While NZs offer enormous potential, a solitary example has considered them in the context of 

HBOCs. Hosaka et al. incorporated Pt-NPs in their HBOC system, demonstrating high H2O2 and 

O2
•– scavenging properties [24]. However, despite the promising results, no further studies were 

conducted in this direction. 

From a different perspective, achieving long circulation times is a paramount requisite for the 

clinical translation of HBOCs. Upon intravenous administration, foreign materials are removed by 

the MPS [25]. To reduce recognition by the MPS, the adsorption of opsonins onto the NPs’ surface 

has to be reduced or eliminated. The golden standard is decorating the surface with PEG, which 

creates steric hindrance and blocks protein-binding sites to reduce opsonisation and subsequent 

phagocytosis [26].  

Thus, in this report, a novel HBOCs with antioxidant and stealth properties is presented (Scheme 

3.1). In particular, the LbL technique was employed to adsorb the different functional components 

onto a PLGA core. Since PLGA is a biodegradable, biocompatible, and FDA approved polymer, 

PLGA-NPs are being widely explored as colloidal carrier systems. CeO2-NPs, which are a new 

class of NZs with excellent ROS-scavenging activity, were selected as the antioxidant component. 

The assembly was finally capped with PLL-g-PEG co-polymer to obtain a low-fouling effect. The 

O2 carrying potential, catalytic activity, and the stealth-like properties of this new HBOC, as well 

as the overall biocompatibility in terms of hemolytic rate and cell viability, were evaluated. By 

characterizing the multifaceted properties of the system, we hope to demonstrate the potential of 

these novel HBOCs. 

3.2. Materials and Methods 

3.2.1. Materials. 

Tris(hydroxymethyl)aminomethane (TRIS), phosphate buffer saline (PBS), DA, Amicon Ultra-15 

Centrifugal Filter Unit (10 kDa MWCO), cerium(III) nitrate hexahydrate (Ce(NO3)3 • 6H2O), citric  
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acid, hydrochloric acid (HCl), nitric acid (HNO3), ammonia (25% solution), H2O2, horseradish 

peroxidase (HRP), CAT from bovine liver, SOD from bovine erythrocytes, cell proliferation 

reagent WST-1, EDTA solution, xanthine, xanthine oxidase (XO) from bovine milk, potassium 

dioxide (KO2), PLL (MW 30-70 kDa), fluorescein isothiocyanate (FITC)-labelled immunoglobulin 

G (IgG) (IgGF) from human serum, Dulbecco’s Modified Eagle’s Medium-high glucose (DMEM 

D5796), penicillin/streptomycin, fetal bovine serum (FBS), trypsin, and the human umbilical vein 

endothelial cell line (HUVEC) were purchased from Merck Life Science A/S (Søborg, DK). 

AmplexTM Red reagent and PrestoBlue cell viability reagent were purchased from ThermoFisher 

Scientific (Waltham, MA, USA). Bovine blood with citrate (Product no. 77667) was purchased 

from SSI Diagnostica A/S (Hillerød, DK). Hb was obtained by extraction from the bovine blood 

(see Supporting Information). Endothelial Cell Medium (ECM) Kit supplemented with 5% FBS, 

1% penicillin/streptomycin solution, and 1% endothelial cell growth supplement was purchased 

from Innoprot (Derio-Biskaia, ESP). The RAW 264.7 mouse macrophage cell line was purchased 

from European Collection of Authenticated Culture Collections (ECACC, Wiltshire, UK). 

PLGA-NPs, FITC-labelled BSA (BSAF) and PLL-g-PEG were synthesized (see Supporting 

Information).  

PLGA-NPs were coated with PDA, PLL, HbPDA, PLL, CeO2-NPs, and PLL-g-PEG; Hb is incorporated 
into the NCs to deliver oxygen (O2) to cells, while the CeO2-NPs scavenge reactive oxygen species such 
as superoxide radical (O2•–) and hydrogen peroxide (H2O2), which are converted into O2 and H2O; 
PEGylation is employed to reduce or eliminate protein (e.g., serum albumin and IgG) adsorption. 

Scheme 3.1. Schematic Illustration of the LbL assembly of Hb-loaded NCs.  
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TRIS 1 contains 10 mM TRIS (pH 8.5); TRIS 2 contains 10 mM TRIS and 150 mM NaCl (pH 

7.4). All buffers were made with ultrapure water (Milli-Q (MQ), gradient A 10 system, TOC < 4 

ppb, resistance 18 MV cm, EMD Millipore, USA). 

3.2.2. Cell Culture. 

RAW 264.7 cells were cultured in DMEM supplemented with FBS (10% v/v) and 

penicillin/streptomycin (1% v/v, 10 000 U mL-1 and 10 g mL-1, respectively). HUVECs were 

cultured in ECM supplemented with FBS (5% v/v), penicillin/streptomycin (1% v/v, 10 000 U 

mL-1 and 10 g mL-1, respectively), and endothelial cell growth supplements (1% v/v). Both cell 

lines were cultured at 37  in a humidified incubator with 5% CO2.  

3.2.3. Fabrication and Characterization of PDA-Coated Hb (HbPDA).  

The coating of Hb with PDA was based on the oxidative polymerization of DA in TRIS 1 [27]. 

Briefly, solutions of Hb (8 mg mL-1) and DA (1.6 mg mL-1) in TRIS 1 were mixed at a 1:1 volume 

ratio and transferred to a tube rotator for 3 h. The resulting HbPDA was washed in TRIS 2 (3×, 9700 

g, 5 min) using a bench-top centrifuge (MiniSpin, Eppendorf AG, Hamburg, DE) and Amicon 

centrifugal filters.  

The hydrodynamic size of HbPDA was evaluated by dynamic light scattering (DLS) (Zetasizer 

nanoseries nano-ZS, Malvern Panalytical Ltd, Malvern, UK). To determine the secondary 

structure, Fourier-transform infrared spectroscopy (FTIR) analysis was conducted using a 

spectrometer Spectrum 100 (Perkin Elmer Inc., Wellesley, MA, USA). Circular dichroism (CD) 

spectra were obtained using a Jasco J-815 spectropolarimeter (JASCO, Essex, UK). To assess the 

Hb’s functionality, a gas binding and release study was conducted using a UV-2600 UV-Vis 

Spectrophotometer (Shimadzu Corp., Kyoto, JP). The ODCs were obtained using a Hemox 

analyzer (TSC Scientific Corp., New Hope, PA, USA).  
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3.2.4. Fabrication and Characterization of CeO2-NPs.  

3.2.4.1. Fabrication and characterization of CeO2-NPs.  

Citrate-capped CeO2-NPs were synthesized following a reported protocol [28]. Specifically, citric 

acid (120 mg) was added to a Ce(NO3)3 • 6H2O solution (12.5 mL, 21.71 mg mL-1 in MQ) followed 

by gentle mixing, poured rapidly into an ammonia solution (50 mL, 3 M) and stirred for 2 h. The 

obtained CeO2-NPs were purified by adding HCl (~25 mL, 5 M) until precipitation occurred. The 

CeO2-NPs were allowed to sediment, the supernatant was then removed, and the CeO2-NPs were 

re-suspended in MQ. These washing steps were repeated three times. After the final wash, the 

supernatant was removed and the pH of the CeO2-NPs suspension was adjusted to neutral pH using 

an ammonia solution (1 M). All glassware was treated with Aqua Regia (HNO3:HCl, 1:3 molar 

ratio) before usage.  

The cerium content of the CeO2-NPs suspension was determined by inductively coupled plasma 

mass spectrometry (ICP-MS) (iCAPQ, ThermoFisher Scientific, Waltham, USA). The content was 

also characterized by UV-Vis spectroscopy (NanoDrop 2000c, ThermoFisher Scientific, Waltham, 

USA) (Figure S3.1). The hydrodynamic size, polydispersity (PDI), and zeta ( )-potential of CeO2-

NPs were evaluated using the Zetasizer. The size, morphology, and selected area diffraction (SAD) 

patters of the CeO2-NPs were evaluated using a Tecnai T20 G2 transmission electron microscope 

(TEM) (Thermo Fisher Scientific, Waltham, MA, USA).  

3.2.4.2. Catalytic Activity of CeO2-NPs.  

To determine the SOD-like activity (O2
•– scavenging), the WST-1 assay was employed. XO (10 

L, 0.05 U mL-1) was added to 200 L of reagent mixture containing WST-1 (2.5% v/v), EDTA 

(0.1 mM), and xanthine (0.1 mM), mixed with CeO2-NPs (100 L, 0 – 2 mM) or SOD (100 L, 0 

– 1000 U mL-1), all in TRIS 2. The mixture was incubated for 15 min using a thermoshaker (PHMT 

Thermoshaker, Grant-bio, UK) at 37  with a shaking speed of 1400 rpm. Next, 180 L of the 

suspension were transferred to a 96-well plate and the absorbance (Abs) at 438 nm was measured 

using a multimode plate reader (Tecan Spark, Tecan Group Ltd., Männedorf, CH). TRIS 2 (100 

L) with 200 L of reagent mixture, with and without XO (10 L, 0.05 U mL-1) were used as 

positive and negative controls, respectively, to calculate the normalized Abs (nAbs). 
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The CAT-like activity (H2O2 scavenging) was assessed using the Amplex Red assay. H2O2 (10 L, 

0.09 mM) was added to CeO2-NPs (100 L, 0 – 5 mM) or CAT (100 L, 0 – 14 000 U L-1), all in 

TRIS 2, and incubated for 15 min in the thermoshaker. HRP (100 L, 2 U mL-1) and Amplex Red 

(10 L, 0.1 mM) were added to the suspension, followed by 5 min incubation in the thermoshaker. 

180 L of the suspension were transferred to a 96-well plate and the fluorescence intensity (FI) of 

the resorufin product was measured using the plate reader ( ex/ em: 530/586 nm). TRIS 2 (100 L) 

incubated with and without H2O2 (10 L, 0.09 mM) were used as positive and negative controls, 

respectively, to calculate the normalized FI (nFI). 

3.2.5. Fabrication and Characterization of the Hb-loaded Nanocarriers 

(NCs).  

The LbL technique was used for the assembly of the Hb-loaded NCs. PLGA-NPs (1000 g) were 

incubated in DA solutions (300 L, 0.5 mg mL-1 in TRIS 1) for 30 min. The PDA-coated PLGA-

NPs were washed in TRIS 2 (2×, 4847 g, 4 min). Next, the following layers in TRIS 1 were 

deposited for 10 min: PLL (300 L, 1.0 mg mL-1), HbPDA (300 L, 2.0 mg mL-1), PLL (300 L, 

1.0 mg mL-1), CeO2-NPs (300 L, 3.75 mM), and PLL-g-PEG solutions (300 L, 1.5 mg mL-1). 

After each deposition step, at least 2 washes were conducted. The concentrations were determined 

by -potential saturation curves (Figure S3.2). 

The hydrodynamic size, PDI, and -potentials were measured using the Zetasizer. Encapsulation 

content was determined by the Nanodrop and ICP-MS. The final PLGA/HbPDA/(CeO2-NPs)/PEG-

NCs were visualized by differential interference contrast (DIC) microscopy (Olympus Inverted 

IX83 microscope equipped with a 60× oil-immersion objective). CryoTEM imaging was 

performed using a FEI Tecnai G2 20 TWIN TEM. 

3.2.6. Evaluation of the Stealth Coating. 

3.2.6.1. Protein Adsorption Study.  

The PEGylation effect of PLGA/HbPDA/(CeO2-NPs)/PEG-NCs was assessed by a protein 

adsorption. BSAF (100 L, 1.0 mg mL-1) or IgGF (100 L, 1.0 mg mL-1) in TRIS 2 was added to 

a suspension of either PLGA/HbPDA/(CeO2-NPs)-NCs or PLGA/HbPDA/(CeO2-NPs)/PEG-NCs 
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(100 L, ~2.7 ×106 NCs in TRIS 2) and incubated for 4 h in the thermoshaker. Next, the samples 

were washed in TRIS 2 (2×, 6705 g, 4 min) to remove unbound proteins. The FI of the nanocarriers 

resulting from the adsorbed BSAF and IgGF onto the NCs surface was evaluated by a BD Accuri 

C6 flow cytometer (BD Biosciences, Sparks, MD, USA).  

3.2.6.2. Cell Association Study.  

In a 96-well plate, 30 000 RAW 464.7 or 15 000 HUVEC cells per well were seeded and allowed 

to attach for 24 h. The cells were then washed in PBS (2×, 200 L) and incubated with different 

amounts of PLGAF/HbPDA/(CeO2-NPs)-NCs or PLGAF/HbPDA/(CeO2-NPs)/PEG-NCs (200 L, 0–

7.5 ×106 NCs mL-1 in cell media) for 4 h. After incubation, the cells were washed in PBS (3×, 200 

L) and detached from the wells using trypsin (60 L, 0.5 mg mL-1). The cell suspensions were 

collected by adding FBS-free media (200 L per well) and the cell association/uptake was 

evaluated by flow cytometry. The cell mean fluorescence intensity (CMFI) and cellular uptake 

efficiency (CUE) were assessed. Cells without exposure to the NCs were used as controls. The 

CUE was determined as the percentage of cells with a CMFI higher than the autofluorescence level 

of the cells. The CMFI was normalized (nCMFI) to PLGAF/HbPDA/(CeO2-NPs)-NCs at 7.5 ×106 

NCs mL-1.  

3.2.7. Biocompatibility. 

3.2.7.1. Cell Viability.  

In a 96-well plate, 30 000 RAW 464.7 or 15 000 HUVEC cells per well were seeded and allowed 

to attach for 24 h. Next, the cells were washed in PBS (2×, 200 L) and incubated with different 

amounts of PLGAF/HbPDA/(CeO2-NPs)/PEG-NCs (200 L, 0–3.0 ×107 NCs mL-1 in cell media). 

After 4 h incubation, the cells were washed in PBS (3×, 200 L) and PrestoBlue (100 L, 10% v/v 

in cell media) was added. The cells were incubated for 1 h and then the supernatants were 

transferred to a 96-well plate to measure the resazurin product ( ex/ em: 535/615 nm). Cells only 

were used as the positive control, and media only was used as the negative control to calculate the 

normalized cell viability (nCV).  
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3.2.7.2. Hemocompatibility.  

The hemocompatibility of both PLGA/HbPDA/(CeO2-NPs)-NCs and PLGA/HbPDA/(CeO2-

NPs)/PEG-NCs was investigated by a haemolysis rate test. Whole blood from healthy donors was 

collected in heparin-coated tubes and washed in PBS (3×, 1000 g, 15 min, 4 ). The cell-

containing pellet was re-suspended in PBS (50 mL), and 200 L of this diluted blood cell 

suspension at 37  was added to the NCs suspensions (300 L, 0–1.2 ×107 NCs in PBS). The 

mixtures were incubated for 2 h in the thermoshaker (with gentle shaking). As negative and 

positive controls, the diluted blood cell suspension (200 L) was incubated in PBS or MQ water 

(300 L), respectively. Next, the samples were spun down (1000 g, 10 min) and the supernatants 

were collected followed by an additional centrifugation step (13 000 g, 10 min). The new 

supernatants were transferred to a 96-well plate and the Abs at 540 nm was recorded. The 

haemolysis rate was calculated as: haemolysis rate (%) = (experimental value – negative 

control)/(positive control – negative control) × 100. In parallel, the remaining cell-containing pellet 

after the first centrifugation step was collected and re-suspended in PBS. The morphology of the 

blood cells was assessed using the DIC microscope. 

3.2.8. Catalytic Activity. 

3.2.8.1. SOD-like activity.  

The influence of each functional layer of the Hb-loaded NCs on the decomposition of O2
•– was 

assessed using the WST-1 assay. Specifically, PLGAF-NPs, PLGAF/PDA-NCs, PLGAF/HbPDA-

NCs, PLGAF/HbPDA/(CeO2-NPs)-NCs and PLGAF/HbPDA/(CeO2-NPs)/PEG-NCs were 

investigated. XO (10 L, 0.05 U mL-1) was added to 200 L of reagent mixture containing WST-

1 (2.5% v/v), EDTA (0.1 mM), and xanthine (0.1 mM), mixed with a NC suspension (200 L, 1.5 

×106 NCs), all in TRIS 2. The suspensions were incubated for 15, 30, and 60 min using the 

thermoshaker, after which the NCs were spun down (6705 g, 4 min), 180 L of the supernatant 

was transferred to a 96-well plate, and the Abs at 438 nm was measured. TRIS 2 (100 L) mixed 

with 200 L of reagent mixture, with and without XO (10 L, 0.05 U mL-1) were used as positive 

and negative controls, respectively, to calculate the nAbs.  
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3.2.8.2. Combined SOD- and CAT-like activity.  

The ability of the Hb-loaded NCs to catalyze the reduction of O2
•– into O2 and H2O2, followed by 

the subsequent decomposition of H2O2 into O2 and H2O, was assessed by the Amplex Red assay 

[27]. Specifically, PLGAF-NPs, PLGAF/PDA-NCs, PLGAF/HbPDA-NCs, PLGAF/HbPDA/(CeO2-

NPs)-NCs and PLGAF/HbPDA/(CeO2-NPs)/PEG-NCs were investigated. KO2 (10 L, 0.14 mM in 

TRIS 2) was added to the NCs suspensions (200 L, 1.5 ×106 NCs in TRIS 2) and incubated for 

15, 30, and 60 min in the thermoshaker. Next, the NCs were spun down (6705 g, 4 min) and 180 

L supernatant was collected and incubated with a solution of HRP (100 L, 2 U mL-1 in TRIS 2) 

and Amplex Red (10 L, 0.1 mM in TRIS 2) for 5 min. Finally, 180 L of the suspension was 

transferred to a 96-well plate and the FI ( ex/ em: 530/586 nm) was measured. TRIS 2 (200 L) 

incubated with and without KO2 (10 L) were used as positive and negative controls, respectively, 

to calculate the nFI.  

3.2.8.3. Multiple Cycles of SOD- and CAT-like Activity.  

The PLGAF/HbPDA/(CeO2-NPs)/PEG-NCs (200 L, 1.5 ×106 NCs in TRIS 2) were allowed to 

interact with KO2 (10 L, 0.14 mM) for 15 min using the thermoshaker after which the supernatant 

was collected and incubated with a solution of HRP (100 L, 2 U mL-1) and Amplex Red (10 L, 

0.1 mM) for 5 min in the thermoshaker. Finally, 180 L of the suspension was transferred to a 96-

well plate and the FI ( ex/ em: 530/586 nm) was measured. Next, the PLGAF/HbPDA/(CeO2-

NPs)/PEG-NCs were re-suspended in fresh TRIS 2 (200 L) and incubated again in a KO2 solution 

(10 L, 0.14 mM) to conduct the second cycle of the cascade activity. The aforementioned process 

was repeated for five subsequent cycles. The cascade activity was normalized to TRIS 2 (200 L) 

incubated with KO2 (10 L, 0.14 mM).  

3.2.9. Statistical Analysis. 

The statistical difference between different conditions was evaluated using GraphPad Prism 8 

software. A one-way ANOVA with a confidence level of 95% (  = 0.05) using Tukey’s multiple 

comparisons test (* p 0.05; **p  0.01; ***p  0.001; ****p  0.0001) was employed. 
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3.3. Results and Discussion 

3.3.1. Fabrication of the Hb-loaded NCs. 

3.3.1.1. Fabrication and Characterization of HbPDA.  

Despite its excellent O2 binding and releasing properties, Hb molecules break down into dimers 

and monomers when administered in their free form, causing severe toxicity [1,7]. Therefore, to 

avoid Hb’s dissociation, we introduce a PDA coating. DA, under mild basic conditions (TRIS 1), 

has the ability to self-polymerize into PDA onto virtually any type of substrate independent of 

shape and material [29-31]. Importantly, unlike other Hb stabilization methods (e.g., using intra- 

and inter-molecular modifications) [1,4], PDA coatings closely bond onto Hb’s surface with barely 

any chemical reaction with its functional groups. Additionally, we, and others, have demonstrated 

that PDA has ROS scavenging abilities [27,32]. The incorporation of PDA has been previously 

employed to minimize the oxidation of HBOCs. Specifically, individual Hb molecules have been 

PDA-coated, but also larger particles fully made of Hb [33-36].  

Herein, Hb’s coating by PDA was conducted employing a weight ratio 5:1 of Hb and DA for 3 h. 

Figure 3.1A shows how the colour of the suspension changed over time from red to dark brown, 

thereby demonstrating the DA polymerization into PDA. The size of the HbPDA, as evaluated by 

DLS, showed a slight increase from 5.2 nm (for uncoated Hb) to 7.0 nm (for HbPDA) (Figure 3.1B). 

The size distribution furthermore indicates individual PDA-coated Hb molecules instead of HbPDA 

aggregates. This is in agreement with Wang et al., which showed a similar hydrodynamic size for 

PDA-coated Hb, obtaining a ~1-2 nm size increase after coating, and using the same PDA 

polymerization conditions [34]. 

The secondary structure of proteins is central to their function, and preservation of this structure 

is a strong indication for preserved protein activity. Thus, FTIR spectroscopy was used to evaluate 

Hb’s functional regions following PDA coating (Figure 3.1C). The comparison of FTIR spectra of 

Hb and HbPDA shows how both spectra display almost identical bands at 1642 cm-1 (amide I) and 

1530 cm-1 (amide II). Preservation of wavenumbers or band ratios for both amide I (corresponding 

to C=O stretching) and amide II (corresponding to N-H bending and C-N stretching) indicates that 

Hb’s chemical structure is well maintained following PDA coating. The bands of the PDA  
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spectrum at 875 cm-1 and 809 cm-1 correspond to the three and the five substituted benzene 

stretching vibrations, respectively. While previous reports have shown increase in adsorption for 

the bands at 875 cm-1 and 809 cm-1 following PDA coating [33], the two bands are not present in 

our HbPDA spectrum. We attribute the absence of these bands to the deposition of a thinner PDA 

coating due to the usage of a lower DA concentration. Hb’s secondary structure following coating 

with PDA was further investigated by CD in the range of 197 to 260 nm (Figure 3.1D). The CD 

spectrum of HbPDA is almost identical to the spectrum of Hb. Both spectra show two absorption 

bands at 209 and 220 nm, which are characteristic for -helical structures [37]. Such a similar 

helicity for the PDA-coated Hb indicates preservation of Hb’s secondary structure. As control, Hb 

heated to 60  (as a model of partially denatured Hb) and Hb heated to 100  (as a model of 

fully denatured Hb) were considered. Here, it can be observed denaturation leads to a large dip in 

intensity and, eventually, complete loss of the of the -helix structure. 

The effect of the PDA coating on Hb’s native bioactivity was also investigated by monitoring the 

ability of HbPDA to reversibly bind and release O2. Figure 3.2A shows how the initial HbPDA (O2 - 

cycle 1) displays the characteristic adsorption bands of oxy-Hb. Specifically, a main band at 409 

nm (Soret peak) and two additional bands in the visible region (at 539 nm and 575 nm) can be 

observed. Next, following purging with nitrogen gas (N2) (N2 – cycle 1), the Soret band shifted to 

427 nm, and a single band appeared at 553 nm, indicating the presence of deoxygenated Hb. 

Following on, the deoxygenated HbPDA was purged with compressed air, resulting in the 

appearance of the oxy-Hb absorbance bands and demonstrating the ability of HbPDA to reversibly  

A) Photographic images of the PDA deposition onto Hb over time as a result of the self-polymerization 
of dopamine. B) Hydrodynamic size distribution of bare Hb and HbPDA. C) FTIR spectra of Hb, HbPDA, 
and PDA only. D) CD spectra of Hb, HbPDA, and PDA only. As controls, partially denatured Hb (Hb at 
60 ) and fully denatured Hb (Hb at 100 ) were considered.  

Figure 3.1. Fabrication and characterization of HbPDA. 
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bind and release O2. After 3 weeks of storage at 4 , the HbPDA samples still showed this 

reversibility (Figure S3.3). A second N2 cycle and a third O2 cycle were also conducted, and the 

changes in the UV-Vis spectra highlighting the ability of HbPDA to bind and release O2 over 

multiple rounds. Exposure to carbon monoxide (CO) gas was also evaluated. A shift in the Soret 

band to 417 nm together with the shift of the two visible-bands to 537 nm and 568 nm, demonstrate 

the conversion of oxy-Hb to CO-Hb.  

To get a deeper insight on the O2 binding abilities of HbPDA, the ODC of HbPDA was assessed. 

Figure 3.2B shows the dependency of Hb’s saturation with O2 on the pO2 with a sigmoidal shape, 

indicating cooperative O2 binding for both free Hb and the PDA-coated HbPDA. The oxygen 

equilibrium parameter p50, which is the pO2 at which 50% O2 saturation is achieved, was 20.9 

mmHg for free Hb. A decrease in p50 to 15.3 mmHg was observed following PDA coating, which 

indicates increased O2 affinity for HbPDA. It could be hypothesized that the PDA coating restricts 

Hb’s movement from the relaxed and oxygenated state into the tense and deoxygenated one. This 

could subsequently result in O2 release at a lower pO2 as compared to free Hb. Achieving low p50 

is beneficial when developing HBOCs since it minimizes premature O2 release in the precapillary 

A) UV-Vis spectra of HbPDA following several cycles of purging with O2, N2, and CO. The table shows 
the band wavelengths of the references [i.e., oxygenated Hb (oxy-Hb), deoxygenated Hb (deoxy-Hb), 
and CO-bound Hb (CO-Hb)] and the HbPDA samples. B) ODCs of Hb and HbPDA with the corresponding 
p50 [the O2 partial pressure (pO2) at which 50% of Hb is saturated with O2] and Hill coefficient (n) 
values. 

Figure 3.2. Oxygen carrying capacity of HbPDA. 
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arterioles, thus maximizing O2 supply in hypoxic tissues. The Hill coefficient (n), calculated as 1.2 

(and 2.1 for free Hb) is similar to previously reported n-values for HBOCs [38,39]. Although there 

is a decrease in n following PDA coating, cooperativity is still retained (n > 1). The cooperativity 

is a result of subunit-subunit interaction [40], thereby indicating that the tetrameric Hb structure 

was not degraded into monomers after PDA coating. Thus, O2 binding to one of the heme groups 

of HbPDA, results in increased O2 affinity for the remaining free hemes, facilitating maximum O2 

loading. In turn, O2 release decreases the O2 binding affinity of the remaining ligated hemes, thus 

facilitating complete O2 release.  

3.3.1.2. Fabrication and Characterization of CeO2-NPs.  

Over time, Hb auto-oxidizes into metHb which results in impaired O2 binding and releasing 

properties and oxidative side reactions mediated by the heme group [14]. Within biological RBCs, 

Hb conversion into metHb is prevented by a multi-faceted antioxidant system. Our approach 

however is to employ NZs, a novel type of nanoparticulate systems displaying enzyme-like 

properties but overcoming the limitations of biological enzymes such as short half-life, 

environmental sensitivity, and high production costs [21,23]. Additionally, NZs exhibit better 

recyclability over their natural counterparts, which is a crucial aspect if they are expected to 

prevent metHb conversion over an extended period of time. In particular, CeO2-NPs were chosen 

as antioxidant NZs. Within CeO2-NPs, Ce(III) and Ce(IV) oxidative states co-exist, producing a 

redox couple [41]. This interchange between valence states of the Ce atoms makes it possible for 

the CeO2-NPs to react catalytically with H2O2 and O2
•–, thereby replacing the functions that are 

normally performed by CAT and SOD, respectively.  

Thus, CeO2-NPs were synthesized and characterized for their catalytic activity. The as-prepared 

CeO2-NPs displayed a hydrodynamic diameter of 2.6 ± 0.5 nm, a 0.568 PDI, and a -potential of 

-26 ± 7 mV (Figure 3.3A). TEM imaging showed that the CeO2-NPs were monodisperse with an 

average size of 2.2 nm (Figure 3.3B), which is in agreement with the size obtained using DLS. 

The crystalline nature of the CeO2-NP was directly observable in Figure 3.3C, showing a phase 

contrast image of an individual CeO2-NP oriented along the  zone axis. The (111) interplaner  
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spacing measured 0.31 nm corresponding to CeO2. TEM-SAD was performed to further confirm 

the crystallinity of the CeO2-NPs. A polycrystalline SAD pattern (Figure 3.3D) was obtained with 

diffraction rings corresponding to the  space group with lattice parameter a = 0.54 nm, 

which matches well with CeO2’s fluorite crystal structure ( , a = 0.54 nm) [42]. 

Next, the antioxidant activity of the CeO2-NPs was assessed. First the SOD-like activity, measured 

by the ability of the CeO2-NPs to scavenge O2
•– over time, was evaluated using the WST-1 assay 

and compared to the natural enzyme (Figure 3.4A). Within this assay, O2 is converted into O2
•– 

by the xanthine/ XO system (Figure 3.4Ai). O2
•–oxidizes the WST-1 reagent into formazan which 

can be detected by UV-Vis at 450 nm. However, SOD-like activity of the CeO2-NPs or native 

SOD converts the O2
•– into O2 and H2O2, thereby decreasing the amount of O2

•– present in the 

system, and thus subsequently decreasing the amount of oxidized formazan being produced. An 

increase in both CeO2-NPs and SOD concentrations results in an enhanced O2
•– removal, as shown 

by the decreased nAbs values (Figure 3.4Aii). Almost complete O2
•– depletion is achieved since a 

maximum reduction to 7% nAbs is observed for concentrations of 1 mM CeO2-NPs and 50 U  

mL-1 SOD. Additionally, the SOD-like activity of CeO2-NPs stored in solution at 4  was shown 

to be maintained for at least over a period of 21 days (Figure 3.4Aiii). 

The CAT-like activity of the CeO2-NPs was investigated by measuring their H2O2 scavenging 

ability using the Amplex Red assay and compared to that of the biological enzyme (Figure 3.4B). 

Within this assay, H2O2 acts as a co-substrate for the conversion of the Amplex Red reagent, in  

A) The hydrodynamic size, PDI, and -potential. B) TEM image of the CeO2-NPs. C) TEM phase contrast 
image of single CeO2-NP showing crystallinity. D) TEM-SAD image with annotated diffraction rings. 

Figure 3.3. Characterization of CeO2-NPs. 
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presence of HRP, into the fluorescent resorufin product (Figure 3.4Bi). CAT-like activity of the 

CeO2-NPs or native CAT converts H2O2 into H2O and O2, thereby decreasing the amount of H2O2 

present in the system, and subsequently decreasing the amount of resorufin product being 

produced. Figure 3.4Bii shows that increasing concentrations of both CeO2-NPs and CAT result 

in decreased H2O2 amounts, as indicated with the lower nFI values. While, for CeO2-NPs, plateau 

values of ~ 17% in nFI were obtained for a concentration 0.5 mM; complete H2O2 depletion was 

detected for a concentration of 12 U mL-1 CAT. Although, in this case, complete H2O2 depletion 

was obtained only with the natural enzyme, the H2O2 scavenging ability of CeO2-NPs remained 

almost unchanged for a period of at least 21 days when stored in solution at 4  (Figure 3.4Biii). 

In contrast, the CAT enzyme experiences a complete loss of catalytic activity within 20 days when 

stored at 4  [43]. Therefore, the long-term stability of the antioxidant properties of CeO2-NPs 

makes them particularly interesting for the fabrication of HBOCs with long shelf life. 

A) SOD-like activity of CeO2-NPs over time measured by the WST-1 assay. i) O2 is converted into 
O2

•– by the xanthine/ XO system. O2
•– oxidizes the WST-1 reagent into formazan which can be detected 

by UV-Vis at 450 nm. Due to the SOD-like activity of CeO2-NPs, O2
•–is consumed which results in a 

decrease of the amount of oxidized formazan. The activity of CeO2-NPs versus native SOD (ii) and 
stability of the SOD-like activity of the CeO2-NPs stored at 4  (iii). B) CAT-like activity of CeO2-
NPs over time measured by the Amplex Red assay. i) H2O2 interacts with the CeO2-NPs to be 
converted, as a result of their CAT-like activity, into H2O and O2. H2O2 acts as a co-substrate for the 
conversion of the Amplex Red reagent into the fluorescent resorufin product in the presence of the 
enzyme HRP. The activity of CeO2-NPs versus native CAT (ii) and stability of the CAT-like activity 
of the CeO2-NPs stored at 4  (iii). 

Figure 3.4. Enzymatic activity of CeO2-NPs. 
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3.3.1.3. Fabrication and Characterization of the Hb-loaded NCs.  

Different HBOCs encapsulation strategies have been developed, including lipidic [10], polymeric 

[11], and MOF-based platforms. MOFs feature well-defined pore structures which allow for high 

Hb encapsulation [13]. Interestingly, zinc-based MOFs were shown to protect the encapsulated Hb 

against oxidation by H2O2 [44]. Hb has been also encapsulated within lipidic vesicles, also known 

as liposomes. Such a system has already been widely evaluated in pre-clinical models showing 

circulation lives up to 65.2 h and up to 72 h in rabbits and monkeys, respectively [45,46]. Herein, 

however, the polymeric platform is chosen. Polymeric NPs are more flexible in encapsulating 

different entities, due to their high tunability and choice in materials. Specifically, the LbL 

technique, which involves the alternating deposition of interacting entities (e.g., polymers but also 

NPs or liposomes) onto a core allows for these complex systems [47-49]. Thus, the LbL technique 

was employed to incorporate the HbPDA and CeO2-NPs onto PLGA-NPs.  

Negatively charged PLGA-NPs with a -potential of -19 mV, an average hydrodynamic size of 

217 nm, and a 0.042 PDI were synthesized. However, their negative charge does not allow for the 

adsorption of HbPDA and CeO2-NPs, which are also negatively charged. Thus, a PDA layer which 

will shield the environment from the organic core while also facilitating surface modification [50], 

is first deposited (PLGA/PDA-NCs). An increase in -potential (to -15 mV) and the dark 

appearance of the PLGA/PDA-NCs, as shown in the inset, confirmed the successful deposition of 

PDA (Figure 3.5A). Next, in order to achieve charge reversal to allow for the deposition of the 

negatively charged HbPDA and CeO2-NPs, PLL intermediate layers were deposited. PLL was 

chosen since, apart from being a positively charged and biocompatible polymer, it allows for 

Michael-type addition and Schiff-base formation with the catechol moieties of the PDA layer, thus 

creating strong chemical bonding between the layers [50]. As shown in Figure 3.5A, the -potential 

became positive (+14 mV) after PLL deposition. Next, the HbPDA layer resulted in PLGA/HbPDA-

NCs with a -potential of -16 mV, indicating a successful adsorption. PLL was used again as a 

positively charged separation layer (+10 mV), followed by the deposition of CeO2-NPs which 

rendered a negative -potential of -19 mV (PLGA/HbPDA/(CeO2-NPs)-NCs). Finally, to obtain Hb-

loaded NCs with a stealth coating, the positively charged copolymer PLL-g-PEG was deposited 

onto the NCs yielding PLGA/HbPDA/(CeO2-NPs)/PEG-NCs with a final overall charge of +9 mV. 

The loading of Hb and CeO2-NPs was quantified by ICP-MS. Specifically, 150.3 ± 26.7 g Hb  
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had been entrapped within a NC as shown by measuring the iron content. 0.213 ± 0.007 mol 

CeO2-NPs were incorporated per NC as shown by measuring the cerium content. 

The final PLGA/HbPDA/(CeO2-NPs)/PEG-NCs had an average hydrodynamic diameter of 269 nm, 

with a 0.055 PDI. DIC imaging furthermore showed a monodisperse suspension (Figure 3.5Bi) 

while cryo-TEM imaging confirmed the presence of the deposited CeO2-NPs (Figure 3.5Bii), 

which are presented as dots on the surface of the NC (as indicated by the black arrows). While the 

CeO2-NPs were mainly deposited in a monodisperse way, bigger CeO2-NP aggregates on top of 

the NCs could also be observed (open arrow). We suggest that aggregation could be due to the 

presence of NaCl in the final TRIS 2 where the NCs are suspended, which has been previously 

reported to have an aggregation effect onto citrate-stabilized particles [51].  

3.3.2. Evaluation of the Stealth Coating.  

To improve the circulation time of nanoparticulate systems, surface PEGylation is a well-

established strategy. PEGylation prevents opsonisation by blocking protein-binding sites and/or 

creating steric hindrance due to its flexible hydrophilic polymer chains. In this study, PEGylation 

was easily achieved by coating the LbL-assembled nanocarrier with PLL-g-PEG. This comb-like 

copolymer was chosen to provide sufficient electrostatic binding sites between PLL backbone and 

The zeta ( )-potential measurements following subsequent deposition of PDA, PLL, HbPDA, PLL, CeO2-
NPs, and PLL-g-PEG onto the PLGA-NPs. Inset shows color change of PLGA-NPs after PDA coating. 
B) Imaging of the final Hb-loaded NCs using DIC microscopy (i) and cryo-TEM (ii). The cryo-TEM 
shows the presence of individual CeO2-NPs (black arrows) and a CeO2-NPs aggregate (open arrows) 

Figure 3.5. LbL assembly of the Hb-loaded NCs. 
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the PLGA/HbPDA/(CeO2-NPs)-NCs, while the non-ionic hydrophilic PEG chains extend outwards, 

providing antifouling properties [52].  

To assess the effect of PEGylation as stealth coating, a protein adsorption study was performed. 

Uncoated PLGA/HbPDA/(CeO2-NPs)-NCs and PEGylated PLGA/HbPDA/(CeO2-NPs)/PEG-NCs 

were incubated in albumin and immunoglobulin solutions (BSAF and IgGF, respectively), which 

are the most abundant proteins in blood [27]. The results show a different PEGylation effect 

depending on the studied protein (Figure 3.6A). In particular, the absorption of BSAF onto the 

NCs is very limited independently of the end coating. As such, both PLGA/HbPDA/(CeO2-NPs)-

NCs and PLGA/HbPDA/(CeO2-NPs)/PEG-NCs experience only a 15% increase in nFI as compared 

to the controls (NCs without protein exposure). While we attribute the low adsorption onto 

PLGA/HbPDA/(CeO2-NPs)/PEG-NCs to the stealth properties of the PEG coating, previous results 

have shown little to non-significant BSA adsorption for negatively charged CeO2-NPs, which has 

A) FI readings of PEGylated NCs (PLGA/HbPDA/(CeO2-NPs)/PEG-NCs) and uncoated NCs 
(PLGA/HbPDA/(CeO2-NPs)-NCs) following incubation for 4 h at 37  with fluorescently labelled BSA 
(BSAF) and IgG (IgGF). The FI of the NCs without protein exposure were measured as controls. B) CUE 
of RAW 264.7 (i) and HUVEC (ii) cells exposed to increased amounts NCs. C) nCMFI of RAW 264.7 
(i) and HUVEC (ii) cells exposed to increased amounts of NCs. * p 0.05; **p  0.01; ***p  0.001; 
****p  0.0001, PLGA/HbPDA/(CeO2-NPs)-NCs vs PLGA/HbPDA/(CeO2-NPs)/PEG-NCs. 

Figure 3.6. Evaluation of the stealth coating of the Hb-loaded NCs. 



59 

 

been attributed to their electrostatic repulsion [53]. In contrast, for IgGF, PEGylation has a 

tremendous impact with similar nFI readings for the PEGylated NCs (11%) and the control (9%). 

In contrast, a 91% increase in nFI is observed for the uncoated NCs. As shown by Zhang et al., 

IgG type proteins have the ability to destroy the citrate ligands of citrated-capped inorganic NPs, 

subsequently binding onto the inorganic core [54]. Furthermore, during the destruction of the 

citrate ligands, the inorganic NPs cores are temporarily exposed, which can lead to the Irreversible 

aggregation of the NPs as a result of the strong van der Waals interactions [54]. This aggregation 

will then translate into accelerated clearance by the MPS. 

The effect of PEGylation was also assessed in vitro by means of cell association studies. Two 

model cell lines, RAW 264.7 macrophages and HUVEC endothelial cell lines were used. 

Macrophages are the first line of defense against intruding pathogens, while endothelial cells line 

the inside of the blood vessels. The cells were exposed to uncoated PLGA/HbPDA/(CeO2-NPs)-

NCs and PEGylated PLGA/HbPDA/(CeO2-NPs)/PEG-NCs, and the CUE and CMFI of the cells 

incubated for 4 h with different amounts of NCs, were evaluated. The CUE shows a slight increase 

upon incrementing the amount of NCs for both cell lines and for both uncoated and PEGylated 

NCs (Figure 3.6B). Importantly, for both cell lines, there is a significant decrease in CUE following 

incubation with the PEGylated NCs as compared to the uncoated counterparts. Such a decrease in 

CUE ranges from 23% (for HUVEC cells exposed to 7.5 × 106 NCs mL-1) to up to 46% (for RAW 

264.7 cells exposed to 1.5 × 106 NCs mL-1). The nCMFI readings are in agreement with the CUE 

results (Figure 3.6C), showing a decrease in nCMFI when both cell lines are incubated with the 

PEGylated NCs. This decrease in nCMFI ranges from 8% (for HUVEC cells exposed to 7.5 × 106 

NCs mL-1) to up to 48% (for RAW 264.7 cells exposed to 7.5 × 106 NCs mL-1). Thus, 

functionalization with PLL-g-PEG rendered NCs with substantial stealth properties for both cell 

lines and for all the studied concentrations.  

3.3.3. Biocompatibility. 

To get a deeper insight on the interaction of the NCs with the two cell lines, the cell viability 

following incubation with increasing concentrations of PLGA/HbPDA/(CeO2-NPs)/PEG-NCs was 

evaluated. Figure 3.7 shows a significant decrease in nCV only for RAW 264.7 cells in the 

presence of the highest concentration of NCs. In contrast, the results for HUVEC cells were very  
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different and increasing nCV readings were observed for increasing amounts of NCs. We suggest 

that this decrease in CV for RAW 264.7 could be a result of the NCs being engulfed by the cells 

instead of associated with the cell membrane. As opposed to HUVEC cells, macrophages are 

specialized cells that engulf and digest foreign substances. Enhanced CV as shown for HUVECs, 

has also been observed for other HBOCs following incubation with cells [36]. Such an enhanced 

CV was attributed to the O2 carrying properties of the encapsulated Hb, thereby supplying O2 to 

the cell environment and subsequently facilitating cell viability.  

In addition to macrophages and endothelial cells, the interaction of nanoparticles with blood cells 

is an important factor to consider when fabricating NCs to be intravenously administered. The 

impact of both uncoated PLGA/HbPDA/(CeO2-NPs)-NCs and PEGylated PLGA/HbPDA/(CeO2-

NPs)/PEG-NCs on RBCs was assessed by a hemolysis rate test. The Hb-loaded NCs showed 

haemolysis rates well below 5% for both NCs at all studied concentrations (Figure 3.8A). This is 

an important fact since biomaterials are considered non-hemolytic for haemolysis rates lower than 

5% [11]. Photographic images of the collected supernatants show a red coloration only for the 

positive control, indicating the presence of free Hb due to erythrocyte haemolysis (Figure 3.8B). 

DIC imaging furthermore shows no apparent change in the blood cells morphology following 

incubation with PLGA/HbPDA/(CeO2-NPs)/PEG-NCs as compared to the negative control (Figure 

3.8C). Interestingly, even though no apparent effect on the haemolysis rate was observed following 

incubation of the uncoated PLGA/HbPDA/(CeO2-NPs)-NCs with the blood cells, NCs appeared as 

aggregates in the cell suspension and associated with the blood cells. The photographic insets show  

nCV readings of RAW 264.7 macrophages and HUVEC endothelial cells following incubation with 
increasing concentrations of PLGA/HbPDA/(CeO2-NPs)/PEG-NCs for 4 h. * p 0.05, NCs vs Cells only. 

Figure 3.7. Cell viability in presence of Hb-loaded NCs. 
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the suspensions of both NCs after overnight storage. While PEGylated PLGA/HbPDA/(CeO2-

NPs)/PEG-NCs remain as a monodisperse suspension, sedimentation takes place for the uncoated 

PLGA/HbPDA/(CeO2-NPs)-NCs. These results highlight again the importance of the PEG coating 

which renders low-fouling properties (Figure 3.6) but also eliminates the NCs aggregation during 

storage and in presence of cells (Figure 3.8C). 

3.3.4. Catalytic Activity. 

After completing the assembly of the PLGA/HbPDA/(CeO2-NPs)/PEG-NCs, the catalytic activity 

as a result of the incorporation of CeO2-NPs was evaluated. Figure 3.9 shows the SOD-like and 

the combined SOD- and CAT-like activities for the Hb-loaded NCs after each deposition step. In 

a similar way as when evaluating the catalytic properties of the CeO2-NPs in section 3.1.2, the 

SOD-like activity of the NCs was assessed by the WST-1 assay. Figure 3.9A shows the nAbs 

readings at three different time-points. For PLGA-NPs, no decrease in nAbs was observed 

following incubation for 30 and 60 min. In contrast, upon PDA coating a ~25% decrease in nAbs 

A) Hemolysis rate of uncoated PLGA/HbPDA/(CeO2-NPs)-NCs and PEGylated PLGA/HbPDA/(CeO2-
NPs)/PEG-NCs at different concentrations. MQ and PBS were used as positive and negative controls, 
respectively. B) Photographic images of the supernatants of the two controls, the PLGA/HbPDA/(CeO2-
NPs)-NCs (i), and PLGA/HbPDA/(CeO2-NPs)/PEG-NCs (ii). C) Differential interference contrast images 
of blood cells incubated with the NCs. Insets show the NCs suspensions after overnight storage at 4 . 

Figure 3.8. Hemocompatibility of the Hb-loaded NCs. 
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is observed for the two longest time-intervals. This is not surprising since the antioxidant properties 

of PDA scavenging various radicals, ROS, and reactive nitrogen species have been previously 

demonstrated by us [27,36], and others [33,35]. Next, deposition of PDA-coated HbPDA shows 

additional O2
•– scavenging as shown by a 50% reduction in nAbs as compared to the controls, 

again highlighting the antioxidant properties of PDA. Importantly, deposition of the CeO2-NPs 

onto the NCs resulted in almost complete depletion of O2
•– as shown by a ~90% reduction in nAbs. 

Following PEGylation, no additional decrease in nAbs could be detected. 

Following on, the CAT-like activity of the NCs was investigated by the Amplex Red assay (Figure 

3.9B). With this assay, we first take advantage of the SOD-like activity of the NCs in catalyzing 

the decomposition of O2
•– into H2O2. Next, we measure the scavenging potential of the NCs 

towards H2O2. No antioxidant activity was observed for the PLGA-NPs (Figure 3.9Bi). 

Interestingly, coating with PDA results on a slight increment in nFI, indicating increase in H2O2 

concentration. Although such an increase is not significant, this trend has been previously reported 

in our group [27] and could possibly be explained by oxidation of PDA in O2-rich solutions, which 

produces H2O2 as an O2-reduction product [55]. Once PDA is in the oxidized state, however, it 

loses the ROS-generating ability while still retaining radical-scavenging activities [55]. The HbPDA 

layer decreases the nFI continuously over time, with only 15% nFI left after 60 minutes. This 

decrease is thought to be due to the protective PDA coating on the HbPDA, which protects Hb 

against H2O2 (Figure S3.4), and has previously been employed to scavenge ROS in HBOCs 

systems [33,34]. We speculate that the different behaviour of the PDA coatings is a result of the 

different underlying compounds (i.e., PLGA-NPs or Hb). We hypothesize that, as a result of the 

O2 carrying abilities of Hb, the PDA coating could be in an oxidized state prior to incorporation 

into the NCs and, thus, displays only radical-scavenging properties. Importantly, similar to Figure 

9A, the CeO2-NPs are responsible for the depletion of the remaining ROS. The decrease in nFI 

after deposition of the CeO2-NPs was furthermore compared to the activity of the free CeO2-NPs. 

Performing the Amplex Red assay on both the free CeO2-NPs and PLGA/HbPDA/(CeO2-NPs)-NCs 

showed 49% of the activity was retained after incorporating the CeO2-NPs. While there is a 

decrease in activity, the CeO2-NPs were still able to completely remove the ROS, as shown by a 

decrease in nFI to zero. Thus, these results highlight the robust ability of CeO2-based NZs to 

deplete ROS such as O2
•– and H2O2.  
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Next, we evaluated whether the PEGylated PLGA/HbPDA/(CeO2-NPs)/PEG-NCs were able to 

conduct multiple rounds of catalytic activity. Since HBOCs are expected to circulate in the blood 

for an extended period of time, being able to deplete ROS in a continuous manner will prevent Hb 

oxidation into metHb. Figure 3.9Bii shows that on a first cycle, the PEGylated NCs were able to 

deplete 75% of H2O2 as shown by the decrease in nFI. On a second cycle, 66% of the total H2O2 

had been depleted, showing a loss of 9% in catalytic activity. However, after the five subsequent 

cycles, the NCs were still able to preserve 42% of catalytic activity. This demonstrates that the 

developed Hb-loaded NCs are a robust system able to conduct multiple catalytic rounds, even after 

being subjected to several spinning and resuspension cycles. Together with the storage stability of 

the CeO2-NPs (Figure 3.3Biii, Ciii), this data shows the potential of the NZs in replacing the RBC’s 

native antioxidant system in HBOCs. We envision that the prolonged H2O2 and O2
•– scavenging 

will protect the encapsulated Hb against metHb conversion, thereby supporting the potential of the 

synthesized NCs as oxygen carriers. 

A) SOD-like activity measured as the conversion of O2
•– into H2O2 using the WST-1 assay. nAbs readings 

measured after each deposition step for three time intervals. PLGA-NPs are coated with PDA followed 
by the deposition of HbPDA, CeO2-NPs, and PLL-g-PEG. B) Combined SOD-like and CAT-like activity 
evaluated by the Amplex Red assay. First, the NCs catalyze the decomposition of O2

•– H2O2, followed 
by the subsequent decomposition of H2O2 into O2 and H2O. H2O2 acts as a co-substrate for the conversion 
of the Amplex Red reagent into the fluorescent resorufin product in the presence of the enzyme HRP. 
nFI readings due to the fluorescent resorufin product after each deposition step of the NCs assembly for 
three different time intervals (i). Recyclability of the combined SOD- and CAT-like activity of the 
complete PLGA/HbPDA/(CeO2-NPs)/PEG-NCs for five subsequent cycles (ii).  

Figure 3.9. Catalytic activity of Hb-loaded NCs. 
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3.4. Conclusions 

A multi-layered nanocarrier was fabricated and evaluated in the context of oxygen delivering 

systems. The LbL technique was employed to adsorb different functional components (i.e., HbPDA, 

CeO2-NPs, and PLL-g-PEG) onto a PLGA-NP core. Such combination created a nanocarrier able 

to reversibly bind and release O2, deplete ROS, and show low-fouling properties.  

It was demonstrated that Hb could be coated with PDA without altering the structure and 

functionality of the protein. CeO2-NPs were synthesized and their ability to deplete O2
•– and H2O2 

was demonstrated prior and following incorporation into the nanocarrier. Cryo-TEM imaging was 

employed to confirm their presence in the nanocarrier system. The long storage stability combined 

with the catalytic activity over multiple cycles of ROS-scavenging show the CeO2-NPs’ potential 

as antioxidant system in the new generation of HBOCs. The surface modification using PLL-g-

PEG resulted in lowered protein adsorption as well a significant reduction in cell association. 

Finally, the nanocarriers’ biocompatibility was demonstrated by cell viability and 

hemocompatibility tests. Thus, in summary, the fabricated HBOCs can supply oxygen while 

simultaneously providing a robust catalytic system, showing their potential as oxygen delivery 

systems. 
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3.7. Supporting information 

3.7.1. Materials and Methods 

3.7.1.1. Materials.  

PLGA (50:50, MW 30-60 kDa), poly(vinyl alcohol) (PVA, MW 13-23 kDa), sodium chloride 

(NaCl), poly(L-lysine) (PLL, MW 15-30 kDa), 4-(2-hydroxyethyl) piperazine-1-ethane-sulfonic 

acid (HEPES), cellulose dialysis tubing (12.4 kDa), BSA, fluorescein isothiocyanate (FITC), 

sodium bicarbonate (NaHCO3), dimethyl sulfoxide (DMSO), sodium dithionite (SDT), iridium, 

gallium, cerium and iron standards for ICP-MS were purchased from Merck Life Science A/S 

(Søborg, DK). Dichloromethane (DCM) and toluene were purchased from VWR International A/S 

(Søborg, DK). 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DiI) and 

Pierce bicinchoninic acid (BCA) Protein assay kit were purchased from ThermoFisher Scientific 

(Waltham, MA, USA). -Methoxy- -carboxylic acid succinimidyl ester poly(ethylene glycol) 

(MeO-PEG-NHS, PEG MW 2 kDa) was purchased from Iris Biotech GmbH (Marktredwitz, DE). 
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HEPES buffer contains 10 mM HEPES and 150 mM NaCl (pH 7.4). The buffer was made with 

ultrapure water (MQ). 

3.7.1.2. Hb Extraction from Bovine RBCs.  

Hb was extracted from bovine whole blood in accordance with Zijlstra et al [1]. Equal volumes of 

whole blood and 0.9% NaCl were gently mixed, and subsequently spun down (1500 g, 20 min) 

using a high-speed centrifuge (SL16R centrifuge, ThermoScientific). The supernatant was 

removed and this washing step was repeated two times. The resulting RBCs pellet was mixed with 

MQ and toluene at a 1:1:0.4 volume ratio followed by thorough mixing. Next, the solution was 

added to a tapping separation flask and stored overnight at 4  to allow for separation of the 

different phases. The bottom phase consisting of a clear stroma-free Hb solution was collected, 

spun down (8000 g, 20 min), and filtered through ash-free paper. The Hb was stored at -80 . The 

Hb concentration was determined using a BCA protein assay. 

3.7.1.3. Synthesis and Characterization of PLGA-NPs.  

PLGA-NPs were prepared by a double emulsion (water-in-oil-in-water) solvent evaporation 

method. 2 mL PLGA (12.5 mg mL-1 in DCM) was added to 250 L PBS, followed by sonication 

(70% power, 40 sec, and 50% duty cycle) (Q700 sonicator with microprobe, Qsonica). The 

obtained primary emulsion was added to 10 mL of a PVA solution (1% PVA in MQ) followed by 

sonication (70% power, 40 sec, and 50% duty cycle). The double emulsion was stirred overnight 

and the resulting PLGA-NPs were washed in MQ (2×, 6000g, 10 min, 4 ). 

To obtain fluorescently labelled PLGA-NPs (PLGAF-NPs), 12.5 L DiI (2 mg mL-1 in tert-

butanol/MQ, 9:1 volume ratio) was added to the 2 mL PLGA (12.5 mg mL-1 in DCM).  

PLGAF-NPs were used for the carrier assembly to allow quantification. 40,000 events per sample 

were recorder using the flow cytometer. The plate reader was furthermore used to determine the 

FI ( ex/ em: 549/565 nm), which was correlated to the flow cytometry readings. 

3.7.1.4.  Synthesis of PLL-g-PEG. 

PLL-g-PEG was synthesized according to a previous established protocol [2]. Briefly, 0.083 mmol 

MeO-PEG-NHS (4 mL HEPES, 4 ) and 30 mg PLL (0.5 mL HEPES, 4 ) were mixed, 
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transferred to a tube rotator, and let to react for 4 h at 4 , followed by a two-day dialysis (12.4 

kDa MWCO) against MQ. The product was lyophilized and stored at -20 . 1H NMR analysis 

showed an average grafting ratio of 2.0. 

3.7.1.5. Synthesis of BSAF. 

BSAF was obtained following a previously reported protocol [3]. In particular, 1 mL of a FITC 

solution (10 mg mL-1 in DMSO) was added dropwise to 20 mL of a BSA solution (5 mg mL-1 in 

50 mM NaHCO3, pH 10). The mixture was transferred to a tube rotator and allowed to react 

overnight followed by dialysis (12.4 kDa MWCO) against MQ for two days. The resulting BSAF 

was lyophilized and stored at -20 . 

3.7.1.6. Characterization of HbPDA. 

For FTIR analysis, HbPDA (4 mg mL-1 in TRIS 2) was washed in MQ (3×, 9700g, 5 min) using 

Amicon centrifugal filters and the bench-top centrifuge. As controls, Hb (4 mg mL-1) and DA (8 

mg mL-1) solutions washed in MQ were considered. The solutions were lyophilized to obtain 

powdered products. A 4000-515 cm-1 window was measured with a resolution of 1 cm-1.  

For CD analysis, HbPDA (40 g mL-1 in TRIS 2) and, as controls, Hb (40 g mL-1), PDA (8 g mL-

1), partially denatured Hb (40 g mL-1, heated to 60 ) and fully denatured Hb (40 g mL-1, heated 

to 100 ) were considered. A 190-260 nm window was measured with a step of 1 nm and 

bandwidth of 1 nm. Spectra were collected as the average of four scans. The spectra were truncated 

at the lowest wavelength where the signal of the high tension exceeded 700 V.  

The gas binding and release study was conducted by UV-Vis spectroscopy. To obtain 

deoxygenated Hb, the primary oxygenated Hb or HbPDA suspension (2.5 mL, 0.5 mg mL-1 in TRIS 

2) was purged with N2 for 10 min in a closed system. To remove any residual O2, a pinch of SDT 

was added to the sample prior recording the UV-Vis spectrum. To obtain oxy-Hb, the samples 

were removed from the closed system and purged with compressed air for 10 min. For HbPDA, the 

steps for deoxygenation and oxygenation were repeated multiple times. To obtain CO-bound Hb, 

the samples were purged with CO for 10 min in a closed system. For the oxygen binding 

reversibility of HbPDA over time, HbPDA was stored at 4  and the UV-Vis spectra were recorded 

for the primary, the N2 purged, and the air purged HbPDA suspensions.  
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The ODC of both free Hb and HbPDA were obtained using the Hemox analyzer. Compressed air 

and N2 were used to oxygenize and deoxygenize the samples, respectively. 300 L of Hb or HbPDA 

(8 mg mL-1 in TRIS 2) were dispersed in 2 mL PBS containing antifoaming agent (TCS Scientific 

Corp.). After heating the samples to 37 , the ODCs were recorded. The Adair constants were 

calculated using linear iteration, after which the p50 and Hill coefficient were obtained.  

The oxidative protection of the PDA coating on Hb was assessed by UV-Vis spectroscopy. Hb or 

HbPDA (1 mg mL-1 in TRIS) was incubated with different concentrations of H2O2 (0 – 20 mM) for 

4 min, after which the Soret peak was measured. The peak heights were normalized to 0 mM H2O2. 

3.7.1.7. Characterization of CeO2-NPs. 

For the ICP-MS analysis, 20 L CeO2-NPs were dissolved in Aqua Regia (1980 L), followed by 

appropriate dilution in a 2% HCl solution containing 0.5 ppb Ir as internal standard. Quantification 

of the cerium content in the CeO2-NPs was extrapolated from a Ce standard curve. 

The CeO2-NP suspension was also characterized by UV-Vis spectroscopy. The absorbance at 350 

nm was measured and correlated to the ICP-MS data (Figure S3.1). 

For TEM imaging, a Tecnai T20 G2 operating at 200 kV and located at the Center for Electron 

Nanoscopy at DTU was employed. 3 L of solution was drop cast onto a freshly glow discharged 

400 mesh ultrathin carbon type-A Cu TEM grid (Ted Pella Inc., Redding, CA, USA) and allowed 

to adsorb 5 min before the excess solution was removed. Initial images were acquired using a CCD 

camera equipped with Digital Micrograph (Gatan Inc., Pleasanton, CA, USA) and high resolution 

phase contrast images were acquired using a TVIPS-XF416 CMOS camera (TVIPS GmbH, 

Gauting, DE). TEM-SAD patterns were acquired from a region of highly concentrated NPs.   

3.7.1.8. Stability of Catalytic Activity of CeO2-NPs over time. 

The catalytic activity of the CeO2-NPs stored at 4  was evaluated for a period of 21 days. For 

the WST-1 assay, XO (10 L, 0.58 U mL-1) was added to 200 L of reagent mixture containing 

WST-1 (5.0% v/v), EDTA 0.1 mM), and xanthine (0.1 mM), and a suspension of CeO2-NPs (50 

L, 10 mM), all in TRIS 2. The mixture was incubated for 20 min in the thermoshaker and 180 

L of the suspension was transferred to a 96-well plate. The Abs at 438 nm was measured using 
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the multimode plate reader. TRIS 2 (50 L) with 200 L of reagent mixture, with and without the 

addition of XO (10 L, 0.58 U mL-1), all in TRIS 2, were used as positive and negative controls, 

respectively.  

For the Amplex Red assay, H2O2 (50 L, 1.0 mM) was added to a suspension of CeO2-NPs (50 

L, 10 mM), all in TRIS 2, and incubated for 30 min in the thermoshaker. HRP (50 L, 0.4 U mL-

1) and Amplex Red (50 L, 0.1 mM) in TRIS 2 were added to the suspension, followed by an 

additional 5 min incubation in the thermoshaker. Next, 180 L were transferred to a 96-well plate 

and the FI ( ex/ em: 530/586 nm) was measured using the plate reader. TRIS 2 (50 L) incubated 

with and without H2O2 (50 L, 1.0 mM in TRIS 2) were used as positive and negative controls, 

respectively.  

3.7.1.9. Optimization of the LbL Assembly.  

PLGA-NPs (1000 g) were incubated in DA solutions (300 L, 0 – 4.0 mg mL-1 in TRIS 1) for 

30 or 60 min, followed by washing in TRIS 2 (2×, 4847g, 4 min). Next, the following layers at 

different concentrations in TRIS 1 were deposited for 10 min at RT using a tube rotator: PLL (300 

L, 0 – 4.0 mg mL-1), HbPDA (300 L, 0 – 4.0 mg mL-1), PLL (300 L, 0 – 4.0 mg mL-1), CeO2-

NPs (300 L, 0 – 10 mM) and PLL-g-PEG solutions (300 L, 0 – 4.0 mg mL-1). After each 

deposition step, the NCs were washed twice before adding the next layer.  

To determine the HbPDA content, 15 L of PLGA/HbPDA-NCs were dissolved in Piranha solution 

(135 L), followed by appropriate dilution in a 2% HCl solution containing 10 ppb Ga as internal 

standard. Quantification of the iron content in the HbPDA was extrapolated from a Fe standard 

curve. 

To determine the CeO2-NPs content, UV-Vis spectroscopy in combination with ICP-MS was 

employed. Since the PLGA/HbPDA/(CeO2-NPs)-NCs consist of organic (PLGA-NPs) and 

inorganic (CeO2-NPs) particles, appropriate acid was not found to dissolve both components 

simultaneously. Hence, the washing supernatants of the PLGA/HbPDA/(CeO2-NPs)-NCs were 

collected and measured with UV-Vis (Abs 350 nm). These values were correlated to ICP-MS data 

of free CeO2-NPs (Figure S3.1).  
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For cryo-TEM imaging, 3 L of PLGA/HbPDA/(CeO2-NPs)/PEG-NCs suspension was placed on a 

glow discharged lacy carbon 300 mesh copper TEM grid (Ted Pella, Inc.), blotted, and plunge 

frozen in liquid ethane using a FEI Vitrobot Mark IV. Samples were imaged using a FEI Tecnai 

G2 20 TWIN TEM operated at 200 keV in low dose mode with a FEI High-Sensitive 4k x 4k Eagle 

camera located at the Core Facility for Integrated Microscopy, Faculty of Health and Medical 

Sciences, University of Copenhagen. 
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3.7.3. Figures 

Quantification of Cerium Oxide Nanoparticles using UV-Vis Absorbance and Inductively 

Coupled Plasma Mass Spectrometry. 

A) UV-Vis spectrum of the CeO2-NPs, where the absorbance is measured at 350 nm. B) Calibration curve 
of the CeO2-NPs correlating the absorbance to the measured ICP-MS Ce content (mM).  

 

 
 
Saturation Curves obtained by Zeta Potential Measurements for the Deposition of the 

Subsequent Layers during the Nanocarrier Assembly.  

The -potential measurements following incubation of the PLGA-NPs with increasing amounts of the 
following subsequent compounds: i) DA for 30 or 60 min, ii) PLL, iii) HbPDA, iv) PLL, v) CeO2-NPs, vi) 
and PLL-g-PEG for 10 min. Optimal concentrations (in purple) were determined before continuing to the 
next deposition step. 

Figure S3.1. Quantification of the synthesized CeO2-NPs. 

Figure S3.2. Saturation curves for the layer-by-layer assembly of the Hb-loaded NCs. 
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Oxygen Binding Reversibility of HbPDA over Time. 

HbPDA was stored at 4  for 1, 2, and 3 weeks, after which the UV-Vis spectra and corresponding band 
wavelengths were obtained for the stored HbPDA (red, O2 – cycle 1). Next, the HbPDA samples were purged 
with nitrogen (green, N2 – cycle 1) followed by oxygen (red dotted, O2 – cycle 2).  

 
 

Oxidative protection of HbPDA against H2O2. 

Soret peak heights of Hb and HbPDA were determined after incubation with different concentrations of H2O2.  

  

Figure S3.3. Oxygen binding and release study of HbPDA over time. 

Figure S3.4. Oxidative protection of Hb functionality against H2O2 after PDA coating (HbPDA). 
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Preface 

In Chapter 3, a PLGA-NP core was employed to deposit various layers onto (i.e., HbPDA, CeO2-

NPs, and PLL-g-PEG), thereby obtaining a multifaceted HBOC system. However, the PLGA-NP 

core itself was left empty. Thus, herein, we examined the Hb encapsulation within the PLGA-NP 

to improve the Hb content of the HBOC system. The double emulsification solvent evaporation 

method is employed, which is the most used technique to encapsulate various cargos within PLGA-

NPs. By changing the fabrication parameters, we aim at optimizing the loading of Hb within the 

Hb-loaded PLGA-NPs (PLGAHb-NPs). Importantly, the preservation of the Hb’s functionality 

after encapsulation was also assessed, since the Hb’s ability to reversibly bind and release oxygen 

is necessary to employ the fabricated PLGAHb-NPs as RBCSs. Therefore, Chapter 4 assesses the 

Hb loading into PLGA-NPs in context of size, PDI, loading capacity and encapsulation efficiency, 

but also by examining the preservation of the Hb’s functionality.  

This chapter is based on a project I co-supervised during my PhD, where most of the experiments 

were performed by Clara Coll-Satue. The project explored the influence of changing various 

parameters such as Hb, PLGA, and PVA concentration, solvent evaporation method, and the 

addition of a stabilizer on the prepared PLGAHb-NPs. However, in context of this thesis, only the 

effect of Hb, PLGA, and PVA concentrations are explored.  
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4.1. Introduction 

Our group has reported the encapsulation of Hb within a novel carrier displaying both antioxidant 

and stealth properties (Chapter 3) [1]. Specifically, Hb was incorporated by depositing the Hb as 

a layer onto a PLGA-NP core using the LbL technique. However, despite obtaining encouraging 

results, it remains a challenge to fabricate HBOCs with high Hb content which will be required to 

meet the high oxygen demands of our body. Thus, herein, we aim at optimizing the loading of our 

carrier by incorporating Hb within the PLGA core.  

PLGA-NPs are widely explored as encapsulation platform, where the most popular technique to 

encapsulate proteins is based on the double emulsion solvent evaporation method [2]. However, 

when exploring the process parameters to improve the entrapment efficiency, BSA is mainly 

employed as a model protein [3–5]. While BSA and Hb are similar in size, their structure is 

different in that BSA is a singular polypeptide strand while Hb has a tetrameric structure, which 

folding furthermore determines the proteins functionality. Lu et al. investigated the encapsulation 

of Hb in PLGA-based NPs using the double emulsion solvent evaporation method with varying 

parameters, but rather than using PLGA a PEG-PLGA block copolymer was employed [6]. Chang 

et al. also prepared Hb loaded NPs by employing the polymer PLGA [7]. The authors employed 

the double emulsion method, where a polymer-containing mixture was dissolved in organic solvent 

(e.g., chloroform, ethyl acetate, or ethanol), which was injected into a Hb solution to obtain a Hb 

emulsion, followed by the addition of a solidifier (e.g., cyclohexane, or heptane), thereby forming 

Hb-containing polymeric membranes.  

In this study we prepare PLGAHb-NPs using the double emulsion solvent evaporation method 

(Scheme 4.1A). By studying the effect of several process parameters (i.e., concentrations of 

protein, polymer, and emulsifier) we aim to optimize the fabricated PLGAHb-NPs. The PLGAHb-

NPs were assessed in terms of their size, PDI, loading capacity (LC), and entrapment efficiency 

(EE) (Scheme 4.1B). Finally, the functionality of the PLGAHb-NPs was evaluated by means of 

their ability to bind and release oxygen. 
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A) The building blocks of PLGAHb-NPs consist of the protein Hb, the polymer PLGA, and the emulsifier 
PVA. Using the double emulsion solvent evaporation method, which include the sonication during the 
two emulsion steps, followed by dichloromethane evaporation, PLGAHb-NPs are obtained. B) Depending 
on the Hb, PLGA, and PVA concentrations used, the size, polydispersity, loading capacity, and 
entrapment efficiency are influenced.  

4.2. Materials and Methods 

4.2.1. Materials. 

PLGA (lactide: glycolide 50:50, MW 30-60 kDa), PVA (MW 13-23 kDa, 87-89% hydrolyzed), 

NaCl, SDT, PBS, and TRIS were purchased from Merck Life Science A/S (Søborg, DK). DCM 

and toluene were purchased from VWR International A/S (Søborg, DK). Bovine blood with citrate 

(Product no. 77667) was purchased from SSI Diagnostica A/S (Hillerød, DK) to obtain Hb. 

Pierce™ BCA Protein assay kit was purchased from ThermoFisher Scientific (Waltham, MA, 

USA). 

TRIS 1 contains 10 mM TRIS (pH 8.5); TRIS 2 contains 10 mM TRIS and 150 mM NaCl (pH 

7.4). All buffers were made with MQ, gradient A 10 system, TOC < 4 ppb, resistance 18 MV cm, 

EMD Millipore, USA). 

Scheme 4.1. The fabrication of PLGAHb-NPs. 
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4.2.2. Hb Extraction from Bovine Blood. 

To obtain Hb, the protein was extracted from bovine whole blood following a reported protocol 

[1]. In short, the whole blood was washed in a saline solution (3×, 0.9% NaCl, 1:1 v/v, 2000 g, 20 

min, 4 ), using a high-speed centrifuge (SL16R centrifuge, ThermoScientific). Next, the cells in 

the obtained suspension were lysed using MQ and toluene (1:1:0.4 v/v), and after overnight storage 

at 4  the stroma-free Hb phase was collected, spun down (8000 g, 20 min), and filtered. The Hb 

concentration was determined using a BCA protein assay. The Hb was aliquoted and stored at -80 

°C. 

4.2.3. PLGAHb-NPs Formulation. 

The Hb-loaded PLGA-NPs were prepared using a double emulsion (water-in-oil-in-water, 

w1/o/w2) solvent evaporation method and Hb was introduced in the primary water phase (w1). 

Specifically, 2 mL PLGA (1–40 mg mL-1 in DCM) was added to 250 L Hb (0–100 mg mL-1 in 

PBS) and the primary w1/o emulsion was obtained by sonication on ice (70% power, 40 sec, and 

50% duty cycle) (Q700 sonicator with microprobe, Qsonica). Next, the w1/o emulsion was added 

to 10 mL of a PVA solution (0.5–2% w/v in MQ) and sonicated again to form the double w1/o/w2 

emulsion. The final preparation was stirred for 30 min at room temperature, followed by removal 

of the remaining DCM using a rotavapor. The resulting PLGAHb-NPs suspension was washed in 

TRIS 1 (2×, 6500 g, 10 min, 4 ) and stored at 4  until usage. 

4.2.4. PLGAHb-NPs Characterization. 

4.2.4.1. Particle Size and PDI.  

The hydrodynamic size and PDI were evaluated by DLS (Zetasizer nanoseries nano-ZS, Malvern 

Panalytical Ltd, Malvern, UK).  

4.2.4.2. LC and EE.  

The LC and EE were evaluated by Abs measurements of the Soret peak (~414 nm) using a 

NanoDrop 2000c (ThermoFisher Scientific, Waltham, USA). The Abs readings were correlated 

employing a standard curve to Hb concentrations which had been established using a BCA assay. 
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The LC and EE were calculated as follows: LC (%) = (amount of encapsulated Hb/total amount 

of PLGAHb-NPs) ×100 and EE (%) = (amount encapsulated Hb/initial amount of Hb) × 100. 

Herein, the total amount of PLGAHb-NPs was determined by lyophilization of a predetermined 

volume of sample, while the amount of encapsulated Hb and the initial amount of Hb were 

determined by their UV-Vis absorbance measurements. For the amount of encapsulated Hb, the 

background slope (due to the PLGA-NPs) was removed. The Abs values were correlated to a Hb 

standard curve. 

4.2.4.3. Hb Functionality.  

The ability of the Hb entrapped within the PLGAHb-NPs to reversibly bind and release oxygen was 

evaluated by monitoring the shift of the Soret peak by UV-Vis using a UV-2600 UV-Vis 

Spectrophotometer (Shimadzu Corp., Kyoto, JP). The spectra of the oxy-Hb were obtained 

recording suspensions of free Hb and the different HbNPs in TRIS 2 in the wavelength range of 

350–650 nm. For the PLGAHb-NPs, bare PLGA-NPs were loaded as reference, thereby removing 

the slope created by the NPs. To obtain the spectra of the deoxy-Hb, the samples were purged with 

N2 gas in a closed system for 10 min and a pinch of SDT was added to remove any remaining 

oxygen. To obtain oxy-Hb again, the samples were removed from the closed system and purged 

with compressed air for 10 min and the spectra were recorded in the same wavelength range. The 

deoxygenation and reoxygenation of the samples were performed for an additional cycle following 

the same steps. A sample was considered nonfunctional when the first deoxygenation was 

unsuccessful, semifunctional when the sample failed on the second deoxygenation step, and 

functional when the PLGAHb-NPs sample could do two cycles of oxygenation and deoxygenation.  

For all NP characterizations, at least two independent studies were performed.  

4.3. Results and Discussion 

4.3.1. Effect of Hb Concentration. 

The principal function of Hb, which is the main component of native RBCs, is oxygen transport. 

Hb transports about 98% of the total oxygen in our bodies while the remaining 2%, is transported 

dissolved in blood plasma [8]. Therefore, to create HBOCs with an oxygen carrying capacity 
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similar to that of blood, achieving a high loading of Hb within the encapsulating platform is central. 

Apart from the LC, the size, PDI, and the EE are also very important features. Ideally, HBOCs 

should display a size in the range of 0.1–1 m [9]. This is due to the fact that when they are too 

small, HBOCs can extravasate from the blood vessels into the subendothelial layer where they can 

act as scavengers of NO, which is an important vasodilatory molecule. Thus, it has been previously 

demonstrated how vasoconstriction and hypertension are inversely proportional to the size of the 

HBOCs [10,11]. However, very large HBOCs are also a problem since strong phagocytosis by the 

MPS occurs for particles in the micron range [12,13]. Furthermore, PDI values of 0.2 or below are 

deemed as acceptable for biomedical applications [14]. From a different perspective, the EE is of 

high relevance from an economic view, especially for expensive active agents such as proteins [4]. 

Therefore, as a first step, we evaluated the variation of size, PDI, LC, EE, and functionality of the 

resulting PLGAHb-NPs depending on the concentration of Hb of the inner aqueous phase during 

the assembly process (Table 4.1). Empty PLGA-NPs (NP-1) showed a size of 269 nm and a PDI 

of 0.074. When Hb was incorporated and upon increasing its concentration from 5 to 25 mg mL-1 

no marked changes in size or PDI could be detected. However, no Hb could be detected within the 

PLGAHb-NPs assembled using the lowest Hb concentrations, where a LC of only 1.8%, was 

achieved when using a concentration of 25 mg mL-1 (i.e., NP-4). When further increasing the 

concentration of Hb up to 100 mg mL-1, an increase in LC was detected with the highest LC value 

obtained for the highest Hb concentration (i.e., 20.6% for NP-7). Unfortunately, such an increase 

in LC was also accompanied by an increase in size and PDI (i.e., from 255.1 nm and 0.060 PDI to 

346.7 nm and 0.144 PDI for NP-4 and NP-7, respectively). This increase in Hb loading also led to  

Effect of Hb concentration on the size, PDI, LC, EE, and functionality of the resulting PLGAHb-NPs. 

Table 4.1. Effect of Hb concentration on PLGAHb-NPs. 
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a lower EE as shown by a 9.0% decrease in EE (i.e., from 42.8% to 33.8%) and for a 18.8% 

increase in LC (i.e., from 1.8% to 20.6%) when comparing NP-4 and NP-7, respectively. These 

results are in agreement with previous studies where an increase in the loading into PLGA-NPs of  

BSA, which is a similar protein to Hb in terms of size, was also accompanied by a lower EE [4,15]. 

The authors suggested that higher BSA amounts promoted a higher BSA concentration gradient 

from the internal to the external aqueous phase which will result in BSA escaping from the inner 

aqueous droplets, thus decreasing the EE [2,4,15]. 

Preservation of Hb’s oxygen carrying capacity is arguably the most important aspect when 

developing HBOCs [16]. Therefore, the effect of Hb’s entrapment within PLGA-NPs on its 

bioactivity was evaluated by spectral analysis. Hb has a characteristic UV-Vis spectrum with a 

main peak in the range 400–440 nm (known as the Soret band) and one or two additional peaks in 

the 480–600 nm window (known as the Q-band), which positions vary depending on the ligand 

state of the heme group and are an indication of its the oxygenated or deoxygenated state [17]. 

Figure 4.1 shows the Abs spectra of NP-4–7 in comparison to the corresponding spectra of free 

Hb. For free Hb, the characteristic bands of oxy-Hb, consisting of a Soret peak at 414 nm and the 

two additional bands at 541 and 576 nm, could be observed [18,19]. Following purging with N2 

gas, the spectra of free Hb displays the Soret peak at 429 nm, and a single band at 555 nm, 

indicating the presence of deoxy-Hb. Thus, the shift of the Soret peak and the Q-band changes in 

the region 500–600 nm following oxygenation and deoxygenation, demonstrate the ability of free 

Hb to bind and release oxygen. However, the results are different for the PLGAHb-NPs. When 

using Hb concentrations in the range of 25–75 mg mL-1, the characteristic Soret peak and Q-band 

of oxy-Hb can be observed, while no red shift of the Soret band can be detected following purging 

with N2. Additionally, the Q-band still displays two peaks instead of the one peak at ~555 nm, 

which is characteristic of deoxy-Hb. Thus, these results indicate that the ability of free Hb to bind 

and release oxygen is lacking upon encapsulation within PLGA-NPs. This is not surprising since 

other studies have suggested a possible correlation between encapsulating polymers containing 

carboxylic moieties and the subsequent inactivation of the entrapped protein [20]. However, the 

characteristic shifts depending on the oxy- or deoxy-state of Hb can be detected for PLGAHb-NPs 

assembled with the highest Hb concentration (Figure 4.1, NP-7). During the second oxygenation  
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and deoxygenation cycle (spectra not shown), no complete shift of the Soret peak towards the 

characteristic wavelength of deoxy-Hb was observed, deeming NP-7 as semifunctional. 

4.3.2. Effect of PLGA Concentration. 

Several studies have shown alterations in Hb’s functionality following encapsulation in a 

polymeric carrier containing carboxylic groups. For example, Dessy et al. observed loss of 

functionality when Hb was encapsulated within the so-called VAM41-PEG (a block co-polymer 

of poly(maleic anhydride-alt-butyl vinyl ether) 5% grafted with m-PEG (2000) and 95% grafted 

with 2-methoxyethanol) [20]. The hypothesis that such a loss of functionality was a result of 

interaction with the carboxylic groups of the carrier was supported by the fact that the addition of 

HSA to the system, which has a strong interaction with the VAM41-PEG polymer, resulted in 

preservation of the Hb’s functionality. Prior investigations conducted by Kristinsson et al., 

reported similar observations [21]. The interaction of Hb with acidic membrane interfaces resulted 

on a partial unfolding, leading to changes in the structure of the heme group, which translated into 

alterations of Hb’s functionality. Thus, given the relevance of carboxylic groups in this context, 

we next assessed the effect of the PLGA concentration on Hb’s functional properties. While 

UV-Vis spectra before (red line) and after (green line) purging with nitrogen gas of free Hb, and NP-4–
7 according to Table 4.1.  

Figure 4.1. UV-Vis absorbance spectra of Hb and PLGAHb-NPs with increasing Hb concentrations. 
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previous formulations (i.e., NP-1–7) had been prepared using 12.5 mg mL-1 of PLGA, we screened 

the effect of both higher and lower PLGA concentration on the ability of PLGAHb-NPs to 

reversibly bind and release oxygen. Specifically, PLGA concentrations from 1 to 40 mg mL-1 were 

evaluated for the two highest studied Hb concentrations (i.e., 75 and 100 mg mL-1 for NP-6 and 

NP-7, respectively), since they promoted the highest LC.  Figure 4.2 shows the UV-Vis spectra 

for the different formulations before and after purging with N2. As expected, after preparation all 

the formulations, independently of the Hb or PLGA concentrations used, display absorbance 

spectrums with absorbance peaks around the typical wavelengths of oxy-Hb (with a Soret peak at 

~414 nm, red lines). However, following purging with N2, a shift towards the characteristic 

absorbance peaks of deoxy-Hb was only detected when the PLGAHb-NPs were assembled using 

PLGA concentrations of 5 mg mL-1 or less. A second cycle was also performed successfully, which 

led to consider NP-8–10 and NP-13–15 as functional (Table 4.2). Thus, these results demonstrate 

the ability of Hb to reversibly bind oxygen upon being encapsulated within PLGA-NPs at a certain 

PLGA concentration. As such, the complete loss of Hb’s ability to reversibly bind oxygen for 

certain concentrations of PLGA seems to be ascribable to the acidic microenvironment generated  

UV-Vis spectra before (red line) and after (green line) purging with nitrogen gas of PLGAHb-NPs (using 
75 and 100 mg mL-1 Hb), prepared with different concentrations of PLGA according to Table 4.2. 

Figure 4.2. UV-Vis absorbance spectra of PLGAHb-NPs with increasing PLGA concentrations. 
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by its carboxylic groups.  

The impact of the PLGA concentration on the size, PDI, LC, and EE was evaluated next. Table 

4.2 shows how low PLGA concentrations (i.e., 1 and 3 mg mL-1) result in large sizes and PDIs 

>0.200 (e.g., 476.8 nm and a 0.397 PDI for NP-8). We attribute this effect to the fact that such low 

concentrations do not render stable NPs. However, when employing a PLGA concentration of 5 

mg mL-1 and higher, reasonably low PDIs are observed (<0.200). Increasing the concentration of 

PLGA generally results on a decrease in both size and PDI, being an exception the highest PLGA 

concentration of 40 mg mL-1. This increase in the size of the PLGA-NPs when using relatively 

high concentrations has been already observed in other studies [2]. For example, Yang et al. 

showed that for particles fabricated by the double emulsion method with a fixed volume of phases, 

an increase in the PLGA concentration from 16.7 to 33.3 mg mL-1 resulted in a size increase from 

97.9 to 125.8 m [15]. More recently, Feczkó et al. also showed how increasing the PLGA 

concentration from 1.0 to 4.0 w/v%, resulted in a size increase from 140 to 170 nm [5]. Such a 

phenomenon has been attributed to the fact that higher concentrations of polymer result in 

increased viscosities which lead to enhanced difficulty in breaking the oil phase [2,15,22]. The LC 

and EE are also affected by the concentration of PLGA. For a fixed Hb concentration of 75 mg 

mL-1, 3 mg mL-1 PLGA yields Hb-NPs with a LC as high as 29% LC (NP-9), while 12.5 mg mL-1 

PLGA results in a 14.9% LC (NP-6). Similar results are also observed when using 100 mg mL-1 

Effect of PLGA concentration on the size, PDI, LC, EE, and functionality of the PLGAHb-NPs prepared 
with 75 mg mL-1 (NP-6) and 100 mg mL-1 Hb (NP-7).  

Table 4.2. Effect of PLGA concentration on PLGAHb-NPs. 



88 

 

Hb, with a decrease in LC from  27.4% to 20.6% when PLGA is increased from 3 to 12.5 mg mL-

1 (NP-7 and NP-14, respectively). Furthermore, when looking at the complete PLGA concentration 

range (increase from 1 to 40 mg mL-1 PLGA), the decreased LC is accompanied by an increase in 

EE. This increase in EE upon increasing the PLGA concentration could be attributed to the fact 

that higher polymer concentrations enhance the viscosity, consequently delaying the diffusion of 

the encapsulated compound from the droplets [2,22,23]. Importantly, the EE remains still 

reasonably high for the highest LCs. 

For the next experiments only PLGA concentrations of 5 and 3 mg mL-1 were considered since at 

5 mg mL-1 good PDIs are obtained while at 3 mg mL-1 the highest LC is obtained. Furthermore, 

such PLGA concentrations render PLGAHb-NPs with functional Hb. However, since the LC when 

using a 100 mg mL-1 Hb concentration are not markedly different from the PLGAHb-NPs obtained 

with 75 mg mL-1 Hb, only the latter will be considered in the following studies (i.e., NP-9 and NP-

10). 

4.3.3. Effect of PVA Concentration. 

When using the double emulsion method, the concentration of PVA has also shown to have an 

important effect on the characteristics of the resulting PLGA particles [15]. This is due to the 

surfactant’s ability to protect the droplets containing PLGA from coalescence [24]. Thus, we 

studied the effect of the concentration of PVA on the size, PDI, LC, EE, and Hb functionality for 

the PLGAHb-NPs prepared with 75 mg mL-1 Hb and using 3 and 5 mg mL-1 PLGA (i.e., NP-9 and 

NP-10). The PVA concentration in the w2 phase was evaluated in the range from 2–0.2%. Table 

4.3 shows how an increase in the concentration of PVA effects the size and PDI of the PLGAHb-

NPs, which changes were more pronounced for the higher PLGA concentration (5 mg mL-1). For 

the lowest PVA concentration studied (i.e., 0.2%), the large PDI values observed could indicate 

that the amount of PVA was too low to properly stabilize the PLGAHb-NPs. Next, for a PLGA 

concentration of 5 mg mL-1, a large decrease in size of ~170 nm was observed upon increasing the 

PVA concentration from 0.2 to 2.0%. Due to the stabilizing effect of the surfactant, increase in 

amount of surfactant promotes the formation of smaller emulsion droplets, while avoiding  

coalescence of the formed droplets. Since the PLGA-NPs are obtained after evaporation of the 

organic solvent from the emulsion droplets, their final size depends on the size and stability of  
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these droplets [24,25]. The observed decrease in size is also in agreement with other studies. For 

example, Hernández-Giottonini et al. reported a sizes of the PLGA particles of 187, 177, and 159 

nm when using PVA concentrations of 1, 3, and 5%, respectively [24]. Interestingly, the PVA 

concentration had also an effect on the LC and EE of Hb. An increase in the concentration of PVA 

resulted in a decrease of both the LC and the EE. The most drastic effect was observed for a PLGA 

concentration of 5 mg mL-1, where a decrease of ~8.4% in LC and of ~19.7% in EE was observed 

upon increasing the PVA concentration from 0.2% to 2%. This observation has been reported for 

studies evaluating the entrapment of BSA as a model protein within PLGA-NPs [4]. A possible 

explanation for this effect is that when adding too much emulsifier, it may bind to Hb, thus 

hampering the encapsulation of the cargo during the formation of the NPs [26]. The decrease in 

EE can also be related to the decrease in the size of the NPs. Increasing the PVA concentration 

could promote the further breakdown of the inner aqueous droplets. During this breakdown, Hb 

may partition out from the internal aqueous phase (w1) into the external one (w2), hence remaining 

less of it in the emulsion droplets to interact with PLGA, thus decreasing the EE [25]. Importantly, 

preservation of Hb functionality was demonstrated by UV-Vis in all the cases (data not shown). 

To choose the most suitable formulation of PLGAHb-NPs to function as a NP core in the HBOC 

system described in the next chapter (Chapter 5), preservation of Hb functionality and a PDI < 

0.200 were deemed as the two most important features. Since the PLGAHb-NPs will need to be 

extruded through a porous membrane in the next project, large size distribution would severely 

reduce the yield after extrusion. Thus, PLGAHb-NPs with the lowest PDI were chosen (NP-19, NP-

Effect of PVA concentration on size, PDI, LC, EE, and functionality of the PLGAHb-NPs prepared with 
3 mg mL-1 (NP-9) and 5 mg mL-1 PVA (NP-10).  

Table 4.3. Effect of PVA concentration on PLGAHb-NPs. 
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22, and NP-10).Within these three NPs, the PLGAHb-NPs prepared with 0.5% PVA (NP-19 and 

NP-22) both showed the highest LC and EE, thus indicating that these two formulations would 

have the highest oxygen carrying capacity as HBOCs. However, the usage of 0.5% PVA 

sometimes resulted in NP aggregations during the washing process. We hypothesize that this was 

due to a too low PVA concentration that was not always sufficient to provide a stabilizing effect 

when the PLGAHb-NPs were resuspended in fresh TRIS 1 buffer. Therefore, we chose to continue 

with the more reliable option (NP-10). NP-10 was made using 75 mg mL-1 Hb, 5 mg mL-1 PLGA, 

and 1.0% PVA, which resulted in a good size distribution (331.4 nm, 0.174 PDI) and acceptable 

Hb content (21.7% LC) and EE (38.0%).  

The LC of 21.7% of NP-10 is a fast improvement compared to our previous HBOCs system, where 

Hb was incorporated as a layer deposited onto bare PLGA-NPs (Chapter 3) [1]. Specifically, ~150 

g Hb was deposited onto the surfaces of 1000 g of PLGA-NPs, resulting in ca.  13% Hb content 

(not taking into account the added weight of the PDA and PLL intermediate layers). Incorporation 

of the Hb inside the PLGA-NP core as compared to being a part of the surface coating reduces the 

number of layers needed to incorporate Hb into the HBOC system, thereby simplifying the 

assembly procedure. Thus, overall, the usage of PLGAHb-NPs cores has increased Hb content, 

while the HBOCs assembly becomes less elaborative.  

4.4. Conclusion 

PLGAHb-NPs were prepared by the double emulsion solvent evaporation method. The effect of the 

Hb, PLGA, and PVA concentrations onto the size, PDI, LC, EE, and functionality has been 

evaluated. Increasing the Hb concentration resulted in higher LC, and an increased size and PDI. 

Only at 100 mg mL-1 Hb, the Hb became semifunctional. Next, it was shown that by reducing the 

PLGA concentration, functional PLGAHb-NPs were obtained. Reduced PLGA concentration 

furthermore resulted in a general increase in size, PDI, and LC. Finally, reducing the PVA 

concentration was shown to improve the LC and EE, but also resulted in larger size and PDI 

measurements.  

To employ the PLGAHb-NPs as a core for the fabrication of a novel HBOC coated with RBC-M 

(Chapter 5), a low PDI and size are required, with good LC and EE. Taking all the results into 

account, the optimized PLGAHb-NPs (NP-10) were 331.4 nm in size, with a PDI of 0.174, and LC 
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and EE of 21.7% and 38.0%, respectively. These PLGAHb-NPs were fabricated using 75 mg mL-1 

Hb, 5 mg mL-1 PLGA, and 1.0% PVA during the double emulsion solvent evaporation method. 
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Abstract 

Despite being an indispensable clinical procedure, the transfusion of donor blood has important 

limitations including a short shelf-life, limited availability, and specific storage requirements. 

Therefore, a lot of effort has been devoted to developing HBOCs that are able to replace or 

complement standard blood transfusions, especially in extreme life-threatening situations. Herein, 

we employed a PLGAHb-NP core which was subsequently coated with CeO2-NPs to protect the 

encapsulated Hb from oxidation by ROS. To render HBOCs with long circulation in the 

vasculature, which is a crucial requirement to achieve the high oxygen demands of our organism, 

the carrier was coated with a RBC-derived membrane. Three coating methods were explored and 

evaluated by their ability to repel the deposition of proteins. Preservation of oxygen carrying 

capacity of the RBC-M coated carrier was demonstrated by an oxygen-binding and releasing assay, 

and the functionality resulting from the entrapped CeO2-NPs was shown by means of O2
•– and 

H2O2 depletion assays. All in all, we have demonstrated the potential of the RBC-M coated NCs 

as novel oxygen carrying systems with antioxidant properties. 

5.1. Introduction 

In order to carry out the basic metabolic activity needed for survival, our body needs a constant 

supply of oxygen. Blood, which is a complex liquid containing millions of chemicals and cells, is 

responsible for this task. Specifically, ~98% of oxygen is carried by the RBCs, while the remaining 

2% is dissolved in the plasma. Thus, blood loss occurring during e.g., injury and surgery or blood 

diseases such as hemophilia, ischemia, and anemia can have detrimental consequences. In this 

context, the transfusion of whole blood or, most often, packed RBCs can significantly improve 

survival.  

While blood transfusions are regarded as a safe and well-established procedure, the use of donor 

blood still presents important limitations [1]. RBCs have a short storage life-time of 42 days at 4 

 and only 1 day at ambient conditions. RBCs undergo storage lesion over time, which results in 

morphological changes and hemolysis. The refrigerated storage requirements can become 

problematic when blood is needed in remote locations. The short life-time furthermore makes the 

availability of donor blood limited, especially when large amounts are needed at once (e.g., during 
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natural or human-instigated disasters). Thus, with the aim of circumventing the aforementioned 

limitations of donor blood, a lot of research has been devoted towards creating surrogates of RBCs.  

Despite Hb’s excellent oxygen carrying and delivering properties, free Hb cannot be directly 

administered into our body since, once in the bloodstream, Hb rapidly dissociates into its dimer- 

and heme-products. Additionally, when excess levels of cell-free Hb are present, the mechanisms 

to remove Hb’s dissociation products (i.e., haptoglobin and hemopexin for dimer- and heme-

products, respectively) get saturated [2]. This results among others in the extravasation of Hb and 

NO scavenging. Since NO is an important vasodilator, NO removal results in vasoconstriction, 

inflammation, and coagulation [2,3]. Thus, strategies to eliminate Hb’s toxicity while preserving 

its oxygen carrying ability are being developed giving rise to the so-called HBOCs. Specifically, 

HBOCs are being fabricated by chemically modifying Hb to form complexes or by entrapping Hb 

within an encapsulation platform [4]. For both strategies, the aim is to increase the molecular 

dimensions of Hb and to shield it from extravasation in between the cells lining the blood vessels 

into the smooth muscle tissue. 

Another important challenge to address when developing HBOCs, is the oxidation of Hb into non-

functional metHb, a process that gets exacerbated in the presence of ROS such as O2
•– and H2O2 

[5]. Within RBCs, Hb oxidation is prevented and/or reversed by an intricate antioxidant system. 

Two prominent components of this system are the enzymes SOD and CAT. While SOD catalyzes 

the reduction of O2
•– into H2O2, CAT has the ability to disproportionate H2O2 into oxygen and 

water. While this enzymatic system inspired multiple research groups to incorporate SOD and 

CAT within their HBOCs, employing natural enzymes comes with important limitations [6–8]. 

These include high production costs, limited catalytic active sites and half-lives as well as batch-

to-batch variation. Furthermore, modification of the enzymes structure (e.g., following chemical 

modification or encapsulation with HBOCs) results in alteration of their functionality [9]. Thus, to 

create HBOCs with antioxidant properties, the incorporation of NZs, which are NPs displaying 

catalytic properties, has emerged as an interesting alternative. When compared to native enzymes, 

NZs have higher stability and opportunity for modification without compromising their function 

[10]. Additionally, NZs also experience better recyclability over their natural counterparts, a 

critical aspect if they are expected to perform for an extended period of time. However, while NZs 

have been widely explored in the context of drug delivery or tissue engineering, their use in the 
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field of blood substitutes has been rather limited [11,12]. Specifically, Hosaka et al. made use of 

Pt-NPs as antioxidant NZs and incorporated them within a novel HBOC consisting of a protein 

cluster composed of Hb and human serum albumin [13]. As a result of the high catalytic activity 

of the Pt-NPs (i.e., the NZs) the autoxidation of Hb into metHb was minimized, even in the 

presence of ROS. We have also reported the fabrication of HBOCs containing NZs. In particular, 

we employed CeO2-NPs to decorate a HBOC consisting of a Hb-containing PLGA core which was 

subsequently decorated with PEG [14]. While, by means of the NZs, the resulting HBOC had the 

ability to deplete both O2
•– and H2O2 in a sustained manner; as a result of the PEG coating, 

decreased cell uptake by endothelial cells and macrophages was achieved. This is an important 

aspect, since an ever-present concern when developing HBOCs is to achieve long circulation in 

the bloodstream, which is essential to attain the high oxygen demands of our body. While the 

golden standard to render intravenously administered carriers with stealth properties is 

functionalization with PEG, the production of APAs is an increasingly recognized issue [15]. The 

creation of APAs results in the recognition and subsequent elimination of PEGylated drugs or NPs 

by the MPS in the liver and spleen. To circumvent this drawback, alternatives to PEGylation are 

highly sought after [16,17]. A promising approach is the coating with membranes extracted from 

biological RBCs. RBCs are nature’s long circulating carriers since by a combination of a surface 

makeup involving proteins and glycans in combination together with their size, shape, and 

elasticity, RBCs can stay in circulation for up to 120 days. Specifically, the glycoprotein CD47 

and sialyl residues located in the outer part of the RBCs membrane play a major role in this context. 

While CD47 inhibits the uptake by the MPS by transducing an inhibitory signal to phagocytes, 

sialic acid is also a determinant for the RBCs’ life span since desialylated RBCs are rapidly 

sequestered in the liver and spleen [18–20].  

Thus, the objective of this work is to further improve the stealth properties of our previously 

developed HBOCs by replacing the PEG coating by a RBC-M coating [14,21]. In order to achieve 

this goal, we make use of a HBOCs consisting of PLGAHb-NPs decorated with NZs and explore 

three different methods in order to coat them with membranes extracted from RBCs (Scheme 

5.1A). The resulting coatings are evaluated by their ability to minimize protein adsorption (i.e., 

opsonization), while the functionality of the membrane-coated carrier is evaluated by its ability to  
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reversibly bind and release oxygen, and to scavenge two harmful ROS as a result of the embedded 

NZs (Scheme 5.1B). 

5.2. Materials and Methods 

5.2.1. Materials. 

PBS, TRIS, NaCl, ammonia (25% solution), HCl, HNO3, EDTA solution, H2O2, citric acid, PLGA 

(50:50, MW 30-60 kDa), PVA (MW 13-23 kDa), PLL (MW 30-70 kDa), Ce(NO3)3 • 6H2O, iridium 

and cerium standards for ICP-MS, IgGF from human serum, xanthine, XO from bovine milk, HRP, 

CAT from bovine liver, SOD from bovine erythrocytes, cell proliferation reagent WST-1, and 

DMSO were purchased from Merck Life Science A/S (Søborg, DK). Bovine blood with citrate 

was purchased from SSI Diagnostica A/S (Hillerød, DK). Organic solvents were purchased from 

VWR International A/S (Søborg, DK). 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine 

perchlorate (DiD), DiI, Pierce™ BCA protein assay kit, Whatman™ Nuclepore™ 1 m 

polycarbonate membranes and Amplex™ Red reagent were purchased from ThermoFisher 

Scientific (Waltham, MA, USA). Uranyl acetate was purchased from Electron Microscopy Science 

(Hatfield, PA, USA). 

TRIS 1 buffer contains 10 mM TRIS (pH 8.5). TRIS 2 buffer contains 10 mM TRIS and 150 mM 

NaCl (pH 7.4). The buffers were prepared using MQ (EMD Millipore, USA).  

A) PLGAHb-NPs were coated with poly(L-lysine) (PLL), nanozymes (NZs), and red blood cell membrane 
(RBC-M) to obtain multifaceted NCs. B) The encapsulation of NZs provides catalytic activity towards 
reactive oxygen species (i.e., hydrogen peroxide (H2O2) and superoxide radical anion (O2

•–)) to protect 
Hb’s functionality to delivery oxygen, while the RBC-M coating provides stealth properties against 
protein adsorption. 
 

Scheme 5.1. Illustration of the NCs’ fabrication and functionality. 



98 

 

Bare PLGA-NPs and BSAF were prepared according to previous reported protocols [14,22]. 

5.2.1.1. Hb Extraction from Bovine Blood. 

Hb was extracted from bovine RBCs following a reported protocol [23]. In short, whole bovine 

blood was washed in a 0.9% NaCl solution (2×, 2000 g, 20 min, 4 , 1:1 v/v ratio) using a high-

speed centrifuge (SL16R centrifuge, ThermoScientific). The resulting pellet containing the RBCs 

was thoroughly mixed with MQ and toluene (1:1:0.4 volume ratio) to lyse the cells and overnight 

storage (4 ) allowed for separation of the stroma-free Hb phase. The Hb phase was collected, 

spun down (8000 g, 20 min), and filtered through ash-free paper before storage at -80 . A BCA 

protein assay kit was used to determine the Hb concentration of the obtained solution.  

5.2.1.2. Extraction of RBC-Ms from Human Blood. 

The RBC-Ms were isolated from human blood according to Liu et al. [24]. Specifically, whole 

blood from healthy donors was collected in heparin-coated tubes and washed in PBS (3×, 1500 g, 

15 min, 4 ) to remove the blood serum and buffy coat. The resulting blood cells were 

subsequently washed in a hypotonic medium (PBS:MQ 1:4 volume ratio) to remove the 

intracellular contents (5×, 15 000 g, 20 min, 4 ). The obtained light pink pellet containing the 

RBC-Ms was resuspended in hypotonic medium until reaching the same volume of the extracted 

donor blood. The RBC-Ms were aliquoted and stored at -20 .  

To obtain fluorescently labeled RBC-Ms (RBC-MFs), 10 L DiD (1 mg mL-1 in DMSO, ex/ em = 

644/665 nm) was added to a suspension of RBC-Ms (1 mL, extracted from 1 mL donor blood) and 

incubated for 30 min in a tube rotator. The RBC-MFs were washed in TRIS 1 (2×, 6500 g, 10 min) 

using Amicon centrifugal filters to remove excess DiD and re-suspended in TRIS 1.  

5.2.2. Fabrication and Characterization of the Different Components of the 

NCs. 

5.2.2.1. PLGAHb-NPs. 

PLGAHb-NPs were prepared using a double emulsion solvent evaporation method. Briefly, 250 L 

Hb (75 mg mL-1 in PBS) was added to 2 mL PLGA (5 mg mL-1 in DCM) followed by sonication 



99 

 

(70% amplitude, 40 sec, 1 s/1 s) (Q700 sonicator with microprobe, Qsonica) on ice. The obtained 

emulsion was added to 10 mL PVA (10 mg mL-1 in MQ) followed by sonication to yield a double 

emulsion, which was stirred for 30 min followed by rotary evaporation to remove the DCM. The 

resulting PLGAHb-NPs were washed in TRIS 1 (2×, 6500 g, 10 min, 4 ). The concentration of 

PLGAHb-NPs was determined by lyophilizing an aliquot of sample.  

To obtain fluorescently labeled PLGAHb-NPs (PLGAF/Hb-NPs), 3 L DiI (2 mg mL-1 in tert-

butanol:MQ 9:1 volume ratio, ex/ em = 549/565 nm) was added to the DCM phase. PLGAF/Hb-

NPs were used in experiments where quantification of the NCs was required. The concentration 

of PLGAF/Hb-NPs was determined by lyophilizing an aliquot of the sample. The FI of the sample 

was measured using a plate reader (Tecan Spark, Tecan Group Ltd., Männedorf, CH) and 

correlated to the concentration of PLGAF/Hb-NPs. 

The hydrodynamic size and PDI of the PLGAHb-NPs were evaluated by DLS (Zetasizer Nanoseries 

nano-ZS, Malvern Panalytical Ltd., Malvern, UK). The Zetasizer was furthermore employed to 

assess the -Potential.  

The loading capacity of the PLGAHb-NPs was calculated as: 

(1)  LC (%) = (amount of encapsulated Hb / total amount of PLGAHb-NPs) × 100. 

The amount of encapsulated Hb was evaluated by Abs measurements of the Soret peak (~414 nm) 

using UV-Vis spectroscopy (NanoDrop 2000c, ThermoFisher Scientific, Waltham, USA). The 

background slope (due to bare PLGA-NPs) was removed and the Abs value was correlated to a 

Hb standard curve. The total amount of PLGAHb-NPs was determined by lyophilizing an aliquot 

of the PLGAHb-NPs sample. 

5.2.2.2. CeO2-NPs as NZs. 

Citrate-capped CeO2-NPs were prepared according to a previous reported protocol [14,25]. In 

short, 12.5 mL of a Ce(NO3)3 • 6 H2O solution (21.71 mg mL-1 in MQ) was mixed with citric acid 

(120 mg) and subsequently poured into 50 mL of an ammonia solution (3 M). The resulting 

mixture was allowed to react for 2 h and the obtained CeO2-NPs were precipitated using ~25 mL 

HCl (5M). The CeO2-NPs were then allowed to sediment and washed in 40 mL MQ (3×) and re-
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suspended in increasing amounts of an ammonia solution (1 M) until reaching neutral pH. All 

glassware was cleaned with Aqua Regia (HNO3:HCl, 1:3 molar ratio) prior to use.  

ICP-MS (iCAPQ, ThermoFisher Scientific, Waltham, USA) was employed to assess the cerium 

content of the NZs suspensions. For faster quantification, the concentrations obtained by ICP-MS 

were correlated to the Abs readings of the NZs at 350 nm by the NanoDrop [14].  

5.2.3. NC’s Fabrication and Characterization. 

5.2.3.1. NC’s Assembly. 

The LbL technique was used to adsorb the NZs onto the PLGAHb-NPs. First, 150 L of PLL (1 

mg mL-1) was added to a suspension of PLGAHb-NPs (1000 g in 150 L TRIS 1) and incubated 

for 10 min. The resulting NCs (PLGAHb/PLL-NCs) were washed in TRIS 1 (2×, 4847 g, 4 min) 

using a bench-top centrifuge (MiniSpin, Eppendorf AG, Hamburg, DE) and resuspended in 150 

L TRIS 1. Next, 150 L of NZs (25 mM) was added to the PLGAHb/PLL-NPs followed by 10 

min incubation and subsequent washing in TRIS 1 (2×, 4847 g, 4 min). The resulting 

PLGAHb/NZs-NCs were re-suspended in 150 L TRIS 1.  

The -potentials of the resulting NCs were evaluated using the Zetasizer.  

5.2.3.2. Cryogenic TEM (cryoTEM). 

CryoTEM images of the PLGAHb-NPs and PLGAHb/NZs-NCs were obtained using a Tecnai T20 

G2 (Thermo Fisher Scientific, Waltham, USA) operating at 200 kV and located at the Center for 

Integrated Microscopy at the University of Copenhagen. Images were acquired in low dose mode 

using a FEI High Sensitive 4k x 4k Eagle camera. 3 L of solution was drop cast onto a freshly 

glow discharged lacy carbon 300 mesh copper TEM grid (Ted Pella Inc., Redding, CA, USA) and 

plunge frozen in liquid ethane using a FEI Vitrobot Mark IV (Thermo Fisher Scientific, Waltham, 

USA). 

5.2.4. NC’s Coating with RBC-Ms. 

Three different methods based on extrusion, sonication, or their combination were investigated to 

coat the PLGAHb/NZs-NCs with RBC-Ms, thus rendering PLGAHb/M-NCs.  
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5.2.4.1. Extrusion Method.  

The NCs coated by this method (PLGAHb/MExtr-NCs) were prepared following reported protocols 

with minor modifications [26,27]. RBC-M-vesicles (RBC-MVs) were first prepared by sonicating 

the RBC-Ms (1 mL, extracted from 1 mL donor blood) on ice (70% amplitude, 10 sec, 1 s/1 s) 

followed by extrusion through 1 m polycarbonate membrane using a Mini-Extruder set (Avanti 

Polar Lipids, Inc., AL, USA). Next, 150 L of a suspension of PLGAHb/NZs-NCs (prepared from 

1000 g PLGAHb-NPs as starting material) was added to increasing amounts of RBC-MVs (0–800 

L RBC-MVs, extracted from 0–800 L donor blood) and TRIS 1 was added to the mixture to a 

final volume of 1 mL. The resulting suspension was vortexed and extruded through a 1 m 

polycarbonate membrane to obtain PLGAHb/MExtr-NCs which were subsequently washed in TRIS 

1 (2×, 5433 g, 4 min) using the benchtop centrifuge to eliminate the unbound RBC-MVs. 

5.2.4.2. Sonication Method. 

The NCs coated by this method (PLGAHb/MSonic-NCs) were fabricated as described by Ben-Akiva 

et al. with some minor adjustments [28]. Prior to coating the NCs, the RBC-Ms were sonicated on 

ice (50%, 2 min, 1 s/1 s) to create RBC-M fragments. Next, 150 L PLGAHb/NZs-NCs (fabricated 

from 1000 g PLGAHb-NPs as starting material) was added to 0–800 L of fragmented RBC-Ms 

(extracted from 0–800 L of donor blood) and TRIS 1 was added to the mixture to a final volume 

of 1 mL. The resulting suspension was vortexed and sonicated on ice (50%, 2 min, 1 s/1 s) to 

obtain PLGAHb/MSonic-NCs. The NCs were washed in TRIS 1 (2×, 5433 g, 4 min) to eliminate 

unbound RBC-Ms. 

5.2.4.3. Combination Method. 

The NCs coated by the combination method (PLGAHb/MComb-NCs) were assembled with minor 

modifications of our protocol [24]. 150 L PLGAHb/NZs-NCs (fabricated from 1000 g PLGAHb-

NPs as starting material) was added to 0–800 L of RBC-Ms (extracted from 0–800 L of donor 

blood) followed by the addition of TRIS 1 to a final volume of 1 mL. The mixture was vortexed 

and sonicated on ice (70%, 10 s, 1 s/1 s), followed by extrusion using a 1 m polycarbonate 

membrane and the mini-extruder set. The coated PLGAHb/MComb-NCs were washed in TRIS 1 (2×, 

5433 g, 4 min). 
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5.2.4.4. Characterization of RBC-M Coating. 

The three different PLGAHb/M-NCs assembled with increasing amounts of RBC-Ms (0–400 L, 

extracted from 0–400 L donor blood) were first evaluated using the fluorescently labeled RBC-

MFs. After fabrication, the FI of the NCs was analyzed using a BD Accuri C6 flow cytometer (BD 

Bioschiences, Sparks, MD, USA). As controls, physical mixtures of PLGAHb/NZs-NCs and RBC-

MF (0–400 L, extracted from 0–400 L of donor blood) were prepared and analyzed. Two 

independent experiments were carried out independently.  

The PLGAHb/NZs-NCs and PLGAHb/M-NCs suspensions prepared with the three different coating 

methods and using 800 L of RBC-Ms, were visualized by DIC microscopy (Olympus Inverted 

IX83, 60× oil objective).  

TEM imaging was performed to examine the structure of the PLGAHb/NZs-NCs and the 

PLGAHb/M-NCs (assembled using 800 L of RBC-Ms) by the three different methods. For that, 

3 L of solution was drop cast onto a freshly glow discharged TEM grid and allowed to adsorb for 

5 min before removing the excess solution. The grid was then rinsed with distilled water 3 times 

and placed on a drop of 2% uranyl acetate stain for 30 seconds before the excess was wicked away 

with filter paper to negatively stain the sample. The grid was dried and imaged using a Tecnai T20 

G2 located at the National Centre for Fabrication and Characterization at Technical University of 

Denmark. Images were acquired using a TVIPS-XF416 CMOS camera (TVIPS GmbH, Gauting, 

DE). 

5.2.5. Evaluation of Stealth Properties. 

The stealth properties of the three different PLGAHb/M-NCs as a result of the coating by the RBC-

Ms was assessed by a protein binding assay. Fluorescently labeled PLGAF/Hb-NPs were used to 

quantify the amount of NCs needed for the assay. PLGAF/Hb/M-NCs were prepared using 

increasing amounts of RBC-Ms (0–800 L of RBC-Ms) and the three different coating methods 

(i.e., extrusion: PLGAHb/MExtr-NCs; sonication: PLGAHb/MSonic-NCs; and combination: 

PLGAHb/MComb-NCs). Equal amounts of the NCs (200 g dispersed in 150 L TRIS 2) were 

incubated with an IgGF or BSAF solution (50 L, 2.0 mg mL-1 in TRIS 2) for 4 h using a 

thermoshaker (PHMT Thermoshaker, Grant-bio, UK) at 37  and a shaking speed of 1200 rpm. 
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The samples were then washed in TRIS 2 (2×, 5433 g, 4 min) and the FI of the adsorbed 

fluorescently labeled proteins was evaluated using the flow cytometer ( ex/ em = 488/533 nm). The 

nFI was normalized to the uncoated PLGAF/Hb/NZs-NCs. 

5.2.6. Evaluation of the Oxygen-binding and Releasing Properties. 

5.2.6.1. CD. 

The CD spectra were obtained using a Jasco J-815 spectropolarimeter (JASCO, Essex, UK). 

PLGAHb-NPs, PLGAHb/PLL-NCs, PLGAHb/NZs-NCs, RBC-Ms, and the PLGAHb/M-NCs 

assembled by the three different methods (i.e., PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, and 

PLGAHb/MComb-NCs) all at a concentration of ~0.04 mg mL-1 protein content in TRIS 1, were 

evaluated using a 0.5 mm quartz cuvette. Free Hb (0.04 mg mL-1) and TRIS 1 were used as 

controls. Each spectrum was collected as an average of ten scans and the spectrum of the control 

sample was subtracted (i.e., TRIS 1). The spectra were smoothed using the Jasco software and 

normalized to the lowest band of the Hb spectrum.  

5.2.6.2. Oxygen-binding and Releasing Study. 

To assess the functionality of the NCs, an oxygen-binding and release study was conducted using 

a UV-Vis spectrophotometer (UV-2600, Shimadzu Corp., Kyoto, JP). As a first step, the UV-Vis 

spectra of the PLGAHb-NPs (2.5 mL, 0.5 mg mL-1) was evaluated using PLGA-NPs (2.5 mL, 0.2 

mg mL-1) as a reference. Next, the PLGAHb-NPs were exposed to N2 gas for 10 min adding a pinch 

of SDT to remove any residual oxygen prior recording of the spectrum of the resulting deoxy-Hb. 

Next, the PLGAHb-NPs were exposed to a flow of air for 10 min and the spectrum resulting from 

the oxy-Hb was recorded. Lastly, one additional round of N2 purging and recording was conducted.  

The oxygen-releasing properties of the coated PLGAHb/M-NCs assembled by the three different 

methods (i.e., extrusion: PLGAHb/MExtr-NCs; sonication: PLGAHb/MSonic-NCs and combination: 

PLGAHb/MComb-NCs) were also assessed but using TRIS 1 as a reference. For that, the NCs were 

evaluated in their oxy-Hb and deoxy-Hb state using N2 purging for 10 min and adding a pinch of 

SDT. 
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5.2.7. ROS Scavenging Properties. 

5.2.7.1. Scavenging Properties of CeO2-NPs. 

5.2.7.1.1. Scavenging of O2
•–. 

The WST-1 assay was employed to evaluate the depletion of O2
•– by the NZs and the 

corresponding native enzyme (i.e., SOD). Specifically, 200 L of a reagent mixture containing 

WST-1 (2.5% v/v), EDTA (0.1 mM), and xanthine (0.1 mM) was added to 100 L NZs (0–4 mM) 

or SOD (0–500 U mL-1), all in TRIS 1. To start the reaction, 10 L XO (0.05 U mL-1) was added 

to the suspension followed by 30 min incubation in the thermoshaker. Next, 180 L was transferred 

to a 96-well plate and the Abs was measured at 438 nm using the plate reader. TRIS 1 (100 L) 

mixed with reagent mixture (200 L) with and without the addition of XO were used as positive 

and negative controls, respectively. The nAbs was calculated as:  

(2) nAbs (%) = (experimental value - negative control) / (positive control  negative control) 

× 100. 

5.2.7.1.2. Scavenging of H2O2. 

The Amplex Red assay was employed to evaluate the depletion of H2O2 by the NZs and the 

corresponding native enzyme (i.e., CAT). For this, 10 L H2O2 (0.09 mM) was added to 100 L 

of NZs (0–4 mM) or CAT (0–15 U mL-1), all in TRIS 1. The mixture was incubated for 15 min in 

the thermoshaker. Next, 100 L HRP (2 U mL-1) and 10 L Amplex Red (0.1 mM) were added 

and the suspensions were incubated for 5 additional min in the thermoshaker. Next, 180 L was 

transferred to a black 96-well plate to measure the FI (resorufin product: ex/ em = 530/586 nm) 

using the plate reader. 100 L TRIS 1, with and without 10 L H2O2 (0.09 mM), were used as 

positive and negative controls, respectively. The nFI was calculated as:  

(3) nFI (%) = (experimental value - negative control) / (positive control  negative control) × 

100. 
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5.2.7.1.3. Stability over Time. 

Stock suspensions of NZs (20 mM), SOD (2000 U mL-1) and CAT (200 U mL-1) were stored at 4 

, at room temperature (RT) and 37 . On predetermined days, 5 L aliquots of the solutions 

were taken and, the ability of the NZs and the enzymes to deplete O2
•– or H2O2, was evaluated 

using the WST-1 and Amplex Red assays. For the WST-1 assay the aliquots of NZs or SOD were 

added to 95 L TRIS 1 to obtain 100 L of 1 mM NZs or 100 U mL-1 SOD, respectively. The 

WST-1 assay was then performed as described above (Section 5.2.7.1.1). For the Amplex Red 

assay the aliquots of NZs or CAT were diluted in TRIS 1 to obtain 100 L of 1 mM NZs or 10 U 

mL-1 CAT, respectively and the assay was performed as described above (Section 5.2.7.1.2.).  

5.2.7.2. Scavenging Properties of NCs. 

5.2.7.2.1. Scavenging of O2
•–. 

The WST-1 assay was also used to evaluate the catalytic activity of the NCs at different stages of 

the assembly process (i.e., PLGAF/Hb-NPs, PLGAF/Hb/NZs-NCs, PLGAF/Hb/MExtr-NCs, 

PLGAF/Hb/MSonic-NCs, and PLGAF/Hb/MComb-NCs). For that, 100 L of a NCs suspension (0–200 

g) was mixed with 100 L of a reagent mixture containing WST-1 (2.5% v/v), EDTA (0.1 mM), 

and xanthine (0.1 mM), all in TRIS 1. To start the reaction, 10 L XO (0.025 U mL-1) was added 

to the mixture, followed by 30 min incubation in the thermoshaker. Then, the NCs were spun down 

(5433 g, 4 min) and 180 L supernatant of each sample was transferred to a 96-well plate and 

measured in the plate reader. The Abs was measured at 438 nm. TRIS 1 (100 L) mixed with 

reagent mixture (100 L) with and without the addition of XO were used as positive and negative 

controls, respectively. The nAbs was calculated according to equation 2. 

5.2.7.2.2. Scavenging of H2O2. 

The Amplex Red assay was also used to evaluate the activity of the NCs at different stages of the 

assembly process (i.e., PLGAF/Hb-NPs, PLGA F/Hb/NZs-NCs, PLGA F/Hb/MExtr-NCs, PLGA 

F/Hb/MSonic-NCs and PLGA F/Hb/MComb-NCs). For that, 10 L H2O2 (0.45 mM) was added to 200 

L of a NCs suspension (0–200 g), all in TRIS 1, followed by a 15 min incubation in the 

thermoshaker. The NCs were spun down (5433 g, 4 min) and 180 L of the supernatant of each 
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sample was transferred to a new tube. To this, 100 L HRP (2 U mL-1) and 10 L Amplex Red 

(0.1 mM), all in TRIS 1, were added followed by 5 min incubation in the thermoshaker. Next, 180 

L was transferred to a black 96-well plate to measure the FI (resorufin product: ex/ em = 530/586 

nm) using the plate reader. 200 L TRIS 1, with and without 10 L H2O2 (0.45 mM), were used 

as positive and negative controls, respectively. The nFI was calculated according to equation 3.  

To conduct additional cycles of H2O2 scavenging, the pellets containing the NCs were resuspended 

in 180 L of fresh TRIS 1 and 10 L H2O2 (0.45 mM) was added again to initiate the next 

scavenging cycle. Furthermore, for each new cycle, fresh positive and negative controls were 

prepared. The NCs activity was assessed for four subsequent cycles.  

5.2.8. Statistical Analysis. 

Statistical analysis between different conditions was performed using OriginPro software 

(OriginLab). A one-way ANOVA with confidence level of 95% (  = 0.05%) using the Dunnett 

test. *p  0.05, **p  0.01, ***p  0.001. 

5.3. Results and Discussion 

5.3.1. NC’s Assembly and Characterization. 

We have previously reported the encapsulation of Hb within a PLGA-NP core to obtain PLGAHb-

NPs, showing that changing the fabricating parameters resulted in the encapsulation of functional 

Hb with good LC and size distribution of the NPs [21]. On a different study, to protect the Hb 

against oxidation into the nonfunctional metHb, we investigated the incorporation of CeO2-NPs as 

NZs [14]. NZs are a novel class of NP systems that display catalytic activity such as the scavenging 

of O2
•– and H2O2, without having the limitations of native enzymes, such as high production costs, 

short half-lives, environmental sensitivity and are also easily prepared [10]. Thus, herein we 

prepare PLGAHb-NPs to subsequently decorate them with NZs. The as-synthetized PLGAHb-NPs 

displayed a hydrodynamic size of 331 ± 12 nm, a PDI of 0.174 and a -potential of -23 mV [21]. 

The LC, measured as the amount of Hb within the total amount of PLGAHb-NPs, was calculated 

to be 22 ± 3%. In order to incorporate the NZs, a positively charged PLL layer was first adsorbed 

onto the NCs for charge reversal since NZs have a negative -potential of -26 ± 7 mV (Figure 
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5.1A). While PLL adsorption resulted in PLGAHb/PLL-NCs with a -potential of 20 ± 1 mV, the 

deposition of NZs was confirmed by a decrease in -potential to -19 ± 2 mV. The successful 

incorporation of the NZs to render PLGAHb/NZs-NCs was also confirmed by cryoTEM imaging 

(Figure 5.1B). Prior incorporation of the NZs, the PLGAHb-NPs were smooth in appearance. 

However, as shown by the multiple black dots, the deposition of the NZs was uniform and almost 

fully covering the NCs. 

To meet the high oxygen demands of our body, HBOCs need to display extended circulation times 

in the vasculature. The most common approach to fabricate long-circulating NPs is to decorate 

their surface with PEG [29–31]. The so-called PEGylation strategy reduces the adsorption of 

plasma proteins on the NPs’ surface, thereby protecting them from recognition by the MPS [32]. 

However, the increased exposure to PEG-containing medicine and general products can result in 

the production of anti-PEG antibodies which enhance the recognition of the coated NPs by the 

MPS thus cancelling the NPs’ stealth properties [15,33,34]. Therefore, since RBCs are nature’s 

long circulating carriers, herein we make use of RBC-Ms as an alternative to PEG [18].  

In order to obtain NCs coated by RBC-Ms, three different methods were explored (Scheme 5.2). 

For all methods, the RBC-Ms were obtained by hypotonic treatment of RBCs, which removes the 

intracellular contents while maintaining the integrity of the cell membranes (Scheme 5.2A). As the 

first method, we employed the so-called extrusion method, which was pioneered by the Zhang 

group to coat bare PLGA-NPs and is, to date, the most commonly employed method [26,27,35]. 

With this protocol, the RBC-Ms are pretreated with an extrusion set to obtain RBC-MVs, which  

A) Zeta ( )-potential measurements after each step of the assembly process. b) CryoTEM images of bare 
PLGAHb-NPs (i) and NZs-coated PLGAHb/NZs-NCs (ii). 

Figure 5.1. Characterization of the NCs Assembly. 
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are subsequently co-extruded with the PLGAHb/NZs-NCs to render membrane-coated 

PLGAHb/MExtr-NCs. As a second approach, the PLGAHb/NZs-NCs were coated by sonicating them 

together with RBC-M fragments that been obtained by pre-sonicating the RBC-Ms and as such, 

was termed the sonication method resulting in PLGAHb/MSonic-NCs. This method has been also 

been employed to coat PLGA-NPs of several shapes or PLGA-based  “nano-sponges” used to 

remove bacterial toxins [28,36,37]. The third and last method was recently developed in our group 

to coat Hb-loaded MOF-NPs to yield membrane-coated NPs with both reduced protein adsorption 

and in vitro cell uptake [24,38]. With such a method, the RBC-Ms are sonicated together with the 

PLGAHb/NZs-NCs followed by extrusion of the mixture. Such an approach which uses both 

sonication and extrusion to yield PLGAHb/MComb-NCs was termed as the combination method.  

Due to the negative -potential of the PLGAHb/NZs-NCs, the RBC-Ms could be directly deposited 

onto the NCs without the need of an intermediate layer. This is due to the sialyl residues of the 

RBCs which render the outer surface of the RBC-M with a higher negative -potential than the 

inner part. Due to the stronger electrostatic repulsion between the outer surface of the RBC-M and 

a negatively charged NC, the fusion with the RBC-Ms with the “right” side out, is facilitated [27]. 

A) Hypotonic treatment of red blood cells (RBCs) results in RBC-membrane (RBC-M) ghosts. B) Three 
methods for the coating of the NCs with RBC-Ms were employed: extrusion, sonication, and combination 
method. Extrusion method: extrusion is used first to obtain RBC-M vesicles (RBC-MVs) derived from 
the RBC-Ms and subsequently to coat the NCs with the RBC-MVs to render PLGAHb/MExtr-NCs. 
Sonication method: sonication is used first to break the RBC-Ms into fragments and subsequently to coat 
the NCs with the fragments to render PLGAHb/MSonic-NCs. Combination method: to obtain 
PLGAHb/MComb-NCs the NCs are mixed with RBC-M, after which the suspension is sonicated and 
subsequently extruded to coat the NCs with the RBC-M. 

Scheme 5.2. Illustration of the three different membrane coating methods. 
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To determine the amount of RBC-Ms promoting the highest coverage of the NCs depending on 

the studied method, the PLGAHb/M-NCs were assembled with increasing amounts of fluorescently 

labeled RBC-MF. The FI of the PLGAHb/M-NCs as a result of the fluorescent RBC-MFs was 

evaluated by flow cytometry and, as controls, the mixture of PLGAHb/NZs-NCs and RBC-MFs 

without any sonication or extrusion treatment, were considered (Figure 5.2A). For the control of 

the physical mixture, only a FI of ~670 could be detected upon incubation of the PLGAHb/NZs-

NCs with 400 L of RBC-MF (which is the highest studied amount), while the results were very 

different when extrusion, sonication, or the combination thereof were employed. The extrusion 

and the combination method gave similar results when 50-200 L of RBC-Ms were employed.  

For example, when assembled using 200 L of RBC-MFs, FI readings of ~765 and ~860 were 

achieved for PLGAHb/MExtr-NCs and PLGAHb/MComb-NCs, respectively. The highest FI readings 

were obtained for the sonication method reaching FI values of ~1960 and ~3180 when 200 and 

400 L of RBC-MFs were used, respectively. Importantly, when using RBC-MFs in the range of 

100-400 L, markedly higher FI readings as compared to the control were obtained for the three  

studied methods, thus suggesting successful coverage of the NCs by the membranes. 

Fluorescent intensity (FI) readings of NCs coated with increasing amounts of RBC-MFs using the 
extrusion, sonication, or the combination method (PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or 
PLGAHb/MComb-NCs, respectively). As controls, the physical mixtures of PLGAHb/NZs-NCs and RBC-
MFs (i.e., without any extrusion or sonication procedure) are considered.  
 

Figure 5.2. Coating of the NCs with fluorescently labeled red blood cell membrane (RBC-MF) 



110 

 

The PLGAHb/M-NCs assembled by the three different methods were also characterized by DIC 

microscopy. Figure 5.2B shows homogeneous and monodisperse suspensions for the three 

methods indicating that the NCs are individually coated, rather than multiple NCs being 

encapsulated within a RBC-M or a RBC-MV after the extrusion steps. This is particularly true for 

the PLGAHb/MSonic-NCs which feature the best colloidal dispersion. The surface morphology of 

the PLGAHb/NZs-NCs membrane-coated PLGAHb/M-NCs depending on the coating method was 

assessed by TEM. For that, the NCs were stained using uranyl acetate, which acts as a negative 

stain by filling any void spaces, thereby enhancing the contrast of the NCs and revealing their 

structure. TEM has been previously employed by the Zhang group to characterize the coating by 

RBC-Ms of PLGA-NPs [27]. In their study, membrane-coated PLGA-NPs of four different sizes 

were imaged, all of them showing a core-shell structure that was attributed by the authors to the 

uniform RBC-M cloaks. Figure 5.3 shows similar core-shell structures as the ones depicted by the 

Zhang group. However, since the uncoated PLGAHb/NZs-NCs control also displays a similar 

architecture, we can conclude that the ring present on the NCs is not an indication of successful 

coating by the RBC-Ms. We hypothesize that such a core-shell structure is a result of a staining 

artefact, where the stain is deposited between the TEM grid and the rounded bottom of the NPs, 

thereby darkening the outer edge of the NPs (Figure S5.1). Actually, if the observed dark ring by  

 

Differential interference contrast images (top) and TEM images (bottom) of the NCs before 
(PLGAHb/NZs-NCs) or after being coated with the RBC-M employing the extrusion, sonication, or the 
combination method (PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or PLGAHb/MComb-NCs, respectively). 
 

Figure 5.3. Characterization of the red blood cell membrane (RBC-M)-coated NCs. 
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the Zhang group was a representation of the RBC-M coating, the thickness of the ring would be 

the same independently of the size of the PLGA-NPs. However, this is not the case since the ring 

observed for the smallest studied PLGA-NPs (of ~95 nm in diameter after RBC-Ms coating) is 

about 10 nm while, for the largest PLGA core (of ~440 nm in diameter after coating) the ring has 

a thickness of ~50 nm. This indicates that the artifact does not follow the added size of the RBC-

M coating which, according to their DLS measurements, should be of ~10-20 nm independently 

of the size of the PLGA cores [27]. Interestingly, besides displaying a core-shell structure, the 

surfaces of the NCs also show different morphologies depending on the coating method employed. 

For the extrusion method, the resulting PLGAHb/MExtr-NCs are very similar in morphology to their 

uncoated counterparts (i.e., PLGAHb/NZs-NCs). However, the NCs prepared by the combination 

method (i.e., PLGAHb/MComb-NCs) show a different morphology with several folds and creases 

and the sonication method renders PLGAHb/MSonic-NCs with an in between morphology of these 

two variants. We speculate that such morphological features could be an indication of successful 

coating by the RBC-Ms since the uranyl acetate anti-stain could get entrapped within the wrinkles 

of the membranes. 

5.3.2. Stealth Properties. 

The stealth properties of the RBC-M coated NCs were assessed by a protein adsorption study and 

solutions of albumin and immunoglobulin were used as protein models. Human albumin is the 

most abundant protein in plasma and acts as a dysopsonin during early deposition, thus decreasing 

the recognition by the MPS [39]. However, albumin adsorption is transient and it can be easily 

replaced by other proteins with higher affinities thus having an opsonic effect [39,40]. On the other 

hand, the  chains of IgG are the predominant proteins adsorbed onto the NPs surface following 

intravenous administration, acting as potent opsonins [40]. The adsorption of these two proteins 

onto the PLGAHb/M-NCs assembled by the three different methods and using increasing amounts 

of RBC-Ms (i.e., from 100–800 L) was evaluated by flow cytometry using fluorescently labelled 

IgGF and BSAF (Figure 5.4). Figure 5.4A shows an immediate significant decrease in IgG 

adsorption to ~65% nFI for the extrusion and the sonication methods (i.e., PLGAHb/MExtr-NCs and 

PLGAHb/MSonic-NCs) as compared to the uncoated NCs (i.e.,  
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PLGAHb/NZs-NCs) for the lowest studied volume of RBC-Ms (i.e., 100 L). The results were 

different for the combination method which resulted in a less efficient RBC-M-coating in terms of 

IgG adsorption. Specifically, for PLGAHb/MComb-NCs, a significant decrease in nFI (to ~60% nFI) 

was only observed when 400 L of RBC-Ms were used for the assembly. Importantly, the three 

studied methods rendered NCs with stealth properties since, a ~55% decrease in nFI, could be 

observed for the three NCs when the highest amount of RBC-Ms (i.e., 800 L) was used for their 

assembly. For BSA, the results were different as shown in Figure 5.4B. While for the extrusion 

method a ~25% decrease in nFI was already observed for the lowest RBC-Ms amount, increasing 

the amount of RBC-Ms (up to 800 L) only promoted a very slight additional decrease in nFI with  

the lowest value being ~70% in nFI for the sonication method. We attribute this less pronounced 

effect of the RBC-M-coating towards BSA adsorption as compared to IgG to the fact that BSA 

already has a weaker interaction than IgG with the uncoated PLGAHb/NZs-NCs that are used as a 

control. We have previously demonstrated ~80% higher deposition of IgG onto the surface of 

Normalized fluorescence intensity (nFI) readings due to the adsorption of fluorescently labelled IgG 
(IgGF) (A) and BSA (BSAF) (B) onto NCs assembled with increasing amounts of RBC-Ms employing 
the extrusion, sonication, or the combination method (PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or 
PLGAHb/MComb-NCs, respectively). The FI readings are normalized to the uncoated PLGAHb/NZs-NCs. 
*p  0.05, **p  0.01, PLGAHb/M-NCs vs PLGAHb/NZs-NCs. 
 

Figure 5.4. Stealth properties of NCs as a result of their coating with red blood cell membrane (RBC-M).
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CeO2-NP-coated PLGA-NPs as compared to BSA; a fact that was ascribed to the electrostatic 

repulsion between the negative charges of BSA and CeO2-NPs [14,41]. 

All in all, these results show the importance of stealth coating to minimize the adsorption of 

opsonins. 

5.3.3. Oxygen-binding and Releasing Properties. 

HBOCs make use of Hb’s excellent oxygen carrying capacity. Therefore, the functionality of the 

NCs as a result of the entrapped Hb was assessed during the different steps of the NC assembly. 

Firstly, the secondary structure of Hb was assessed by CD analysis since protein folding is central 

to their function (Figure 5.5). In order to encapsulate Hb within the PLGA-NPs, Hb was 

incorporated during their synthesis and, as such, Hb was exposed to an organic solvent (i.e., DCM) 

and sonication [21]. Additionally, the entrapment of Hb within the polymeric PLGA-NP core could 

influence the protein folding or coordination. Thus, the CD spectrum of PLGAHb-NPs was 

compared to that of free Hb (Figure 5.5A). Hb has a typical -helical secondary structure, with 

two negative bands around 208 and 222 nm and a positive band at 193 nm. In contrast, the spectrum 

of the PLGAHb-NPs shows a red shift and displays a shape more closely related to antiparallel -

sheets than to -helices since the disappearance of the 208 nm band indicates the loss of the -

helical structures. Such an increase in -sheet content can been related to protein aggregation, 

A) Free Hb and NCs at different stages of the assembly process (i.e., PLGAHb-NPs, PLGAHb/PLL-NCs, 
and PLGAHb/NZs-NCs). B) NCs coated by red blood cell membranes (RBC-Ms) employing the 
extrusion, sonication, or the combination method (PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or 
PLGAHb/MComb-NCs, respectively). As controls, uncoated PLGAHb/NZs-NCs and RBC-Ms only are 
considered. All spectra were normalized to the lowest band of the free Hb spectrum. 
 

Figure 5.5. Normalized CD spectra of the NCs. 
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misfolding, or denaturation [42,43]. The coating of the PLGAHb-NPs with PLL promotes a further 

red shift of the spectrum while the characteristic peaks of a -sheet are maintained. While PLL is 

a weak electrolyte that can display different conformations including random coil, -helix, or -

sheet folding depending on the pH of the solution, Figure S5.2A shows that adsorption of a PLL 

layer onto PLGA-NPs does not promote a further CD signal, which is furthermore in agreement 

with Zhi et al. [44,45]. However, it could be that PLL interpenetrates into the PLGA-NPs 

interacting with the entrapped Hb and promoting the spectral shift [46]. The deposition of the NZs 

promotes a further shift of the spectrum towards higher wavelengths. This could be due to induced  

CD, where the deposition of the achiral NZs (Figure S5.2B) onto the surface of the PLGAHb/PLL- 

NCs could cause spectral changes. Figure 5.5B shows the changes in the CD spectrum upon 

coating the NCs by RBC-Ms. The three different coating methods, namely the extrusion, 

sonication, and the combination method were evaluated. Coating with RBC-Ms promoted a left 

shift of the spectrum independently of the method employed. This left shift suggests an increase 

in -helix content which can be attributed to the presence of proteins in the membranes extracted 

from the RBCs (~50% of the dry weight content of RBC-Ms corresponds to proteins). The control 

of RBC-Ms shows the characteristic -helix peaks at 208 nm and 222 nm (orange dashed line). 

Interestingly, depending on the coating method employed, the left shifts of the spectra were more 

or less pronounced. The extrusion method promoted a very slight left shift while the largest shift 

observed was obtained for NCs coated by the sonication method. We suggest that a large change 

in CD spectrum could be correlated to the addition of higher amounts of RBC-M. For example, 

the unavoidable loss of material following an extrusion step could result in less RBC-Ms being 

deposited when the extrusion and the combination methods are employed. However, to support 

any of these hypotheses, more in-depth analysis of the different RBC-M coatings must be carried 

out. 

Since the secondary structure of Hb seems to have been modified during the encapsulation process, 

we next investigated whether this change in protein folding influenced the oxygen carrying 

capacity of the NCs. To do so, the shifts of the Soret peak (400–440 nm region) and the Q-Band 

(480–600 nm region) following two cycles of deoxygenation and oxygenation were evaluated. 

Figure 5.6A shows the UV-Vis spectrum of the Hb loaded within the PLGAHb-NPs. To remove 

the background slope and obtain a more clear spectrum, bare PLGA-NPs were used as reference.  
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After preparation, the PLGAHb-NPs showed the three characteristic Abs peaks of oxy-Hb. As such, 

a peak at ~410 nm (Soret peak) and two additional peaks at ~535 and ~575 nm (Q-band) could be 

observed. Following purging with N2, a shift in both the Soret peak and the Q-band to the 

characteristic wavelengths of deoxy-Hb took place. Specifically, the Soret peak moved to ~428 

nm while a new peak in the region of the Q-band (~560 nm) could be detected.  

After additional purging with compressed air and N2, the corresponding shifts in the Abs peaks 

towards the characteristic wavelengths of oxy-Hb and deoxy-Hb, respectively, could be detected. 

Thus, these results indicate that despite the conformational changes, the encapsulated Hb still 

retained its oxygen carrying capacity. Next, to assess whether the different steps of the assembly 

process had any effect on the oxygen carrying ability of the final PLGAHb/M-NCs, the UV-Vis 

spectra of the oxygenated PLGAHb/M-NCs and after N2 purging were monitored (Figure 5.6B). 

While due to the multicomponent composition of the background signal the slopes of the spectra 

could not be removed, a clear shift between the oxy-Hb and deoxy-Hb states could be detected for 

the three PLGAHb/M-NCs independently of the method used for the coating with the RBC-Ms. 

A) Oxygen binding and release of PLGAHb-NPs over two consecutive cycles. B) Oxygen carrying 
capacity of final PLGAHb/M-NCs using the extrusion, sonication, or the combination method 
(PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or PLGAHb/MComb-NCs, respectively). 
 

Figure 5.6. Oxygen-binding and releasing properties of the NCs. 
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Together, the CD and UV-Vis data confirms that eventhough the initial -helical structure of Hb 

was lost, the Hb within the NCs retained its functionality.  

5.3.4. ROS Scavenging Properties. 

Within native RBCs, Hb’s ability to reversibly bind and release oxygen is protected by a 

multicomponent antioxidant system, which includes the SOD and CAT enzymes. This system 

prevents Hb from oxidation into non-functional metHb, a process that is accelerated in the presence 

of ROS such as O2
•– and H2O2. Herein, we employ CeO2-NPs as NZs to protect against metHb 

formation. CeO2-NPs are potent NZs due to the presence of both Ce(III) and Ce(IV) oxidative 

states, a redox coupling that allows for the catalytic reaction with both O2
•– and H2O2 [47]. While 

we previously showed the ability of these NZs to scavenge O2
•– and H2O2, a complete comparison 

of these catalytic properties to those of the biological counterparts still remains to be conducted 

[14]. Specifically, herein, we assess the ROS scavenging properties of the NZs and the SOD and 

CAT enzymes following storage for up to 200 days. This is an important aspect, since HBOCs are 

expected to overcome e the short storage shelf life of donor blood which is of only of one day at 

RT. This presents serious logistical challenges when donor blood is required in emergencies prior 

hospital admission. While SOD is known to be a stable protein, CAT loses its activity over time 

[48,49]. As such, herein, the aim is to compare the catalytic properties of NZs and the SOD and 

CAT enzymes upon long term storage at 4 , RT, and 37 . As a first step, we assessed the O2
•– 

and H2O2 scavenging properties of the NZs and the enzymes depending on the concentration. 

Figure 5.7A shows the O2
•– scavenging properties of both systems evaluated by means of the 

WST-1 assay. In this assay, the O2
•– which is produced by the xanthine/XO system is consumed 

either by the WST-1 reagent or by the catalytic compound (i.e., SOD or NZs). For the former, the 

WST-1 is oxidized into formazan, whose Abs can be detected at 450 nm. Thus, a decrease in Abs 

means increased O2
•– scavenging by the catalytic compound. Figure 5.7A shows how increasing 

the SOD or NZs content results in decreased nAbs values thus demonstrating the ability of the NZs 

to deplete O2
•–. Plateau values for O2

•– consumption were achieved at around 0.5 mM NZs (nAbs  
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= 4.8 ± 1.4%) and 50 U mL-1 SOD (nAbs = 8.1 ± 1.5%). The scavenging of H2O2 was investigated 

by the Amplex Red assay (Figure 5.7B). In this assay, H2O2 is consumed either by Amplex Red in 

the presence of the HRP enzyme, or by the catalytic compound (i.e., CAT or NZs). For the former, 

this results in the oxidation of Amplex Red into the fluorescent resorufin product ( ex/ em = 530/586 

nm). Thus, a decrease in FI means increased H2O2 scavenging by the catalytic entities. Figure 5.7B 

shows how, increased CAT or NZs content, results in a decrease of the nFI values thus 

demonstrating the ability of the NZs in depleting also H2O2. This is an important fact since this 

ROS is produced in the vascular tissue, but also during the reduction of O2
•– upon auto-oxidation 

of Hb [5,50]. Almost complete consumption of H2O2 was achieved at around 0.5 mM NZs (nFI = 

12.2 ± 5.5%). This nFI reading was comparable to the activity of 7.5–10 U mL-1 CAT (nFI = 8.5–

14.7%). These results are in agreement with our previously reported catalytic activities [14]. Next, 

the catalytic compounds were stored as stock solutions at 4 , RT, or 37  and, at predefined time 

points, their catalytic activity was evaluated using the same assays (Figure 5.8). As expected, due 

to its reported stability, SOD was able to maintain its O2
•– scavenging properties within the whole 

length of the study and for the three temperature conditions. However, while the NZs were also 

able to maintain their catalytic activity for up to 200 days at 4  and 37 , the results were  

A) Superoxide radical anion (O2
•–) scavenging properties of the NZs (i.e., CeO2-NPs) and the superoxide 

dismutase (SOD) enzyme as measured by the WST-1 assay. The xanthine/xanthine oxidase (XO) system 
converts O2 into O2

•–, where the generated O2
•– subsequently oxidizes the WST-1 reagent into formazan 

(Absorbance (Abs) at 450 nm). Scavenging of O2
•– results in a decreased amount of formazan product. 

B) Hydrogen peroxide (H2O2) scavenging properties of the NZs (i.e., CeO2-NPs) and the catalase (CAT) 
enzyme as measured by the Amplex Red assay. H2O2 acts as a co-substrate during the conversion of 
Amplex Red into the fluorescent resorufin product, in presence of horseradish peroxidase (HRP). 
Scavenging of H2O2 results in a decreased amount of resorufin product.  

Figure 5.7. Catalytic activity of NZs compared to native enzymes. 
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different when stored at RT. An increase in nAbs to 23% and 40% after 100 and 200 days of 

storage, respectively, was observed. When looking at the scavenging properties towards H2O2 

following long-term storage, the NZs were able to retain their activity at 4 and 37 . Similar to 

the O2
•– scavenging, a slight loss in H2O2 scavenging activity was detected for NZs after 200 days 

when stored at RT as shown by a 22% increase in nFI. However, the results were very different 

for CAT where a 19% and a 35% increase in nFI was detected upon storage for only 14 days at 

RT and 37 , respectively. This decrease in scavenging activity towards H2O2 become even worse 

overtime with a 89% and 85% loss in activity after 100 days of storage at RT and 37 , 

respectively. Importantly, complete loss of the CAT activity was observed at the end of the 

incubation period upon storage at RT and 37 . This highlights the potential of the NZs as a most 

robust tool for ROS depletion that the biological counterparts. 

Next, the catalytic activity of the NCs at the different stages of the assembly resulting from the 

adsorbed NZs, was evaluated (Figure 5.9). While in our previous work, we reported the ROS 

scavenging properties of a novel HBOCs as a result of the NZs that were incorporated within the 

system, polydopamine, which has also ROS scavenging properties, was also part of that assembly 

[38,51]. Therefore, herein, we assess the ROS scavenging properties of the NCs which arise solely  

Scavenging of the superoxide radical anion (top) and hydrogen peroxide (bottom) by the NZs or the 
superoxide dismutase (SOD) and catalase (CAT) enzymes upon storage up to 200 days at 4 , room 
temperature (RT), and 37 . 

Figure 5.8. Storage stability of NZs compared to native enzymes. 
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from the NZs. Furthermore, the effect of the RBC-M coating on the resulting catalytic activity is 

also evaluated. The WST-1 and Amplex Red assays were employed again to evaluate the O2
•– 

(Figure 5.9A) and H2O2 scavenging (Figure 5.9B) activity, respectively.  

Figure 5.9A shows how the PLGAHb-NPs alone promote a slight decrease in nAbs, with a 

maximum decrease to 82% nAbs for the highest studied amount (6×, 200 g NPs). This is not 

surprising since Hb oxidizes into metHb in the presence of ROS. Following deposition of the NZs, 

the resulting PLGAHb/NZs-NCs promoted a marked reduction in nAbs for the four studied 

concentrations. For 1× a 50% nAbs was detected, which was further decreased to only 6% for the 

highest concentration of 6×. This result highlights the strong antioxidant properties of this novel 

HBOC due to the incorporation of NZs. Following coating with the RBC-Ms to render PLGAHb/M-

NCs, a slight increase in the nAbs readings for all the studied concentrations and for the three 

A) Superoxide radical anion (O2
•–) scavenging as measured by the WST-1 assay. The xanthine/xanthine 

oxidase (XO) system converts O2 into O2
•–, where the O2

•– subsequently oxidizes the WST-1 reagent into 
formazan (Abs at 450 nm). Scavenging of O2

•– results in a decreased amount of formazan product. B) 
Hydrogen peroxide (H2O2) scavenging as measured by the Amplex Red assay. H2O2 acts as a co-substrate 
during the conversion of Amplex Red into the fluorescent resorufin product in the presence of horseradish 
peroxidase (HRP). Scavenging of H2O2 results in a decreased amount of resorufin product. PLGAHb-NPs, 
PLGAHb/NZs-NCs, and NCs coated with RBC-M using the extrusion, sonication, or the combination 
method were evaluated (PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or PLGAHb/MComb-NCs, respectively). 

Figure 5.9. Catalytic activity of the NCs. 
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different coating methods (i.e., PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs and PLGAHb/MComb-

NCs). We hypothesize that this slight increase in nAbs compared to PLGAHb/NZs-NCs is a result 

of the lipid bilayer of the RBC-Ms which hinders the diffusion of the different reactants in and out 

of the system. Previous research in our group suggested the RBC-M coating delays the O2
•– 

scavenging properties of the underlying layer [38]. It was shown that increasing the incubation 

time from 30 min to 60 min removed this difference, indicating the RBC-M coating did not affect 

the O2
•– scavenging capabilities itself. The H2O2 scavenging by the NCs was investigated (Figure 

5.9B). The PLGAHb-NPs themselves showed large consumption of H2O2, with almost complete 

consumption for a 6× concentration (200 g, 9% nFI). This was not surprising, since Hb is known 

to interact with H2O2, and these results are in agreement with the Hb-loaded MOFs previously 

reported in our group [38]. Upon incorporating the NZs, a sharp decrease in nFI is observed. This 

decrease in nFI is more pronounce than for the bare PLGAHb-NPs with H2O2 depletion at 4× 

concentration of PLGAHb/NZs-NCs (133 g, 3% nFI). These results again highlight the strong 

ROS scavenging properties of the incorporated NZs. Following coating by the RBC-Ms, 

depending on the coating method, an increase of decrease in nFI is detected. For example, 

PLGAHb/MExtr-NCs promote a ~18% increase in nFI, but only for the lowest studied concentration. 

In contrast, PLGAHb/MSonic-NCs result on an added decrease in nFI of ~31 and ~15% for the 

concentrations 1× and 2×, respectively. With PLGAHb/MComb-NCs, a slight increase in nFI is again 

observed for the concentrations 1× and 2×. We hypothesize that these fluctuations in nFI following 

coating by the RBC-M could be a combination of the hindrance of the different reactants due to 

the lipid bilayer of the membranes and antioxidants from the RBCs that remained associated with 

the RBC-Ms. Importantly, complete depletion of the H2O2 was observed for the NCs 

independently of the coating method employed. 

Due to the catalytic activity of PLGAHb-NPs themselves, the H2O2 scavenging of the NCs was 

assessed over four subsequent rounds (Figure 5.10). This allowed for investigating the reusability 

of the NZs incorporated within the NCs. The NCs were assessed at 4× concentration (133 g) 

since complete removal of H2O2 was observed at this concentration for both PLGAHb/NZs-NCs 

and PLGAHb/M-NCs. First, the PLGAHb-NPs were investigated. Following the subsequent cycles, 

the PLGAHb-NPs ability to consume H2O2 was reduced to 66%  nFI in cycle 2, and a complete loss  
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of scavenging properties was already detected in cycle 3. We suggest that this could be due to a 

complete oxidation of Hb into metHb and other oxidized Hb products, after which the Hb loses its 

ability to interact with H2O2. For the PLGAHb/NZs-NCs and the RBC-M-coated counterparts, only 

a ~14–24% increase in nFI could be detected after four rounds of catalytic activity. In other words, 

the PLGAHb/NZs-NCs and PLGAHb/M-NCs still preserved ~76–86% of the catalytic activity after 

the four cycles, showing their great potential in protecting Hb against H2O2. Furthermore, the 

RBC-M coating does not influence the catalytic activity of the incorporated NZs, independent of 

the method used.  

5.4. Conclusion 
Successful HBOCs are required to reversibly bind and release oxygen in a sustained manner for 

extended periods of time. Thus, achieving long circulation in the vasculature is a crucial aspect. 

While surface functionalization with PEG has been so far the golden standard approach to achieve 

long circulation times, its use has become under scrutiny due to the generation of anti-PEG 

antibodies and the subsequent clearance from the circulation. Since RBCs can remain in circulation 

for up to 120 days, an alternative emerging approach relies on the use of membranes extracted 

from RBCs. Herein, we make use of this concept to coat our previously reported HBOCs consisting 

of NZ-decorated and Hb-loaded PLGA-NPs. For that, three different methodologies namely, the 

extrusion, sonication and the combination method are studied. Successful coating by the 

PLGAHb-NPs, PLGAHb/NZs-NCs, and NCs coated with RBC-M using the extrusion, sonication, or the 
combination method were evaluated (PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or PLGAHb/MComb-NCs, 
respectively). 
 

Figure 5.10. Hydrogen peroxide scavenging as measured by the Amplex Red assay over four subsequent 
cycles. 
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membranes is demonstrated by their ability to repel the adsorption of proteins (i.e., BSA and IgG). 

Preservation of functionality after the coating with the RBC’s membranes is demonstrated. 

Specifically, the coated carriers are able to bind and release oxygen and their catalytic activity 

resulting from the embedded NZs is demonstrated by O2
•– and H2O2 depletion assays. The NZs 

furthermore showed long storage stability (at 4 , RT, and 37 ), outlasting native CAT stored 

at RT and 37 . Thus, to sum up, we have presented a multifaceted HBOCs with potential to serve 

as a blood surrogate in the future. 
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5.7. Supporting information 
 

Schematic of TEM anti staining. Various image densities present due to the dense uranyl anti-stain 
deposited between the grid and the rounded bottom of the relative electron-lucent particle.  

 

 

 

CD spectra of controls. A) PLL adsorption onto empty PLGA-NPs to assess spectral changes due to the 
PLL layer. PLGA-NPs (1 g L-1), PLGA-NP/PLL-NCs (1 g L-1), and free PLL (0.05 g L-1) in TRIS 1. B) 
Spectrum of NZs (2.5 mM in TRIS 1).  

 

  

Figure S5.1. Schematic of TEM anti stain. 

Figure S5.2. CD spectra of controls. 
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6.1. Conclusions 

This thesis describes the development of HBOCs with antioxidant properties. The projects shared 

the overall goal to prepare HBOCs with improved Hb loading, an incorporated antioxidant system, 

and a stealth coating. Furthermore, in attempt to move the RBC substitutes field forward, this 

works presents the usage of nanozymes as a way to incorporate an antioxidant system. 

By using the LbL technique, we were able to incorporate various functionalities within a 

nanocarrier system. Specifically, HbPDA, CeO2-NPs, and PLL-g-PEG were subsequently adsorbed 

onto a polymeric PLGA-NP core (Chapter 3). Hb was coated with PDA prior to incorporation to 

protect the Hb against tetramer dissociation, where the PDA coating was shown to be deposited 

successfully without altering the Hb’s structure and functionality. CeO2-NPs were investigated as 

nanozymes and their O2
•– and H2O2 scavenging was demonstrated, both prior and after being 

incorporated onto the nanocarrier system. Due to their O2
•– and H2O2 scavenging properties, it was 

furthermore shown the CeO2-NPs could perform cascade reactions to deplete both ROS, which 

makes them promising nanozymes to replace the RBCs native antioxidant system. Finally, 

PEGylating the nanocarrier’s surface resulted in lowered protein adsorption and cell association. 

These stealth properties are necessary to obtain potent RBC substitutes with long circulation half-

lives. The nanocarriers potential was furthermore shown by RAW 264.7 and HUVEC cell viability 

and hemocompatibility assays, demonstrating their biocompatibility.  

To improve the Hb content of the HBOC, the PLGA-NP core was assessed to encapsulate Hb 

(Chapter 4). PLGAHb-NPs were fabricated using the double emulsion solvent evaporation method, 

where the effect of Hb, PLGA, and PVA concentrations was evaluated. Herein, it was important 

to obtain PLGAHb-NPs that were able to reversibly bind and release oxygen while simultaneously 

improving the Hb loading content and encapsulation efficiency. Increasing the Hb concentration 

increased the Hb content, size, and PDI of the PLGAHb-NPs, while reducing the PLGA 

concentration resulted in the encapsulation of functional Hb. Reducing the PVA concentration 

improved the Hb loading capacity, but also resulted in increased PDI and size. Taking these results 

into account, an optimized fabrication protocol was chosen to prepare PLGAHb-NPs with good Hb 

content and small size and PDI measurements. 
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Next, the obtained PLGAHb-NPs were employed to further optimize the as-prepared HBOC in 

terms of a surface stealth coating (Chapter 5). Again, CeO2-NPs employed as nanozymes and were 

adsorbed onto the PLGAHb-NP core. The stability of the CeO2-NPs was assessed more extensively, 

showing long-term storage stabilities (at 4 , RT, and 37 ), outlasting native CAT at RT and 

37 . Next, to provide stealth coating for the nanocarriers, RBC-Ms were investigated as an 

alternative to PEG. To coat the nanocarriers, three different methodologies namely, the extrusion, 

sonication, and the combination method were assessed. The successful RBC-M coating was 

assessed by fluorescence and electron microscopy and their stealth properties resulted in a lowered 

protein adsorption. Finally, it was shown all three RBC-M coatings did not affect the underlaying 

functionalities, showing that in the final nanocarriers the encapsulated Hb was still able to carry 

and release oxygen while the nanozymes provided O2
•– and H2O2 scavenging properties.  

6.2. Outlook 

The need for RBCs substitutes has become apparent in past decades. HBOCs hold a lot of potential 

in this context due to the usage of native Hb to provide oxygen carrying capacity. While the first 

HBOCs were based on Hb-conjugated products, the need for an added antioxidant system to 

protect the Hb’s functionality has become apparent. In this thesis, we fabricated HBOCs with 

antioxidant properties and antifouling coatings. It was furthermore shown the LbL techniques 

provides great potential when incorporating various functionalities within the HBOC system. 

However, to further explore and improve the HBOCs with antioxidant properties, some reflections 

for future work are listed below. 

For HBOCs to act as RBC substitutes, high Hb contents are necessary to provide sufficient oxygen 

delivery. In this thesis it was shown that by employing the NP core to encapsulate Hb, the Hb 

content of the system could be improved. However, the optimized PLGAHb-NPs had a Hb content 

of ~22%, which means that Hb comprises only a fraction of the total particle volume and mass. 

Since 96% of the dry weight of native RBCs is due to Hb, much higher Hb contents are needed to 

achieve an oxygen carrying capacity similar to that of RBCs. It would therefore be interesting to 

assess different Hb-containing NP cores to improve the Hb content further. Specifically, NPs 

purely made of Hb were fabricated recently using electrospraying, desolvation precipitation, or the 

CCD technique [1–3]. By employing these NPs as a core, improved Hb concentrations should be 



130 

 

achieved while the LbL assembly still provides the incorporation of nanozymes and anti-fouling 

materials to the nanocarrier system.  

Next, the usage of nanozymes in the fabrication of HBOCs should be explored further. NZs 

provide catalytic activity, without the drawbacks of using native enzymes, such as short catalytic 

half-lives, environmental sensitivity, and high production costs. While their potential has been 

shown in tissue engineering and regenerative medicine, they are underexplored in the fabrication 

of RBCSs. Apart from the CeO2-NPs employed during this thesis, only one mention of Pt-NPs can 

be found as antioxidant system for HBOCs [4]. However, other NZs that display both O2
•– and 

H2O2 scavenging properties have been reported, including gold and manganese oxide NPs [5,6]. 

Thus, it would be interesting to employ these NZs in context of HBOCs and compare the obtained 

antioxidant systems.    

While PEG is regarded as the golden standard to obtain stealth coating, the production of anti-PEG 

antibodies is becoming an increasingly recognized issue. Therefore, the alternative approach of 

coating NPs with RBC-M is employed, which uses the RBC’s surface properties to achieve long 

circulation. In this thesis, three methods of RBC-M coating were assessed, which all showed the 

successful deposition of RBC-M in terms of a decrease in protein adsorption on the nanocarriers 

surface. To further assess the different coating techniques and their potential in obtaining anti-

fouling coatings, additional experiments could be executed. It would be interesting to quantify the 

presence of CD47, glycoproteins, and sialyl residues on the HBOC’s surface [7][8]. In vitro 

assessment could furthermore show the effectiveness of the RBC-M’s ‘marker of self’ against 

macrophage uptake.  

On a final note, by employing the LbL technique to prepare HBOC systems, numerous systems 

can be fabricated. The choice of NP core and the variability in the amount and content of the 

adsorbed layers make this technique a versatile method. The ease of adding and changing multiple 

functionalities opens up new possibilities in the creation of HBOCs as potent RBC substitutes.  
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Appendix 1 

7. Recent and prominent examples of nano- and micro-

architectures as hemoglobin-based oxygen carriers 
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Abstract 

Blood transfusions, which usually consist in the administration of isolated red blood cells (RBCs), 

are crucial in traumatic injuries, pre-surgical conditions and anemias. Although RBCs transfusion 

from donors is a safe procedure, donor RBCs can only be stored for a maximum of 42 days under 

refrigerated conditions and, therefore, stockpiles of RBCs for use in acute disasters do not exist. 

With a worldwide shortage of donor blood that is expected to increase over time, the creation of 

oxygen-carriers with long storage life and compatibility without typing and cross-matching, 

persists as one of the foremost important challenges in biomedicine. However, research has so far 

failed to produce FDA approved RBCs substitutes (RBCSs) for human usage. As such, due to 

unacceptable toxicities, the first generation of oxygen-carriers has been withdrawn from the 

market. Being hemoglobin (Hb) the main component of RBCs, a lot of effort is being devoted in 

assembling semi-synthetic RBCS utilizing Hb as the oxygen-carrier component, the so-called Hb-

based oxygen carriers (HBOCs). However, a native RBC also contains a multi-enzyme system to 

prevent the conversion of Hb into non-functional methemoglobin (metHb). Thus, the challenge for 

the fabrication of next-generation HBOCs relies in creating a system that takes advantage of the 

excellent oxygen-carrying capabilities of Hb, while preserving the redox environment of native 

RBCs that prevents or reverts the conversion of Hb into metHb. In this review, we feature the most 

recent advances in the assembly of the new generation of HBOCs with emphasis in two main 

approaches: the chemical modification of Hb either by cross-linking strategies or by conjugation 

to other polymers, and the Hb encapsulation strategies, usually in the form of lipidic or polymeric 

capsules. The applications of the aforementioned HBOCs as blood substitutes or for oxygen-

delivery in tissue engineering are highlighted, followed by a discussion of successes, challenges 

and future trends in this field. 

7.1. Introduction 

Blood transfusions, which in most cases involve the administration of isolated red blood cells 

(RBCs), are crucial in several settings such as traumatic injuries (e.g., in accidents or natural 

disasters), in a pre-surgical context (e.g., transplants or trauma surgery) or for treatment of chronic 

and acute anemias [1,2]. Blood transfusion has been a routine and safe procedure over the last 
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century since, under normal circumstances, donor blood is the best replacement for blood. 

However, blood transfusions from donors have some limitations and risks such as: 

a limited supply with a worldwide acute shortage that is expected to get worse due to an ageing 

population [3]; the need of typing and matching before RBCs can be transfused to patients due to 

the RBCs membranes blood group antigens, which can cause fatal delays in emergency situations; 

the short lifetime of RBCs by standard storage methods (one day stability when stored at room 

temperature and 42 days at 4 °C); or the fact that RBCs cannot be sterilized to remove infective 

agents such as hepatitis viruses, HIV and other potential emerging infective agents which could 

result in contaminated donor blood [4]. 

The primary biological function of natural RBCs is to transport oxygen (O2) from the O2-rich lungs 

to O2-poor tissues (Scheme 7.1Ai). Therefore, there is a significant clinical interest in creating 

synthetic analogues of RBCs, the so-called RBC substitutes (RBCSs), which can mimic the 

biological functions of natural RBCs while, simultaneously, overcoming some of its drawbacks. 

Unlike natural RBCs, RBCSs can be sterilized by pasteurization, ultrafiltration and other chemical 

means to remove microorganisms responsible for AIDS or hepatitis, among others, thus reducing 

biological risks. Furthermore, RBCSs do not possess RBC blood group antigens, eliminating the 

need for cross-matching or typing which saves time and facilities, a crucial factor in emergency 

situations. What is more, RBCSs can be readily lyophilized and stored for a long time in a dried 

powder form, which can be reconstituted with salt solution the moment is needed [5,6]. To this 

end, a large volume of research has been carried out in the area of synthetic RBCs [1,7]. 

There are three main types of RBCSs that have undergone extensive preclinical and some clinical 

research, including perfluorocarbon (PFC)-based emulsions, iron (Fe2+)-containing porphyrins and 

hemoglobin (Hb)-based oxygen carriers (HBOCs). HBOCs make use of either bovine Hb or cell-

free human Hb (hHb) from outdated blood. They take advantage of the excellent O2-carrying and 

releasing properties of Hb to create RBCSs, and are the focus of this review. For a detailed 

overview of PFC based emulsions and Fe2+-containing porphyrins, the reader is referred to 

excellent reviews on these fields [1,8–10]. 

Hb is the main component of RBCs, but a RBC also contains a multienzyme system to prevent the 

conversion of Hb into non-functioning methemoglobin (metHb), as well as the allosteric effector 
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2,3-diphosphoglycerate (2,3-DPG), which promotes O2 release to the tissues [4]. Natural RBCs 

also carry out the important function of carbon dioxide (CO2) transport from the tissues to the 

lungs for excretion. While around 20% of CO2 is carried by Hb, the remaining 80% of CO2 is 

transported in the plasma as bicarbonate (HCO3 ). The conversion of CO2 into HCO3
– is catalyzed 

in RBCs by the enzyme carbonic anhydrase (CA) [11]. 

Hb is a tetramer with two globular  and two globular  polypeptide subunits ( 1 1 2 2), and each 

subunit contains a heme group consisting of a porphyrin ring structure with Fe2+ bound to the 

center (Scheme 7.1Aii). Each heme group is a single O2-binding site and, thus, each Hb molecule 

has the capacity to carry four O2 molecules. Hb is in the “oxy” state (oxy-Hb) when it carries O2, 

which is also known as the relaxed form of Hb (R-state), where it has a high O2-affinity structure 

(Scheme 7.1Aiii). When Hb releases O2, it undergoes a conformational change to the “deoxy” state 

(deoxy-Hb), also known as the tense form of Hb (T-state), where the quaternary structure of Hb 

has low affinity towards O2 (Scheme 7.1Aiii). Diverse factors such as low pH, high CO2 and high 

2,3-DPG concentrations at the tissue level favor the T-state, which releases O2 into the tissues. 

Similarly, high pH, low CO2 and low 2,3-DPG concentrations facilitate the R-state, where Hb 

prefers O2 binding. The amount of O2 bound to Hb at any time is related to the partial pressure of 

oxygen (pO2) to which Hb is exposed. In the lungs, pO2 is typically high and O2 binds readily to 

Hb (R-state). As RBCs move to other body tissues with a lower pO2, Hb releases O2 into the tissue 

(T-state). The shape of the O2 dissociation curve (ODC) of Hb is sigmoidal (Scheme 7.1B), which 

results from the interaction of bound O2 with incoming O2 molecules. Hb's affinity for O2 increases 

as successive molecules of O2 bind, due to an induced conformational change in its structure [6]. 

The p50 value refers to the pO2 at which Hb is 50% saturated with O2 (Hb(p50) = 26.5mmHg) 

(Scheme 7.1B) [12]. 

The transport of O2 requires O2 reversibly bound to ferrous Hb (Hb(Fe2+)). Although oxy-Hb(Fe2+) 

is a very stable molecule, it slowly auto-oxidizes to oxy-Hb(Fe3+), the so-called metHb [13], which 

is unable to bind O2 and, furthermore, leads to dysregulated vascular tone and inflammatory 

reactions [8]. Thus, natural RBCs possess mechanisms to prevent or reverse the oxidative 

denaturation of Hb into metHb by making use of a multi-enzyme system that includes cytochrome-

b5 reductase, superoxide dismutase (SOD), glutathione peroxidase and catalase (CAT) [13–15]. 
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Apart from the lack of an antioxidant multi-enzyme system and the allosteric effector 2,3-DGP, 

Hb alone cannot be used for infusion in the body because, when outside the RBCs, the 1 1 2 2 

tetramer breaks down into dimers ( 1 1 and 2 2) and monomers ( 1, 1, 2, 2) causing toxicity 

by means of several pathways (Scheme 7.1C) [4]. One mechanism for the removal of extracellular 

oxy-Hb involves the plasma protein haptoglobin (Scheme 7.1C, 1) [16]. Oxy-Hb dimers form 

complexes with haptoglobin which are subsequently recognized by the mononuclear phagocyte 

system (MPS), followed by macrophage endocytosis by the CD163 receptor and removal in the 

liver and spleen [17]. When large amounts of extracellular oxy-Hb are present, upon saturation of 

haptoglobin, the remaining oxy-Hb dimers and monomers get oxidized into metHb products 

(Scheme 7.1C, 2). This oxidation of oxy-Hb into metHb, a part of provoking the loss of the O2-

carrying ability of Hb, generates a series of free radicals and reactive oxygen species (ROS) such 

as superoxide radicals (O2
• ) and hydrogen peroxide (H2O2) [11,18–20], which subsequently react 

with nitric oxide (NO) converting it into nitrate (NO3 ) (Scheme 7.1C, 3). Being NO a natural 

vasodilator, its depletion from the bloodstream generates vasoconstriction and the associated 

cardiovascular complications (e.g., myocardial infarction) and increased mortality [21]. 

Furthermore, H2O2 can oxidize both oxy-Hb and metHb into ferryl Hb (Hb(Fe4+)) leading to the 

release of both the heme group and Fe4+ ions (Scheme 7.1C, 4) [20]. While Fe4+ is sequestered by 

transferrin, the heme group binds to the plasma glycoprotein hemopexin (Scheme 7.1C, 5) [16,22]. 

Next, the heme groups are released from hemopexin to be degraded in the liver while the 

hemopexin glycoprotein is recycled back [22].When the plasma protein scavenging pathways are 

saturated, the oxy-Hb dimers and monomers will also start scavenging NO from the bloodstream, 

which will result in the formation of NO3  and the oxidized Hb products metHb and Hb(Fe4+) 

(Scheme 7.1C, 6). MetHb and Hb(Fe4+) will subsequently release the heme groups which will 

permeate into the endothelial cells lining the blood vessels generating an inflammatory response 

(Scheme 7.1C, 7) [23,24]. Further accumulation of oxy-Hb in the bloodstream will be filtered out 

by the kidney glomeruli and reabsorbed by the tubules (Scheme 7.1C, 8) [25]. Overloading this 

system will result in oxidative damage and cell death within the kidneys. Additionally, upon 

dissociation of the oxy-Hb tetramer, the oxy-Hb dimers and monomers will be able to penetrate in 

between the endothelial cells lining the blood vessels due to their small size (Scheme 7.1C, 9) 

[21,26]. Following extravasation into the sub-endothelial layer, the oxy-Hb dimers and monomers  
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can react again with NO present in the underlying smooth muscle cells which will result in 

conversion to metHb products together with NO3 . This depletion of the NO present in the smooth 

A) RBCs intravenous O2 uptake and release (i), structure of the Hb tetramer (ii) and oxy-Hb or R-state 
(left) and deoxy-Hb or T-state (right) of the heme group (iii). B) The O2 dissociation curve of Hb with 
the p50 value (dotted line) at 26.5 mmHg O2 partial pressure (pO2). C) Intravascular dissociation of Hb. 
1) Oxy-Hb is dissociated into its dimers and monomers which bind to haptoglobin, followed by 
endocytosis via the CD163 receptor and degradation in liver and spleen. 2) Oxy-Hb dimers and 
monomers can also auto-oxidize into metHb products and the complementary reactive oxygen species 
(ROS) which results in nitric oxide (NO) depletion by converting it into nitrate (NO3-) (3). Next, the 
oxy-Hb oxidation products (i.e., metHb and ferryl Hb) promote the unfolding of the globin chains 
releasing the heme groups (4). The free heme groups bind to hemopexin to be released again and 
degraded by the macrophages while the hemopexin is recycled back (5). 6) When the plasma protein 
mechanisms are saturated, oxy-Hb will also scavenge NO resulting in metHb, Hb(Fe4+) and NO3- 
production. Unbound metHb products can penetrate through the endothelial cells membrane causing an 
inflammatory response (7). Additional intravenous oxy-Hb dimers and monomers are removed by kidney 
filtration (5). 9) Finally, oxy-Hb dimers and monomers can also extravasate in between the endothelial 
cells lining the blood vessels to scavenge the NO of the underlying smooth muscle cells which results in 
inflammation, smooth muscle impairment, and platelet activation. 

Scheme 7.1. Schematic representation of the red blood cells (RBCs) structure, oxygen (O2)-binding 
capacity and intravascular hemoglobin (Hb). 
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muscle cells will cause endothelial dysfunction, irregular muscle functioning (e.g., 

vasoconstriction, contraction, and systemic hypertension) and intravascular platelet activation  

[16,27]. Platelet activation together with the vasoconstriction can, furthermore, cause blood clot 

formation. 

Due to all the aforementioned toxic effects generated by the dissociation of Hb into dimers and 

monomers, the challenge when developing HBOCs lies in creating a system able to take advantage 

of the Hb O2-carrying capabilities while avoiding dissociation of the Hb tetramer and preserving 

the redox environment of RBCs that minimizes the conversion of Hb into non-functional metHb 

and all the associated toxic effects. The research efforts to achieve this goal have so far gone 

through three different generations of HBOCs [4,28].While the first generation focused on the 

polymerization or cross-linking of Hb to prevent tetramer dissociation and renal filtration, the 

second generation of HBOCs enhanced their functionality by incorporating antioxidant enzymes 

to minimize the conversion of Hb into non-functional metHb. While the first and second 

generations entail the Hb's chemical modification, the last or next generation of HBOCs involve 

the encapsulation of Hb within a synthetic membrane. In the next sections, we will review HBOCs 

with emphasis in recent examples from the last 2–3 years. The different approaches will be 

classified in the two main strategies that have been developed so far: the chemical modification of 

Hb (i.e., the first and second generation of HBOCs) or the encapsulation of Hb within a protective 

shell (i.e., the last generation of HBOCs) (Scheme 7.2). The different strategies will be further 

classified in nano or microarchitectures, depending on the size of the as-prepared HBOCs. It is 

important to note that, unless stated otherwise, the Hb employed to assemble the different HBOCs 

is from bovine descent. 

7.2. Chemical Modification 

Hb cannot be administered alone due to its unacceptable short circulation times (>6 h) as well as 

to the associated toxicities due to the dissociation of the Hb tetramer. To overcome these 

drawbacks, several chemical modification approaches have been employed as a strategy 

[1,4,21,29]. 
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7.2.1. Nanoarchitectures 

Mainly, three types of chemically modified Hb generating molecular structures in the nano-range 

have been developed to date: cross-linked Hb, polymerized Hb and Hb conjugated to polymers 

(Table 7.1). Intramolecular cross-linked Hb was the first approach to avoid dissociation of the 

tetramer by creating chemical cross-links between the  and  chains of the tetramer, which gave 

rise to commercial products such as HemAssist (Baxter Healthcare Corporation, U.S.A.) [30]. 

HemAssist, which consisted in diaspirin cross-linked hHb, showed an increase in circulation time 

to up to 12 h (in contrast to <6 h for native Hb) [30]. However, due to increased mortality rates in 

human patients as compared to the control group, all cross-linked Hb-based products have been 

discontinued [10,31]. 

Several bi-functional cross-linking reagents have also been used to polymerize Hb. As such, 

glutaraldehyde (GA) and o-raffinose have been used to create different polyHb products. 

HemoPure (Biopure Corporation, U.S.A.), which consists of Hb polymerized by GA, is sold in 

South Africa to treat acute anemia and is the only FDA approved HBOC in the U.S.A. and Europe 

Scheme 7.2. Schematic representation of different hemoglobin (Hb)-based oxygen carriers (HBOCs) 
discussed in the review. 
HBOCs are classified depending if Hb has been chemically modified to be attached to a carrier (top) or 
if it has been encapsulated (bottom). RBC: red blood cell, SOD: superoxide dismutase, CAT: catalase, 
CA: carbonic anhydrase, PEG: polyethylene glycol, PDA: polydopamine. 
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for veterinary use under the name of Oxyglobin (Biopure Corporation, U.S.A.) [32]. Other polyHb 

products such as PolyHeme (hHb, Northfield Laboratories, Inc., U.S.A.) [33] or HemoLink (hHb, 

Hemosol BioPharma, Canada) [34], have been discontinued due to unacceptable toxicities [10].  

Finally, conjugation of Hb to other molecules has been considered as an approach to create 

HBOCs. As an example, Hb has been conjugated to polyethylene glycol (PEG) forming an Hb-

polymer conjugate with reduced recognition by the MPS and with increased viscosity and osmotic 

pressure [35]. Some of the PEGylated products reached the market, such as Hemospan (hHb, 

Sangart, Inc., U.S.A.), Pyridoxalated Hemoglobin Polyoxyethylene (hHb, Apex Bioscience, 

U.S.A.), or PEG-Hb (Enzon, U.S.A.). However, these products have also demonstrated a statistical 

increase in the risk of death and myocardial infarction in the treatment groups [36], and they have, 

therefore, been withdrawn from the market [10]. 

Despite the disappointing outcomes of all these chemically modified Hb products, there are useful 

lessons to be learned from this first generation which can help to develop a safer HBOCs [37]. As 

an example, the vasoconstriction caused by the chemically modified Hb-based products has been 

partly attributed to the infiltration of modified Hb into the endothelium of blood vessels, probably 

due to incomplete cross-linking. This results in oxidative damage as well as in the scavenging of 

NO. Since NO is responsible for relaxation of the underlying smooth muscle [25], NO removal 

causes potent microvascular vasoconstriction, which subsequently results in cardiovascular 

compromise (i.e., myocardial infarction) and increased mortality (Scheme 7.1C) [10,36,38–41].  

It is also important to note that, despite having been withdrawn from the market, several 

polymerized Hb products (e.g., PolyHeme, Hemopure and Oxyglobin) induced limited NO 

sequestration as compared to unmodified Hb. This fact is attributed to the increased particle size 

of polyHb, which limits its interaction with the vascular endothelium [25]. Similarly, 

polymerization of Hb with PEG (e.g., Hemospan) also produces larger particles as compared to 

cross-linked or free native Hb which, in turn, results in minimal vasoconstriction as well as longer 

circulatory half-lives [10,42,43].  

One of the current research directions towards the development of chemically modified HBOCs 

in the nano-range involves the conjugation of Hb with dextran (Dex). Since Dex is a natural, 

biocompatible, hydrophilic polymer which has the capacity to prevent thrombosis and shock, it is 
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very attractive for the creation of HBOCs and has recently been employed for the fabrication of 

Hb-Dex conjugates [44–46]. Wang et al. [47] have recently developed an Hb-Dex conjugate of 

around 30 nm in diameter with lower oxidative toxicity as compared to other Hb-polymer 

conjugates. Since one of the leading obstacles for the development of Hb-polymer conjugates is 

the fact that Hb can be easily oxidized to metHb, which results in oxidative stress and 

vasoconstriction, the authors prepared the Hb-Dex conjugate while protecting the critical moieties 

of the heme group. The rationale behind their approach lies in the fact that many of the reported 

Hb-polymer conjugates, including Hb-Dex but also hHb-PEG [48] and polyHb [49], are prepared 

by modifying the thiol moiety of the amino acid residue Cys-93( ) which can unfavorably 

influence the heme pocket of the  chain. This modification of the heme pocket increases the 

autoxidation rate, which subsequently increases the affinity towards O2 and significantly decreases 

the p50. Hb oxidation onto metHb causes a leftward shift in the ODC due to impaired metHb 

cooperativity [50,51]. Therefore, Hb was conjugated to Dex while protecting the Cys-93( ) 

residue. As expected, the Hb-Dex conjugates showed significantly higher hydrodynamic volume 

and higher viscosity than native Hb. Furthermore, the authors could successfully demonstrate that 

protection of Cys-93( ) played a critical role in decreasing the autoxidation rate of Hb-Dex by 

comparing it to the autoxidation rate of the non-protected counterpart. 

Also, making use of Dex to create Hb-polymer conjugates, Wei et al. [52] reported the synthesis 

of Dex-based nanogels. Nanogels are particularly well suited as Hb carriers their high water 

content which translates into high deformability, allows them to remain in circulation for extended 

amounts of time [53]. For the assembly of Hb-containing nanogels, the authors synthetized an 

amphiphilic graft co-polymer based on Dex, succinic anhydride (SA) and dopamine (DA) 

conjugated to Hb (Figure 7.1A). This Dex-SA-DA graft co-polymer could self-assemble into 

nanogels just by adjusting the pH to 2. Next, the nanogels were cross-linked in situ employing 

sodium periodate to cross-link the DA moieties by oxidation. Finally, the Dex's moieties of the 

nanogels were functionalized with aldehyde groups to allow for Hb's conjugation via Schiff base 

reaction between the aldehydes of the functionalized Dex and the Hb's amino groups. Transmission 

electron microscopy (Figure 7.1B) and scanning electron microscopy (SEM) (Figure 7.1C) images 

showed that the Hb-nanogels (HbNGs) had a diameter of ~260 nm. It was possible to demonstrate 

the gas binding capacity of the HbNGs by UV–vis analysis (Figure 7.1D).   
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The maximum absorption peak of HbNGs at different wavelengths when exposed to different 

gases, could shift reversibly. This fact demonstrates that the HbNGs are able to bind and release 

different gas ligands freely while retaining Hb's bioactivity. The O2 affinity of the HbNGs was 

assessed by an ODC and it revealed a p50 of about 14 mmHg, which indicates that the HbNGs 

exhibit a higher O2 affinity as compared to native Hb encapsulated within RBCs (p50 = 26.5 

mmHg). High O2 affinity (low p50) is an important feature for HBOCs, since high O2 affinity 

avoids vasoconstriction caused by O2 oversupply in the precapillary arterioles [54]. Since Hb will 

slowly autoxidize into non-functional metHb, the authors also assessed the HbNGs half-life (t1/2) 

(Figure 7.1E), showing that the HbNGs exhibited a similar t1/2 as native Hb at 37 °C. In the same 

study, the authors also showed that the Dex-based HbNGs exhibited good biocompatibility as 

A) The HbNGs assembly starts with the synthesis of a co-polymer consisting of dextran (Dex), succinic 
anhydride (SA) and dopamine (DA). The Dex-SA-DA co-polymer self-assembles into NGs at acidic pH 
(1). Next, the NGs are cross-linked by oxidizing the DA moieties with sodium periodate (NaIO4) and 
functionalizing the Dex component with aldehyde groups (2). Hb is then incorporated through covalent 
bonding between the amino groups of Hb and the Dex’s aldehyde groups (3). B) Transmission and 
scanning (C) electron microscopy images of the HbNGs. Scale bars of 500 nm. D) UV-vis spectra of 
HbNGs exposed to carbon monoxide (CO-HbNGs), nitrogen (Deoxy-HbNGs) and oxygen (Oxy-
HbNGs). E) Stability of Hb and HbNGs at 37 °C with the corresponding half-lives (dotted lines). Adapted 
from [52], with permission from Elsevier. 

Figure 7.1. Hemoglobin-based nanogels (HbNGs) synthesis and characterization. 
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demonstrated by cell viability assays. It was also confirmed that the HbNGs do not interact with 

blood components and will, therefore, not cause a detrimental effect after being introduced in the 

bloodstream. 

Dex has also been chosen as a component to create stimuli-responsive Hb-polymer conjugates by 

co-polymerizing it with poly(N-isopropylacrylamide) (PNIPAAm). PNIPAAm is one of the most 

prominent stimuli-responsive polymers reported to date since it displays a reversible phase 

transition with temperature in aqueous solution [55,56]. To create thermo-responsive Hb-polymer 

conjugates, Wang et al. [57] synthetized a Dex-graft-PNIPAAm (Dex-g-PNIPAAm) co-polymer 

that displayed a reversible change of solubility in response to temperature. Since above the lower 

critical solution temperature (LCST), which is ~32 °C, the PNIPAAm block experiences a 

transition from a hydrophilic to a hydrophobic conformation, the Dex-g-PNIPAAm co-polymer  

could self-assemble into stable micelles. The micelles, which were ~100 nm in diameter, were 

composed of PNIPAAm as the hydrophobic core and Dex as the hydrophilic shell [58]. 

Incorporation of Hb into the co-polymer, which was conjugated to the Dex moieties of the co-

polymer, decreased the hydrodynamic diameter to ~50 nm. This fact could be attributed to the 

additional hydrogen-bonding interactions within the core. Interestingly, the authors demonstrated 

that, although at room temperature (T < LCST) the autoxidation rate of native Hb was much slower 

than the autoxidation rate of the Hb-Dex-g-PNIPAAm conjugates, when increasing the 

temperature to T > LCTS, the results were different. At 37 °C (T > LCTS), the autoxidation rate 

of native Hb was faster than the Hb-Dex-g-PNIPAAm conjugates. This result was explained by 

the authors by the fact that, when the polymer conjugates self-assembled into micelles, they 

provided a better protection to the oxy-Hb molecules, thus improving their stability in air. 

On a very original study, Bu et al. [59] designed an Hb-polymer conjugate functionalized with 

specific recognition moieties for cancer cells, which was designed for the treatment of hypoxia in 

tumors. The authors synthetized the amphiphilic block co-polymer poly[2-(methacrylamido) 

glucopyranose]-block-poly(methacrylic acid)-block poly(butyl methacrylate) (PMAG-b-PMAA-

b-PBMA) where the first block consists of glucose units that are able to recognize cancer cells via 

the glucose transporter isoform 1 (GLUT1). Upon self-assembly of the amphiphilic polymer into 

micelles, Hb was conjugated to the PMAG-b-PMAA-b-PBMA polymer through a condensation 

reaction between the amino groups of Hb and the carboxyl groups of the PMAA block. The Hb-
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based micelles displayed a uniform size of ~147 nm. Importantly, the Hb-based micelles 

demonstrated excellent capacity for O2 binding, as shown by their UV–vis spectrum after being 

oxidized by O2 which displayed the characteristic oxy-Hb peak at 412 nm, thus confirming the 

transformation of deoxy-Hb into oxy-Hb. Additionally, in vitro cell experiments showed high cell 

viability for both kidney cells (the control cell line) and cancer cells, therefore demonstrating the 

biocompatibility of the Hb-based micelles. In addition, the Hb-based micelles actively recognized 

cancer cells via GLUT1, as shown by the high cellular uptake of doxorubicin-loaded Hb-based 

micelles by cancer cells as compared to kidney cells. These results demonstrate the potential of 

the Hb-based micelles in tumor therapy. 

Despite this progress in the development of Hb-conjugates, all described products still lack the 

ability to regulate the autoxidation of oxy-Hb. The oxidative state of the iron of the heme groups 

will unavoidably result in the irreversible conversion of oxy-Hb into metHb which, apart from not 

being able to deliver O2 at physiological pO2 tissue levels, also generates toxic free radicals 

[10,20,60–62].  

To prevent or reverse the conversion of oxy-Hb into metHb, natural RBCs contain antioxidant 

enzymes such as CAT and SOD. Thus, in an attempt to minimize metHb conversion, these 

enzymes have been crosslinked to polyHb to form polyHb-SOD-CAT conjugates [38,63]. The as 

prepared conjugate was able to reduce the oxidative stress produced by ROS, thus demonstrating 

its potential in reducing oxidative damage in injured and ischemic tissues [8,63,64]. 

Based on the previous approach and with the aim to create a RBCS with three augmented RBCs 

functions, namely O2 transport, ROS removal, and elimination of CO2, Bian et al. [65] employed 

polyHb where the Hb molecule was cross-linked to the antioxidant enzymes SOD and CAT, and 

also to the CA enzyme, which is responsible for the conversion of ~ 80% of the CO2 into H2O and 

HCO3 . The polyHb-SOD-CAT-CA conjugate was synthetized by cross-linking SOD, CAT and 

CA to polyHb employing GA (Figure 7.2A). The authors chose to work with a derivative of 

polyHb since it has been previously shown that polyHb can delay the need for blood transfusion 

for up to 12 h [39]. Furthermore, although polyHb has only been authorized for routine use in 

countries such as South Africa, where the side effects caused by polyHb are not considered as 

serious as compared to having HIV-contaminated donor blood or to not having donor blood at all,  
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so far, polyHb is the only approved HBOC [1,66]. The authors conducted an in vivo study with a 

severe hemorrhagic shock rat model to which two thirds of the blood volume had been removed 

generating a mean arterial blood pressure (MAP) of only 30 mmHg. This was followed by the 

reinfusion of polymerized stroma-free hemolysate (polySFHb), polySFHb-SOD-CAT-CA, and 

several control solutions (sham control, blood, lactated Ringer's solution, polyHb, and polyHb-

SOD-CAT) for 60 min (Figure 7.2B). The results demonstrated that the MAP decreased after 

reinfusion with the lactated Ringer's solution (ii, 43.3±2.8mmHg), while was maintained after 

reinfusion with blood (iii, 91.3 ± 3.6 mmHg), polyHb (iv, 82.6 ± 3.5 mmHg), polySFHb (v, 85.0 

± 2.5 mmHg), polyHb-SOD-CAT (vi, 86.0 ± 4.6 mmHg), and polySFHb-SOD-CAT-CA (vii, 87.5 

± 5 mmHg). Although there were no significant differences in the MAP when injecting polySFHb-

SOD-CAT-CA, polyHb-SOD-CAT, polySFHb or polyHb, the authors also measured the partial 

pressure of CO2 (pCO2) upon applying the different resuscitation fluids (Figure 7.2C). The 

relevance of pCO2 has been demonstrated, since increasing levels of intracellular pCO2 are 

associated to a more severe myocardial ischemia [67] as well as to higher mortality rates [68]. 

Interestingly, the results showed that polySFHb-SOD-CAT-CA was able to reduce tissue pCO2

Figure 7.2. Hemorrhagic shock model for cross-linked hemoglobin (Hb) or stroma-free hemolysate 
(SFHb) with superoxide dismutase (SOD), catalase (CAT), and carbonic anhydrase (CA). 
A) Schematic representation of the polyHb-SOD-CAT-CA. B) The mean arterial blood pressure (MAP) 
and tissue CO2 partial pressure (pCO2) (C) were measured after reinfusion of different fluids (ii-vii) 
injected 90 min after inducing a hemorrhagic shock that had generated a MAP of 30 mmHg. i) Sham 
control without hemorrhagic shock. Adapted from [65], with permission from Informa Healthcare USA, 
Inc. 
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from 98.0 ±4.5mmHg  to 68.6±3.0mmHg (Figure 7.2Cvii), demonstrating that polySFHb-SOD-

CAT-CA was significantly more effective in reducing the pCO2 levels than all the other 

resuscitation fluids (lactated Ringer's solution (ii, 98.0± 4.5 mmHg), blood (iii, 79.1 ± 4.7 mmHg), 

polyHb (iv, 90.1 ± 4.0 mmHg), polySFHb (v, 77.0 ± 5.0 mmHg) and polyHb-SOD-CAT (vi, 90.9 

± 1.4 mmHg)). The authors also demonstrated that polySFHb-SOD-CAT-CA could be freeze-

dried, pasteurized and stored for 320 days at room temperature, all of them crucial parameters to 

create successful RBCSs.  

Another strategy employing enzymes to minimize oxidative stress and, therefore, the metHb 

conversion, was employed by Hathazi et al. [69] The authors conjugated Hb to the non-heme 

peroxidase rubrerythrin (Rbr), which is an enzyme with the ability to reduce H2O2 to H2O without 

involving free radicals or ferryl iron, which is usually formed in peroxidase and catalase reactions. 

Thus, with the aim of using a safer enzyme than heme-based peroxidases or catalases, the authors 

polymerized Hb with Rbr using GA to form polyHb-Rbr. UV–vis characterization showed that 

polyHb-Rbr accumulated significantly less Fe4+ than polyHb, thus demonstrating the ability of Rbr 

to protect against oxidative stress, which may result in reduced toxicity in vivo. Furthermore, cell 

viability studies using endothelial cells revealed slightly better performance of polyHb-Rbr as 

compared to polyHb, showing the potential for a better protective effect towards Hb autoxidation 

in vivo. 

A different approach to avoid the toxic effects of polyHb was developed by Simoni et al. [70,71] 

The authors reported a product named HemoTech, where Hb had been cross-linked intramolecular 

by adenosine- -triphosphate (ATP), intermolecular by adenosine and further combined with 

reduced glutathione (GSH). With this composition, ATP prevented Hb dimerization while 

regulating the vascular tone through purinergic receptors; adenosine promoted the polymerization 

of Hb while simultaneously counteracting the vasoconstrictive and pro-inflammatory properties of 

Hb by stimulating the adenosine receptors; and GSH shielded the heme group from NO and ROS 

while blocking Hb's extravasation and glomerular filtration by lowering its isoelectric point. 

Preclinical studies and an older clinical proof-of-concept study have already been performed, and 

the results suggest that HemoTech can work as an effective HBOC able to treat several conditions 

such as blood loss, anemia, or ischemic vascular conditions [70]. 
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A very creative approach to minimize the conversion of oxy-Hb into metHb was developed by 

Tomita et al. [72] The authors employed a previously reported core-shell structure where Hb was 

located at the core and conjugated to human serum albumin (HSA) which was located in the 

periphery (Figure 7.3A1-2). The assembly was conducted by crosslinking the amino groups of the 

lysines on the Hb's surface to the free cysteines of HSA. The heterobifunctional cross-linker N-

succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate was employed to conduct the 

reaction and three HSA molecules were conjugated to each Hb [72]. These Hb-(HSA)3 

nanoclusters are envisaged to have low risks of rapid clearance and extravasation, since HSA 

shows low permeability in the vasculature walls due to the electrostatic repulsion between the 

negatively charged HSA's surface and the negatively charged membrane of the endothelial cells 

[73]. An important consideration for this system is that flavin derivatives can bind strongly to the 

exterior of the HSA units of the core-shell structure (Figure 7.3Ai). The relevance of flavin 

derivatives lies in that they are electron mediators in biological systems and, upon being reduced 

by the co-factor nicotinamide adenine dinucleotide (NADH), they can act as reducing agents and 

convert metHb back to oxy-Hb (Figure 7.3B). The authors showed the reduction of metHb after 

addition of NADH using the flavin derivatives lumiflavin (LF) and flavin monocleotide (FMN) 

(Figure 7.3C). LF, which is smaller and more hydrophobic than FMN, binds more tightly into the 

HSA pocket and showed increased metHb reduction rates as compared to FMN. Another 

modification of these Hb-(HSA)3 core-shell nanoclusters where platinum nanoparticles (PtNPs) 

were embedded into the HSA pockets was also reported (Figure 7.3Aii) [74]. PtNPs can perform 

SOD and CAT activities, since they can convert O2  into H2O2 plus O2, and H2O2 into O2 plus 

H2O and, as such, they have the ability to minimize the autoxidation of Hb to metHb. The results 

demonstrated higher CAT activities for the HSA-PtNP complexes as compared to the free PtNPs, 

marking the importance of the PtNP-protein complexes. Furthermore, metHb levels were 

measured for different Hb-(HSA)3 cluster combinations in aqueous H2O2 solutions (Figure 7.3D). 

Incorporation of PtNPs into the Hb-(HSA)3 nanoclusters showed good protection towards the 

oxidation of Hb as compared to the different controls. In a different study, the authors evaluated 

the potential of Hb-(HSA)3 nanoclusters as an HBOC in vivo [75]. The hemodynamic and 

pharmacokinetic properties were analyzed and compared to that of cross-linked Hb (XLHb). The 

authors first demonstrated that there was no unfavorable interaction between the Hb-(HSA)3  
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nanoclusters and the different blood components. Next, the potential of the Hb-(HSA)3

nanoclusters as HBOCs was investigated by analyzing the MAP after their injection in rats (Figure 

7.3E). The results show that the injection of Hb-(HSA)3 nanoclusters displayed the same response 

as an HSA injection, which had a non-vasopressor effect, showing only slight MAP alternation 

after injection. In contrast, upon injection of XLHb an immediate increase in MAP was observed 

followed by urinary excretion only 10 min after injection. The circulation t1/2 was also investigated 

using iodine-125 labeling (Figure 7.3F). While XLHb had a t1/2 of only 0.53 h, HSA had a t1/2 of 

11.0 h, while Hb-(HSA)3 had a t1/2 of 18.5 h. This increase in circulation time was ascribed to the  

increased size and negative surface charge of the Hb-(HSA)3 nanoclusters as compared to bare  

A) Hb was modified with the N-succinimidyl 4-(N-maleimidomethy) cyclohexane-1-carboxylate 
heterobifunctional cross-linker (1) after which human serum albumin (HSA) was attached to obtain Hb-
(HSA)3 nanoclusters (2). Flavin derivatives could be bound to a subdomain of the HSA (i), or a platinum 
nanoparticle (PtNP) could be bound within the cleft of one HSA unit (ii). B) Diagram of metHb reduction 
by nicotinamide adenine dinucleotide (NADH) using flavin derivatives. C) Dependence of initial rate 
(v0) of metHb reduction on NADH concentration using the flavin derivatives lumiflavin (LF) or flavin 
mononucleotide (FMN) bound to the Hb-(HSA)3 clusters. Reprinted with permission from [74]. 
Copyright 2013 ACS Publication. D) MetHb levels of Hb-(HSA)3, Hb-(HSA)3(PtNP) clusters, and a 
mixture of the different components over time in a 20 M hydrogen peroxide solution. Hb sham without 
hydrogen peroxide. Adapted with permission from [76]. PLoS ONE open access. D) Difference in mean 

-(HSA)3, and cross-linked Hb (XLHb) 
into rats. ** p< 0.01 vs. XLHb, stopped after 10 minutes due to urinary excretion. E) Relative blood 
plasma concentration of iodine-125 (I125)-labeled HSA, Hb-(HSA)3, and XLHb. ** p< 0.01 vs. I125-HSA. 
Reprinted with permission from [77]. Nature Scientific reports open access. 

Figure 7.3. Hemoglobin (Hb)-albumin clusters assembly and metHb reduction 



 

151 

 

HSA. The in vivo studies also demonstrated that there were no negative side effects or toxic 

reactions in the major organs after injection. Other articles published using the same Hb-albumin 

core structure, but employing serum albumins from feline and canine origin, showed the potential 

of this HBOCs product for veterinary use [76,77]. 

Despite the toxicities displayed by many of the chemically modified nano-sized HBOCs, which 

has resulted in the withdrawal from clinical trials and/or the market of most of the products, 

chemically modified HBOCs have been thoroughly studied and, as a result, we have learned 

several lessons from their shortcomings, which are now being addressed in the most recent studies. 

Promising results arise from the strategies that aim at limiting the autoxidation of Hb into metHb, 

thus decreasing the toxicity caused by ROS. However, although most of this new generation of 

chemically modified HBOCs with Hb protection towards oxidation have been extensively 

evaluated for their O2-binding capacity, redox properties and in vitro stability, rigorous in vivo 

studies are still needed in order to establish their in vivo applicability. 

7.2.2. Microarchitectures 

Parameters such as the shape, stiffness and surface chemistry strongly influence the particles 

circulation time [78]. For example, elongated or disc-shaped particles have shown to have longer 

circulation times as compared to their spherical counterparts [79,80], and carriers with high 

deformability which allows them to flow through small vesicles have also shown extended 

circulation times [81,82]. However, the chemical modification of Hb renders spherical particles. 

can block the circulation at high concentrations, particles in the range of 1–

phagocytosed [83,84]. Therefore, for spherical HBOCs that are expected to be injected 

intravenously sizes in the submicron range are the preferred ones. Nonetheless, micron-sized 

particles can have applications in other fields that do not require intravenous administration such 

as tissue engineering (Table 7.1) [85,86].  

Despite the fact that Hb-based biomaterials are expected to have great potential in both in vitro 

tissue engineering and wound healing applications, the field is still in its infancy with few reports 

having been published to date. For in vitro tissue engineering, O2 delivery is a crucial parameter 
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specially for the fabrication of large tissue analogues due to the “size-barrier effect”, which hinders 

the transport of nutrients [87]. For in vivo wound closures, lowering the O2 tension during the 

regeneration process is a critical phenomenon affecting both the final architecture, as well as the 

functionality of the restored part. Therefore, the presence of a scaffold that releases O2 locally 

during a wound healing process would help to maintain suitable levels of tissue oxygenation [88]. 

One of the most recent examples of chemically modified micron-sized HBOCs for tissue 

engineering applications was reported by Paciello et al. [89] The authors conjugated hHb to the 

surface of biocompatible and biodegradable gelatin microparticles (GM) with a size in the range 

of 75– -based O2 depot (GM-Hb). For the GM-Hb 

preparation, two different conjugation strategies were employed to link the Hb molecules to the 

surface of the GMs (Figure 7.4A). The authors demonstrated that the conjugation strategy 

employed affected the adsorption and release of O2. When employing the first strategy (strategy 

1, GM-Hb-1), Hb was conjugated to GM by means of the formation of a polyurethane linker while, 

when making use of the second strategy (strategy 2, GM-Hb-2), the conjugation took place via 

amide bond formation. To form the polyurethane linker in strategy GM-Hb-1, urethane functions 

through the use of N,N -disuccinimidyl carbonate (DSC) activation were employed [90,91], since 

DSC is highly reactive towards primary amines and hydroxyls [92]. By using this method, Hb was 

conjugated to the surface of GMs without compromising the Hb's secondary structure. In contrast, 

to conduct strategy GM-Hb-2, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) chemistry 

was employed. EDC chemistry is known to induce the auto cross-linking of Hbs through amide 

bonds which, in turn, induces the formation of large Hb clusters [93–95]. Those large clusters 

affect the equilibrium between the R- and T-state of the quaternary structure of Hb [96,97]. As a 

consequence the O2-binding and release properties, which are mediated by the structural changes 

of Hb, could be compromised. 

The functionality of GM-Hb-1 and GM-Hb-2 was evaluated by conducting O2-uptake/release 

experiments. For the O2 uptake experiments, the cell medium was oxygenated (initial pO2 = 100%, 

0.21 atm) and nitrogen (N2)-treated samples were loaded into the medium. The decay of the 

solution's pO2 was measured over time to analyze the O2 uptake by both GM-Hb-1 and GM-Hb-2 

(Figure 7.4B). Even though GMHb-2 displayed a higher Hb content, the results demonstrated 

lower O2-absorption capacity for this strategy, a fact that could be explained by the steric hindrance 
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for the Hb inner units due to the Hb-cluster formation and the cross-links among the Hb subunits. 

Next, the solutions were treated with N2 (initial pO2 =  0%) and the O2 release from GMHb-1 and 

GM-Hb-2 was measured over time (Figure 7.4C). The results showed different release kinetics 

for the two different strategies, with 67% and 100% O2 release with respect to the loaded O2 for 

GM-Hb-1 and GM-Hb-2, respectively (Figure 7.4B, 24 h). Interestingly, the authors also 

demonstrated that GM-Hb-1 were able to work under repeated charge and discharge cycles. To 

assess the functionality of the GM-Hb-1 in a cellular context, the GM-Hb-1 were embedded within 

a disk-shaped collagen 3D cell culture. The setup allowed nutrients and O2 transport along the disk 

thickness (2 mm). After 48 h of incubation, the 3D cell cultures were transversally cut, and the cell 

viability was assessed by live/dead fluorescence staining (Figure 7.4D). Fluorescence microscopy  

images showed the living cells (green) and dead cells (red) throughout the cut section,  

Figure 7.4. Synthesis and characterization of hemoglobin (Hb) coated gelatin microparticles (GM), GM-
Hb. 
A) Reaction scheme of GM where (1) the surface was activated with N,N’-disuccinimidyl carbonate (i) 
followed by Hb coupling (ii) using polyurethane linkage (GM-Hb-1), and (2) where 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide was employed to couple Hb to the GM using amide bond formation 
(GM-Hb-2). B) Oxygen uptake and release (C) over time by measuring the partial oxygen pressure (pO2) 
of cell medium without GM (control) with bare GM, GM-Hb-1 or GM-Hb-2. D) Fluorescence 
microscopy image of a 3D cell culture after 48 h of incubating cells only (top) and cells with embedded 
GM-Hb-1 (bottom). The green and red spots depict living and dead cells, respectively. GM-Hb-1 appear 
as big green circles. Scale bars of 100 m. E) Cell viability fraction in the 3D cell culture after 48 h of 
incubating cells only, cells with bare GMs, and cells with GM-Hb-1. * p < 0.01. Adapted with permission 
from [91]. Copyright 2016 John Wiley and Sons. 
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demonstrating increased cell viability and proliferation rate in the cell culture loaded with GM-

Hb-1 as compared to the control (spheres also showed in green). The cell viability fraction (Figure 

7.7E) confirmed these findings, since GM-Hb-1 displayed good cell viability throughout the 3D 

cell culture after 48 h. These results demonstrate the potential of the system to work as an O2 

reservoir in 3D cell cultures to overcome the critical issue of the high O2 demand in the early stages 

of the fabrication of tissue analogues in vitro [98]. 

Knirsch et al. also assembled Hb-loaded GM [99,100]. Although an application for such 

microparticles still remains to be identified, the authors managed to incorporate polyHb, which 

had been previously cross-linked making use of PEG bis(N-

gelatin microcapsules. 

7.3. Encapsulation strategies 

In the body, native Hb is protected by the membrane of RBCs. This encapsulation strategy allows 

to entrap a multi-enzyme system able to avoid or reverse the conversion of Hb into metHb without 

chemical modification of the enzymes secondary structure, which can alter the Hb's O2-binding 

and releasing properties. Additionally, by enclosing Hb within a protective shell, Hb is prevented 

from both its rapid removal from circulation and from extravasation through the vessel walls. 

Encapsulation also reduces Hb's high viscosity and high colloidal osmotic pressure while 

protecting it from direct contact with surrounding tissues and blood components [2,101]. 

Therefore, due to the aforementioned advantages, several approaches have been investigated to 

encapsulate Hb within synthetic carriers [10]. 

7.3.1. Nanoarchitectures 

The advent of nanoparticle technologies has revolutionized the field of drug delivery by entrapping 

all kinds of active compounds within delivery vehicles, thus protecting the compounds from 

plasma-induced effects, increasing their circulation time and, furthermore, allowing for their 

sustained delivery to cells, tissues and organs. Naturally, the concept of encapsulation within nano-

sized architectures has also been adapted to create HBOCs entrapping Hb within biomaterials-

based carrier vehicles (Table 7.2) [8]. The concept of Hb encapsulation was first introduced by 

the Chang group [38,102] a few decades ago by making use of a double-emulsion-solvent 



 

155 

 

evaporation technique, where Hb was entrapped within poly(lactic acid) (PLA), poly(lactic acid-

co-glycolide) (PLGA), PLA-PEG, and poly(isobutyl cyanoacrylate) as matrix polymers. Essential 

enzymes that avoid the conversion of Hb into MetHb, and CA, which allows for CO2 transport, 

could also be entrapped within the polymeric shell [38]. Furthermore, the as-prepared polymeric 

particles had diameters that made them suitable for intravenous delivery (70–200 nm). However, 

they suffered from low encapsulation efficiency, a parameter that was later on improved by Meng 

et al. [103] by making use of a w/o/w double-emulsion–solvent-diffusion process, which yielded 

a 90% Hb encapsulation efficiency. 

In the following years, the concept of Hb encapsulation employing polymeric nanoparticles has 

been expanded to a wide range of polymer systems which usually involve the use of amphiphilic 

co- -caprolactone)-PLA (PCL-PLA), PCL-PEG, PEG-PLA-PEG or 

PLGA-PEG co-polymers that self-assemble to form the so-called polymersomes [104–107]. 

Polymersomes are considered as the synthetic analogues of liposomes, but with improved chemical 

and mechanical stability, since their membranes are significantly thicker than those of liposomes. 

Importantly, polymersomes offer more flexibility in the choice of several parameters such as the 

vesicle size, membrane thickness or drug-encapsulation efficiency. These parameters can be tuned 

by the right choice of the constituting polymers and a proper selection and adjustment of the 

polymers molecular weight and concentration. Furthermore, polymersomes can be designed to be 

both biocompatible and biodegradable [108]. The polymersomes surfaces can be functionalized 

with targeting moieties and they can also be composed of PEG polymers to further improve their 

in vitro stability, increase their in vivo bioavailability and prolong their circulation in blood 

[108,109]. The field of Hb encapsulation within polymeric vehicles has been continuously growing 

and, herein, we will illustrate the most up to date and appealing examples.  

Lu et al. [110] were the first to conduct in vivo O2 delivery of Hb encapsulated within a polymer 

shell. They fabricated nanoparticles made of PLGA-PEG. PEG was chosen as a co-polymer due 

to its low fouling properties, which may create particles that evade the MPS system thus exhibiting 

longer circulation times, while PLGA was chosen due to its elastic modulus (which plays an 

important role in RBCs mimicking) [82], biodegradability, and biocompatibility [111]. The Hb-

loaded PLGA-PEG nanoparticles were prepared by the double emulsion method. The authors 

conducted a thorough investigation of the composition of the organic solvent, the emulsifier and 
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the ratio between co-polymer and Hb to optimize the system. The authors were then able to report 

Hb-loaded PLGA-PEG nanoparticles displaying sufficient and effective capacity for O2 supply, 

negligible leakage, blood compatibility, and a viscosity comparable to that of whole blood. What 

is more, the Hb-loaded PLGA-PEG nanoparticles were also evaluated in vivo and, by means of a 

controlled hemorrhage mice model, the authors demonstrated their efficiency in in vivo 

oxygenation. These results highlight the potential of the Hb-loaded PLGA-PEG nanoparticles in 

the biomedical field. 

Hb-loaded polymer nanoparticles have also been employed to explore their potential in the 

treatment of ischemic tissue reperfusion in hemorrhagic shock. Li et al. [112] fabricated 

nanoparticles consisting of a hetero triblock co-polymer containing a hydrophilic PEG chain and 

hydrophobic biodegradable PCL and PLA chains. The authors synthetized a series of PEG-PCL-

PLA-PEG co-polymers by varying their molecular weights, followed by optimization of the 

polymer/Hb ratio. The as-prepared nanoparticles where ~800 nm in size and had an Hb content 

comprising above 60% of the total dehydrated nanoparticles weight. Although the Hb dry weight 

content in natural RBCs is substantially higher (~90%), the Hb-loaded nanoparticles demonstrated 

undamaged O2-binding capacity and O2 affinity (p50 = 21.6 mmHg). Furthermore, the authors 

explored the potential of this system in vivo to evaluate its efficacy on ischemia reperfusion injury 

by injecting the Hb-loaded polymer nanoparticles into an acute anemia rat model. The results 

demonstrated that Hb-loaded polymer nanoparticles were efficient in mitigating the lethal shock 

symptom and were also able to reduce short-term mortality. 

Recent studies involving Hb encapsulation within polymeric nanoparticles include the work by Li 

et al. [113] With the aim to correlate the polymer composition with important parameters of 

HBOCs such as morphology, encapsulation efficiency, non-specific protein adsorption, Hb 

leakage or hemocompatibility, the authors conducted a study where Hb was loaded within polymer 

shells of three different compositions. In particular, PCL, PEG-block-poly(allyl glycidyl ether) 

(functionalized with mercaptopropionic acid)-block-PCL (PEG-PAGE (MPA)-PCL) and the blend 

of the two polymers, was studied. The results demonstrated that the amphiphilic PEG-

PAGE(MPA)-PCL co-polymers showed higher stability in blood and no interference with blood 

components as compared to the hydrophobic PCL. Both properties are a central prerequisite to 

avoid premature recognition by the MPS system. The authors also conducted a thorough study to
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identify the emulsification parameters that allow to maintain the bioactivity of Hb, since it is well 

known that Hb's functionality can be damaged by mechanical forces, or by the existence of an 

oil/water interface [114]. The authors demonstrated that both a reduced emulsification speed 

together with a suitable organic solvent such as ethyl acetate, could maintain the quaternary 

structure and subsequent functionality of the encapsulated Hb. 

On a very creative work, Wang et al. [115] encapsulated Hb within a polydopamine (PDA) shell. 

DA polymerizes at basic conditions (pH >7.5) and in the presence of O2 to form PDA, which can 

deposit onto virtually any substrate independent of size and shape [116]. The structure of PDA 

consists of a mixture of DA and indole units at various oxidation states [117]. However, the bulk 

of the PDA structure consist of indole units, since ring closure of the aminoethyl chain takes place 

upon oxidation. The DA and indole units polymerize at their benzo moiety into PDA oligomers, 

which are subsequently stacked using hydrogen bonds, π-π stacking and charge transfer [117,118]. 

Unlike the previously reported chemically-modified strategies, PDA has barely any chemical 

reaction with functional groups of Hb, thus preserving Hb's structure and activity [115,116]. PDA 

holds great promise in biomedical applications due to its excellent hemo- and biocompatibility 

since, PDA coatings, have demonstrated to preserve the viability or proliferation of many kinds of 

mammalian cells, and have also shown to not promote tissue damage, inflammation, or fibrosis 

[119–121]. Furthermore, PDA also holds a redox character by means of its quinone groups due to 

the release of electrons during the spontaneous oxidation process of the different PDA constituting 

oligomers [116]. By coating Hb with a PDA shell, the authors aimed to endorse Hb with oxidative 

protection towards the conversion of Hb into non-functional metHb (Figure 7.5A). Using a Fe3+ 

reducing antioxidant power assay, it was shown that PDA-Hb has the ability to reduce Fe3+ into 

Fe2+ (absorbance at 598 nm), while Hb does not have this ability (Figure 7.5B). The authors also 

showed that PDA-Hb nanoparticles were efficient in scavenging 2,2-azino-bis (3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS+) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

radicals, as shown by their respective radical scavenging assays. The amount of ABTS+ radicals 

(absorbance at 734 nm) decreased in presence of Hb-PDA (Figure 7.5C). Similarly, a decrease in 

absorbance at 520 nm, which is the characteristic wavelength of the DPPH radical, was shown in 

the presence of Hb-PDA (Figure 7.5D). No decrease in absorbance at 520 nm is observed for 

DPPH radical incubated with Hb only, thus demonstrating the capabilities of PDA to scavenge 
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radicals. The authors also demonstrated exceptional ROS scavenging properties in vitro by Hb-

PDA, a very important feature since, ROS such as H2O2, would be generated by Hb during its 

autoxidation to metHb [20]. Cardiomyoblasts were prematurely damaged with H2O2 to generate 

intracellular ROS, after which the cells were incubated with PDA-Hb particles. The fluorescent 

probe dichlorofluorescein-diacetate, which is able to permeate through the cells and is 

subsequently converted into the fluorescent dichlorofluorescein product (DCF) by ROS-mediated 

oxidation, was monitored by fluorescence microscopy and flow cytometry (Figure 7.5E). Cells 

treated with PDA-Hb showed weaker fluorescent intensity signal, demonstrating their ability to 

suppress the intracellular H2O2-induced ROS. In a follow-up study [122], the authors employed 

the PDA coating to diminish the effect of H2O2-induced apoptosis. By monitoring fluorescence  

Figure 7.5. Oxidative protection of hemoglobin (Hb) and reactive oxygen species (ROS) scavenging by 
a polydopamine (PDA) coating. 
A) Schematic illustration of Hb coated with PDA (1) which, upon being in contact with free radicals and 
ROS, (2) get reduced by the PDA coating thus preserving Hb’s oxygen-carrying capacity (3). B) UV-vis 
absorption spectra of 2,4,6-tripyridyl-s-triazine (TPTZ) incubated with Hb-PDA and Hb only. The peak 
at 598 nm corresponds to ferrous-TPTZ. C) A 2,2-azio-bis(3-ethylbenzthiazoline-6-sulfonic acid) 
(ABTS+) solution, with a characteristic peak at 734 nm, incubated with Hb-PDA and Hb only. D) A 2,2-
diphenyl-1-picrylhydrazyl (DPPH) solution, with a characteristic peak at 520 nm, incubated with Hb-
PDA and with Hb only. E) Intracellular ROS scavenging activity of Hb-PDA in H2O2-induced damaged 
cells employing dichlorofluorescein-diacetate (DCF) as fluorescent probe for ROS activity. Overlay of 
bright field and fluorescence microscopy images (right panel) and the corresponding flow cytometry 
histograms (left panel) of cells only (control, top image), cells incubated with H2O2 (middle image) and 
cells incubated with both H2O2 and Hb-PDA (bottom image). Adapted with permission from [115]. 
Copyright 2017 American Chemical Society. 
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intensity readings the authors demonstrated the suppressive effect of Hb-PDA on H2O2-induced 

apoptosis, which had been previously induced through changes in the membrane potential of 

mitochondria. Furthermore, the authors were also able to show that the PDA layer thickness did 

not affect the O2-release capacity. Lastly, Wang et al. demonstrated that the PDA-Hb particles had 

a high O2 affinity (p50 = 13.86 mmHg), low interaction with blood components and low 

cytotoxicity, thus making them good candidates as HBOCs. 

While in the previous examples the Hb-loaded polymer nanoparticles have been prepared by the 

self-assembly of amphiphilic co-polymers (except for the PDA-coated Hb), the Layer-by-Layer 

(LbL) assembly technique, which consists on the deposition of alternating interacting polymers 

onto a (sacrificial) template, allows for the fabrication of hollow capsules or core-shell particles 

with specific shapes, sizes, material compositions and functionality [123–126]. As such, this 

technique has also been employed to prepare Hb-based hollow capsules and particles. One of the 

most recent examples was reported by Chen et al. [127] who created Hb- and CAT-loaded 

nanotubes to combat oxidative stress. The authors claimed advantages of using nanotubes as 

compared to nanospheres. For instance, by making use of nanotubes several functionalities can be 

introduced independently by functionalizing the inner and the outer surface [128], while the open-

end terminals allow for quick loading. Furthermore, nanotubes have a longer circulating time than 

spherical particles in the bloodstream [79,129]. The Hb-based nanotubes were prepared by the 

alternating deposition of Hb and dialdehyde heparin (DHP), which interact by covalent binding, 

onto a polycarbonate (PC) membrane which was removed at the end of the assembly to render 

hollow nanotubes. After removal of the PC membrane, the CAT enzyme was introduced by using 

DHP as the cross-linker to covalently attach the enzyme (Figure 7.6A) [127]. CAT was attached 

to the inner part of the nanotubes in order to be protected from the external environment, and 

(Hb/DHP)5-CAT nanotubes were obtained. Interestingly, Hb was not used to transport O2, but to 

scavenge radicals instead. It has also been demonstrated that Hb overexpression suppresses 

oxidative stress in pathological cells due to the Hb's ability to attenuate H2O2-induced oxidative 

stress by acting as an antioxidative peroxidase [130]. Additionally, the (Hb/DHP)5-CAT nanotubes 

displayed autofluorescence capacity after excitation at 405 and 488 nm, where the nanotubes 

showed fluorescence at 460–490 nm (Figure 7.6B), at 510–540 nm (Figure 7.6C), and at 570–600 

nm (Figure 7.6D), thus allowing them to be detected and tracked without having to conjugate them  
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to any external fluorophore. This autofluorescence was attributed to the n-π* transition of C=N 

bonds between the amino groups of Hb and the aldehyde groups of DHP. The authors evaluated 

the ability of (Hb/DHP)5-CAT nanotubes to remove H2O2 in vitro by assessing the cell viability 

under oxidative stress. Liver cells were cultured in the presence of different concentrations of 

H2O2, with or without (Hb/DHP)5-CAT nanotubes, and the results demonstrated a higher cell 

viability for the cells cultured in the presence of the nanotubes (Figure 7.6E). 

Lastly, efforts have also been made to encapsulate hHb within lipidic vesicles (HbV), commonly 

known as liposomes, which already started being investigated in the 1980s [131–133]. hHb-loaded 

liposomes have shown longer circulation times (∼24 h) than free Hb (> 6 h) [134,135]. This 

circulation time can be further dramatically increased by PEGylating their surface (up to 65.2 h 

and up to 72 h in rabbits and monkeys, respectively) [136–138]. Surface functionalization with 

PEG further augments the liposomes hemodynamic properties as well as their biocompatibility 

[137,139–141]. Liposomes have shown to be able to encapsulate Hb with almost the same O2 

affinity as native RBCs (p50 = 28mmHg), a fact that can be attributed to the liposomes biomimetic 

phospholipid bilayer membrane which resembles natural RBCs membranes [142]. Also, Hb 

Figure 7.6. Hemoglobin (Hb)-based nanotubes for oxidative stress treatment. 
A) The nanotube fabrication starts with a sacrificial template containing 400 nm-sized pores through 
which Hb and dialdehyde heparin (DHP) are deposited in alternating layers (1). The assembly is then 
followed by plasma cleaning and dissolution of the template (2) to obtain nanotubes which are then 
coated with catalase (CAT) on the inner wall (3). Confocal laser scanning fluorescence images of the as-
prepared Hb-based nanotubes excited at 405 and 488 nm and read at 460-490 nm (B), 510-540 nm (C) 
and 570-600 nm (D). Scale bars of 10 µm. E) Cell viability readings of HepG-2 cells incubated with 
decreasing amounts of oxygen peroxide (H2O2) in the presence or absence of the CAT-loaded Hb-based 
nanotubes. Adapted with permission from [127]. Copyright 2013 American Chemical Society. 
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entrapment within liposomes reduces the NO scavenging, thus diminishing the vasoconstriction 

effects and it also prevents glomerular clearance of Hb, subsequently reducing renal toxicity 

[2,134]. Additionally, liposomes can have shelf-storage lives of two to three years in liquid state 

(under N2) and even longer when freeze-dried [1,142]. Since the early days in the 1980s, Hb-

loaded liposomes have undergone considerable research in preclinical animal models for potential 

use as RBCSs in several fields, including transfusion and resuscitative approaches in perioperative 

settings, hemorrhagic shock and hemodilution incidents, oxygenation of ischemic tissues and in 

transplantation of tissues and organs [2,10,134,137,139,143]. The current optimized HbV product, 

aside from having an O2 affinity similar to that of Hb in RBCs, has an extremely high Hb 

concentration (hHb = 10 g dL−1, lipids = 6 g dL−1)which is similar to the Hb concentration in native 

RBCs (14 g dL−1) [2,134]. HbVs contain about 30,000 Hb molecules encapsulated within one 

PEGylated liposomal vesicle of ~250 nm in diameter (RBCs contain 250 million Hb molecules) 

[2,134]. Research is currently being conducted towards improving Hb-loaded liposomes for 

potential clinical translation [2,144–146]. Recent advances in the development of Hb-loaded 

liposomes include the usage of a non-phospholipidic anionic lipid to increase the Hb encapsulation 

efficiency and to reduce the host immune response to liposomes containing anionic phospholipids 

[147]. Utilizing the novel non-phospholipid amphiphilic hexadecylcarbamoylmethyl-

hexadecanoate-conjugated PEG of 2000 Da to further improve the liposomes tolerance against 

host immune response, has also been explored [146,148–150]. A very recent example of HbVs 

development was reported by Yadav et al., who prepared HbVs constituted by 

dipalmitoylphosphatidylcholine (DPPC), anionic N1-(2-aminoethyl)-N4-hexadecyl-2-tetradecyl 

succinamide (HDAS), cholesterol, vitamin E, and HDAS-PEG (2000 Da) [145,146,150]. The 

vesicles were ~215 nm in size (Figure 7.7A), contained 7.2 g dL−1 of hHb and displayed a p50 of 

31.9 mmHg. The authors induced a hemorrhagic shock into rats by removing 45% of their blood 

volume and measured different parameters before shock (baseline), immediately after inducing the 

hemorrhagic shock, after 6 h of hemorrhagic shock (HS) and after resuscitation with saline or the 

as-prepared HbVs. While the heart rate, MAP, and corticosterone (a stress indicator) levels showed 

no significant difference between saline and HbVs resuscitation, a difference in tissue 

inflammation and toxicity could be observed for the different resuscitation fluids. Cardiac 

dysfunction was measured using cardiac troponin, a specific marker for cardiac injury; skeletal 

muscle metabolism was measured by an isoform of troponin, which is only generated by skeletal 
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muscle injury; renal insufficiency was measured by creatinine, which is normally removed by 

glomerular filtration; and lastly, liver injury was investigated using the plasma levels of alanine 

transaminase (ALT), which is a marker for hepatic parenchyma injury, and the scavenger receptor  

CD163, indicating the activation of the Kupffer cells in the MPS. For the cardiac and muscle 

dysfunction, both saline and HbV resuscitation fluids could reduce the troponin concentrations to 

similar concentrations as before inducing hemorrhagic shock (control) (Figure 7.7B-C). In 

contrast, for the renal insufficiency, HbV resuscitation could reduce the creatinine levels, while 

the saline solution still had a significant difference with the HS (Figure 7.7D). Additionally, a 

significant decrease in both ALT and CD163was observed when administering HbVs as compared 

to the saline control (Figure 7.7E-F). Thus, these results demonstrate both lower renal insufficiency 

and liver injury when HbVs were employed as resuscitation fluids as compared to the saline 

control, demonstrating the potential of HbVs acting as an O2 carrier able to prevent tissue 

inflammation and toxicity. 

Although these studies have shown significant potential for HbVs working as RBCSs, liposomes 

still present several shortcomings such as a broad size distribution, variations in Hb-encapsulation 

efficiencies, variable pharmacokinetics, and variable clearance profiles by the MPS 

Figure 7.7. Hemoglobin (Hb)-loaded vesicles (HbVs) in a hemorrhagic shock model. 
A) Electron microscopy image of HbVs. Scale bar of 500 nm. The effect of HbVs resuscitation on tissue 
toxicity measured by plasma levels of cardiac troponin (B), skeletal muscle troponin (C), creatinine (D), 
alanine transaminase (ALT) (E), and CD163 receptor (F). Plasma levels were recorded at baseline 
(control), after 6 hours of induction of the hemorrhagic shock (HS) and after saline or HbVs resuscitation. 
p < 0.05 vs. control*, HS and saline. Adapted with permission from [146]. Copyright 2016 Elsevier B.V. 
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[1,2,145,146,151]. Other important drawbacks of liposomes as RBCSs include the fact that 

phospholipids are expensive and, furthermore, they may induce peroxidation in ischemia 

reperfusion injuries. Additionally, the lipid bilayer membrane is impermeable to some reducing 

agents present in the circulating blood that are crucial to avoid or minimize the conversion of Hb 

into metHb [38,101,152]. 

7.3.2. Microarchitectures 

The concept of encapsulating Hb within a microparticle was presented as early as the 1960s and 

1970s by the Chang group [153–155]. The authors encapsulated not only Hb, but also relevant 

enzymes present in native RBCs such as CAT or CA, within a polymeric microparticle which was 

first made of collodion (cellulose nitrate) and later changed to PEG-PLA [153]. These Hb-loaded 

microcapsules showed a similar ODC as Hb enclosed within native RBCs and also retained the 

enzymatic activity of the entrapped enzymes [153,154]. However, one of the main shortcomings 

of these microarchitectures was their rapid removal from blood circulation by the MPS [8]. 

Recent examples to construct micron-sized architectures encapsulating Hb involve the fabrication 

of hollow microcapsules employing the LbL technique which include the alternate deposition of 

Hb and GA, which interact through covalent interactions, onto PLGA particles or polystyrene 

microparticles [82,101]. In another study, Hb-based microcapsules were prepared by the 

deposition onto sacrificial manganese carbonate templates of alternating layers of Hb and DHP 

which interact covalently [156]. In this work, DHP was used both as one of the wall components 

but also as a cross-linker to avoid the use of the toxic GA cross-linker. Similarly to the (Hb/DHP)5-

CAT nanotubes described in section 7.3.1, these Hb/DHP capsules where also fluorescent, a 

feature attributed to the n–π* transition of C=N bonds due to the Schiff base reaction between the 

Hb/DHP multilayers [157]. This property could be very favorable to track and monitor the Hb-

capsules without the need to attach foreign fluorochromes. 

So far, all the previously reported Hb encapsulating systems display a spherical morphology, 

however, it is noted that native RBCs possess a biconcave discoid morphology, with a diameter of 

~7 μm and a thickness of ~2 μm, and are also highly flexible (with a Young's modulus of ~26 kPa) 

[158,159]. These properties allow RBCs to change both their shape and morphology when passing 
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through the microvascular circulation [160,161]. Oxy-Hb renders RBCs significantly more 

deformable than deoxy-Hb, a fact that enables RBCs to pass through the microvasculature 

transporting O2. Also, the size, shape and deformability of RBCs are known to influence their 

hemodynamic distribution in the blood flow. While in mid to large vessels the RBCs flow in the 

center of the parabolic flow field, in small vessels and capillaries RBCs are distributed throughout 

the vessels for efficient O2 exchange [8,162,163]. Thus, in recent years a substantial amount of 

effort has been devoted in mimicking not only the functionality but also the structure of native 

RBCs, since both parameters are highly interconnected.  

First attempts in mimicking the biconcave RBC-shaped structure of native RBCs were conducted 

by Doshi et al. [82], who made use of templates with a biconcave RBC-shaped structure. In 

particular, the authors employed PLGA particles of ~1 μm diameter and 400 nm of shell thickness, 

which were subsequently collapsed into biconcave spheres with a diameter of ~ 7 μm. The authors 

coated the PLGA templates by the alternating deposition of hHb and bovine serum albumin 

(BSA),which interact via electrostatics. After PLGA core removal, RBC-shaped, Hb-based 

capsules were obtained. 

Alternatively, Yu et al. [164] prepared RBCs-shaped microparticles by co-precipitation of Dex 

together with Hb and calcium hydroxide (Ca(OH)2), followed by GA cross-linking (Figure 7.8A). 

The as-prepared microparticles exhibited a biconcave discoidal morphology and a size of ~6.5 μm. 

SEM images show pure Ca(OH)2 particles are hexagonal prismatic crystals in shape (Figure 

7.8B),while upon addition of Dex and Hb during the reaction process, particles with a biconcave 

discoidal morphology are obtained (Figure 7.8C). The Hb content in the microparticles 

corresponded to the 68% of the Hb content in native RBCs. The carrying–releasing O2 properties 

of the microparticles were studied employing UV–vis absorption and electrochemical techniques. 

The UV–vis absorbance spectrum (Figure 7.8D) of the as-prepared Ca(OH)2-Hb microparticles 

treated with O2 displayed the three characteristic peaks of oxy-Hb, namely, at 406 nm (the Soret 

peak) and at 540 nm and 578 nm. After N2 treatment, as expected, the Soret peak shifted to 429 

nm and a single peak appeared at 558 nm, which corresponds to the characteristic deoxy-Hb peaks. 

The O2 uptake and release by Ca(OH) 2-Hb was further investigated using differential pulse 

voltammetry (DPV) and cyclic voltammetry. The DPV results (Figure 7.8E) show microparticles 

carrying and releasing O2 for five consecutive cycles. The values were normalized (normalized  
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ratio = DPV peak current of N2 or O2 treatment / DPV peak current of initial N2 saturation 

treatment) and showed that the microparticles displayed a better O2-binding reversibility as 

compared to free Hb which, the authors speculate, could be due to the high Hb encapsulation 

efficiency within the microparticles. Furthermore, even though a slight decrease in O2 uptake was 

observed throughout the cycles, the Ca(OH) 2-Hb microparticles showed 7 times higher values of 

O2 uptake as compared to free Hb after the five cycles. Additionally, the authors demonstrated that 

the O2-binding and releasing properties were maintained at different temperatures, ranging from 5 

°C to 50 °C.  

Worth mentioning in this context is the work by Duan et al. [165] who fabricated Hb-based 

microparticles for a different purpose than the synthesis of RBCSs. Their study was aimed at 

removing uranyl ions (UO2
2+), an important radionuclide, from radiation-contaminated blood. The 

contamination of blood by UO2
2+ is attributed to the high binding coordination as well as to the 

electrostatic interactions of Hb with UO2
2+. With the aim to eliminate UO2

2+ from blood, the 

authors fabricated magnetic Hb microparticles employing iron oxide (Fe3O4)- loaded porous 

calcium carbonate (CaCO3) particles. The particles were subsequently coated by the LbL technique 

with alternating layers of Hb and dialdehyde PEG which interact covalently to create CaCO3-

Figure 7.8. Biconcave hemoglobin (Hb)-based microparticles. 
A) Schematic illustration showing Hb co-precipitation with dextran and calcium chloride (1) to form 
calcium hydroxide (Ca(OH)2)-Hb microparticles, which are then cross-linked with glutaraldehyde (2). 
Scanning electron microscopy images of pure Ca(OH)2 (B) and Ca(OH)2-Hb microparticles (C). Scale 
bars of 5 µm. D) UV-vis absorbance spectra of oxygenated, deoxygenated, and reoxygenated Ca(OH)2-
Hb microparticles. E) Normalized ratio of differential pulse voltammetry peak currents of Ca(OH)2-Hb 
microparticles and free Hb to several cycles of oxygen and nitrogen treatment. Adapted with permission 
from [164]. Copyright 2017 Elsevier B.V. 
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(Hb/PEG)5 microparticles (Figure 7.9A) [165]. The magnetic properties of Fe3O4 facilitated the 

trapping of the Hb-based microparticles from blood with the help of a magnet (Figure 7.9B). The 

Hb/PEG layers increased the capacity of UO2
2+ loading as compared to bare Fe3O4-loaded particles 

from 5% to up to 90% (Figure 7.9C), which showed that the capacity to adsorb UO2
2+ is mainly 

due to the Hb coating, demonstrating the high affinity of Hb towards UO2
2+.  

Another recently adopted approach to prepare polymeric HBOCs is the Shirasu porous glass (SPG) 

membrane emulsification technique [166,167]. Lai et al. [168] were the first to employ the SPG 

technique to prepare emulsion droplets containing bovine Hb and BSA, which were cross-linked 

by GA. The authors employed the SPG technique since, by means of the narrow pore-size 

distribution of the SPG membrane, it enables the preparation of monodispersed and size-controlled 

emulsions that can be obtained in 1 μm increments [166,169]. The microparticles had a diameter 

of 4–5 μm and showed to be biocompatible, as demonstrated by a cell viability assay with a liver 

cancer cell line. Furthermore, the authors conducted an ODC of the Hb-based microparticles which 

Figure 7.9. Magnetic hemoglobin (Hb)-based microparticles for the removal of radioactive uranyl ion 
(UO2

2+). 
A) Schematic illustration of the microparticles assembly. The Hb-based microparticles are fabricated by 
encapsulating iron oxide (Fe3O4) nanoparticles into porous calcium carbonate particles (1) followed by 
the alternating deposition of Hb (2) and dialdehyde poly(ethylene glycol) (DA-PEG) layers (3). Upon 
addition of the desired number of bilayers (4) the microparticles are used to deplete UO2

2+ (5). B) Images 
showing the Fe3O4-loaded (Hb/PEG)5 microparticles in UO2

2+-contaminated blood (left), and the 
magnetically assisted separation process (right). C) Percentage of UO2

2+ absorption by the Fe3O4-loaded 
(Hb/PEG) microparticles depending on the number of deposited Hb/PEG bilayers. Reprinted with 
permission from [165]. Copyright 2014 John Wiley and Sons. 
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was left shifted as compared to the ODC of native Hb, thus indicating an increase in O2 affinity 

for the SPG microparticles.  

Since one of the main challenges in tissue engineering is to achieve sufficient O2 supply for 

regeneration of a compelling amount of tissue [170], the authors also evaluated the potential of the 

as-prepared Hb-BSA microparticles for tissue engineering applications [171]. Employing HBOCs 

for tissue engineering purposes is of special relevance for liver cells, since they have a high demand 

for O2 [172–175], and it has been previously demonstrated that supplementing the circulating cell 

culture with HBOCs enhances the hepatocytes metabolism [176]. Thus, taking advantage of the 

precise control of the microparticles size enabled by the SPG technique, the optimum size of the 

Hb-BSA microparticles to perform as HBOCs in tissue engineering applications was evaluated. 

The study involved the preparation of Hb-BSA microparticles with varying diameters ranging 

from 1.2 to 18.3 μm, which were evaluated with macrophage, liver cancer, and endothelial cell 

lines to assess the optimum size of the O2 depot. The authors demonstrated that cell uptake of the 

microparticles was only observed for macrophages exposed to Hb-BSA microparticles of 

diameters below 5 μm while uptake of the microparticles by liver cancer and endothelial cells was 

not observed for any of the studied diameters. The authors put special emphasis in evaluating the 

biocompatibility of Hb-BSA microparticles of varying diameters since, good biocompatibility is a 

crucial factor for the applicability of any HBOCs. The results demonstrated that the 

biocompatibility of the Hb-BSA microparticles increased with decreasing microparticle diameter 

for the three studied cell lines. 

7.4. Conclusions 

In this review, we have featured the most recent advances in the design and assembly of HBOCs, 

which can be classified in two different groups. The first group involves chemically modified 

HBOCs, where Hb has been modified either by cross-linking its four sub-units, by polymerizing 

it with other Hb molecules, or by conjugating Hb to a different polymer. These systems comprise 

the first and second generation of HBOCs and, as such, they have been studied most extensively 

and have provided important lessons to implement for the upcoming generations of HBOCs. 

Furthermore, chemically modified HBOCs are mainly constituted by Hb, and possible 

copolymerized enzymes, thus rendering high Hb encapsulation per particle. However, covalent 
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modification of Hb affecting its secondary structure, could also result in the loss of functionality. 

The second group comprises the so called third generation of HBOCs and entails the encapsulation 

of Hb within a protective shell that can be either of lipidic (i.e., liposomes encapsulating Hb) or 

polymeric nature. The latter mainly involving the encapsulation of Hb within carrier shells 

composed of amphiphilic polymers (i.e., polymersomes encapsulating Hb), or polymer shells 

assembled by the LbL technique, where Hb is either entrapped in the capsules core or is a 

component of the polymeric wall. The main advantage of using an encapsulating platform as 

opposed to chemically modifying Hb relies in the preservation of Hb's secondary structure and, in 

turn, its functionality. Such an approach, furthermore, offers a broad variety of possible particle 

structures – ranging from spherical assemblies to nanotubes – each one with its own tailored 

properties. However, this custom-made encapsulating platforms entail that each system has to be 

optimized individually. Another drawback is that encapsulation platforms often afford low 

encapsulation efficiencies as compared to the chemically-modifying strategies. Furthermore, the 

encapsulating protective shell can hinder the O2 diffusion from the Hb to the tissue. As such, prior 

to clinical trials, encapsulation strategies require a more exhaustive characterization as compared 

to the approaches involving Hb's chemical modification.  

The academic developments highlighted throughout the review are highly successful and include 

examples where the HBOCs display O2-binding and releasing properties very close to the ones of 

Hb encapsulated within natural RBCs, high Hb loading efficiency, incorporation of a reducing 

system that minimizes the conversion of Hb into metHb, minimization of NO-scavenging by Hb, 

thus diminishing the associated vascular and toxic side effects, or the extremely long storage shelf-

lives achieved by some HBOCs products. However, although each of these single achievements is 

of utmost importance in its own rights, none of the HBOCs reported to date has been able to 

address all the aforementioned challenges. Additionally, despite the multiple and diverse strategies 

that have been developed, and the increasing efforts that have been undertaken in the field, which 

is shown by the increasing number of scientific publications in recent years, several challenges 

still remain to be solved towards a translation into the clinic. 

While is noted that most of the reported HBOCs systems have been thoroughly characterized either 

in test tube or in vitro examples employing small animal models remain scarce. Thus, the first 
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challenge relies in obtaining HBOCs exhibiting a precise and durable functionality in vivo, not 

only in the context of the specific functions of RBCs, but also regarding their potential side effects 

and immune response. Thus, it is important to take into account that, when making use of foreign 

materials such as polymers, they will need to be removed from the body once they have conducted 

their required function for the desired time-period. The clinical usefulness of the HBOCs will be 

limited if their constituting materials remain in the body for a long time after administration, 

potentially causing long-term toxicity and immunogenicity, which may limit their potential clinical 

applications. It is also of utmost importance to evaluate the immunological response (e.g., MPS 

clearance) that HBOCs will encounter upon intravenous administration, which may involve a more 

advanced design of the HBOCs to achieve the desired physicochemical properties, especially since 

reasonably long circulation times are required. Recent studies have demonstrated the impact of 

physicochemical parameters such as shape, size, surface charge or mechanical modulus towards 

influencing the biodistribution and function of RBCs [177,178]. Only robust research of the 

HBOCs in standardized preclinical animal models, followed by a rigorous clinical evaluation of 

these systems, can lead to fully RBCs substitutes for blood transfusion applications in the future. 

The clinical translation of these HBOCs will only occur with the collaborative efforts of chemists, 

materials scientists, and blood biology experts together with trauma clinicians. 
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Abstract 

Nanoparticulate materials displaying enzyme-like properties, so-called nanozymes, are explored 

as substitutes for natural enzymes in several industrial, energy-related, and  biomedical 

applications. Outstanding high stability, enhanced catalytic activities, low cost, and availability at 

industrial scale are some of the fascinating features of nanozymes.  Furthermore, nanozymes can 

also be equipped with the unique attributes of nanomaterials such as magnetic or optical properties. 

Due to the impressive development of nanozymes during the last decade, their potential in the 

context of tissue engineering and regenerative medicine also started to be explored. To highlight 

the progress, in this review, we discuss the two most representative nanozymes, namely, cerium- 

and iron-oxide nanomaterials, since they are the most widely studied. Special focus is placed on 

their applications ranging from cardioprotection to therapeutic angiogenesis, bone tissue 

engineering, and wound healing. Finally, current challenges and future directions are discussed. 

8.1. Introduction 

Over the past three decades, research efforts focused on mimicking the functionality and structural 

properties of biological enzymes [1]. The overall goal was to create “artificial  enzymes” that 

mimic the key functions of naturally occurring enzymes, but also display enhanced properties such 

as improved stability or being more cost-efficient [2,3]. This is because the practical use of native 

enzymes is hampered by several limitations. Biological enzymes possess a very short half-life, 

display immunogenicity within our organism, and are highly sensitive to environmental changes 

[4]. As an example, the half-lives of  nanozymes were reported to be as high as several days in 

contrast to several minutes for their biological counterparts [5–7]. Furthermore, they are obtained 

via direct synthesis or via extraction from natural organisms [1], which are accompanied by high 

production costs [8]. 

To the present day, various attempts to create “artificial enzymes” were reported and include the 

development of metal complexes [9], polymers [10,11], supramolecular systems [12,13], and bio-

molecules [14]. Of particular interest are inorganic nanoparticles (NPs) with enzyme-like 

properties, so-called “nanozymes”. While inorganic NPs may seem very different from native 

enzymes, they share several features with their biological  counterparts such as a similar size, an 
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irregular shape, or a rich surface chemistry [4]. In addition, nanoparticulate enzyme mimics display 

much higher stability and large surface areas compared to biological enzymes [3]. Nanozymes, 

furthermore, exhibit a high number of catalytically active surface atoms, translating into high 

activities—oftentimes reacting in a more efficient manner than biological enzymes, which usually 

feature only one active site [1]. Additionally, nanozymes are available cost-efficiently and at an 

industrial scale. 

Despite having higher reactivity than biological enzymes, nanozymes display less specificity and 

selectivity [4]. However, such a drawback can be overcome if nanozymes are utilized for catalytic 

reactions involving small molecules (e.g., oxygen radicals or hydrogen peroxide (H2O2)), where 

the steric information of native enzymes has less relevance [4]. 

Nanozymes are mainly employed in environmental science and biomedicine [1,4], with the latter 

involving different areas ranging from cancer diagnostics to enzyme replacement, therapeutics for 

neurodegenerative disorders, and cancer or anti-bacterial therapy; the reader is referred to excellent 

and recent reviews in the field [4, 15-18]. Recently, nanozymes are receiving increasing attention 

for tissue engineering applications, since initial biological studies highlighted their antioxidant 

protective effects in various cell lines [19-21]. 

In this review, we describe recent developments and future perspectives of nanoparticle enzyme 

mimics (so-called “nanozymes”) in the field of tissue engineering and regenerative medicine. 

Despite a wide range of nanomaterials including carbon, metal, and metal oxide reporting catalytic 

activities [22], mainly metal oxides are explored in the context of regenerative medicine. An 

overview of the topics covered is shown in Scheme 8.1.  

Efforts using metal oxides were mainly centered around cerium-oxide (CeO2) NPs (CO-NPs) and 

iron-oxide NPs (IO-NPs), which mainly include hematite (iron(III) oxide, Fe2O3) and magnetite 

(iron(II, III) oxide, Fe3O4) NPs. This is due to the ability of both CO-NPs and IO-NPs to reduce 

reactive oxygen species (ROS) [1,3,23]. ROS are free-radical intermediates resulting from the 

conversion of oxygen into water (H2O), and consist of a superoxide anion radical (O2
•–), H2O2, and 

a hydroxyl radical (•OH) (Scheme 8.2A) [24]. Therefore, peroxidase- [25], catalase (CAT)- [26] 

and superoxide dismutase (SOD)-like activities were investigated [27]. The reduction reactions 



 

186 

 

are showed in Scheme 8.2B where SOD catalyzes O2
•– into H2O2, which can be subsequently 

catalyzed by CAT and peroxidase into H2O. 

The antioxidant properties of CO-NPs are known to arise from the co-existence of Ce(III) and 

Ce(IV) oxidation states, which produce a redox couple responsible for their catalytic activity. Such 

a switch between the III/IV valence resembles the mechanism of redox enzymes, which use metals 

as co-factors to catalyze reversible redox reactions (Scheme 8.3) [21]. As such, reactions 

They are employed as nanoparticle (NPs) solutions or labeling agents for several mammalian cell lines, 
or incorporated within scaffolds such as fibrous networks or composites. Finally, they are evaluated in 
vitro and in vivo. 

Enzymatic reactions of superoxide dismutase (SOD), catalase (CAT), and peroxidase (perox) to remove 
reactive oxygen species (B). 

Scheme 8.1. Nanozymes are employed in the tissue engineering and regenerative medicine field with 
particular emphasis on cardioprotection, angiogenesis, bone tissue engineering, and wound healing. 

Scheme 8.2. The stepwise reduction of oxygen with its free radical intermediates (A). 
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comprising redox cycles between Ce(III) and Ce(IV) oxidation states make it possible for CO-NPs 

to react catalytically with O2
•– and H2O2, thus mimicking the function of two key antioxidant 

enzymes, namely, SOD and CAT (Scheme 8.3A,B, respectively) [21]. Upon reaction with O2
•–, 

H2O2 is formed while Ce(III) is oxidized to Ce(IV). Next, Ce(IV) reacts with  

H2O2 to generate oxygen while being reduced back to Ce(III). This regenerates the CO-NPs while 

eliminating both O2
•– and H2O2 in a consecutive set of reactions. Alternatively, a second H2O2 

molecule may get reduced into H2O while oxidizing Ce(III) into Ce(IV), thus acting as a true CAT 

mimic [21]. Therefore, CO-NPs could result as extraordinary antioxidants by scavenging two 

abundant ROS in a repetitive manner. Due to the ability to deplete ROS via a self-regenerating 

mechanism, CO-NPs, which are also biocompatible, were explored in the context of inflammation 

and pathologies associated with oxidative stress (e.g., neurodegenerative disorders or cancer) [21]. 

Naturally, such antioxidant properties were also explored in the context of regenerative medicine. 

IO-NPs received tremendous attention due to their wide range of applications including 

electrochemical uses, data storage, or environmental remediation [28]. IO-NPs, due to their 

intrinsic magnetic properties (i.e., superparamagnetism) together with their biocompatibility and 

stability, also stand out of the crowd in the biomedical field [29]. In particular, due to their potential 

as contrast-enhancing probes for magnetic resonance imaging (MRI), IO-NPs are widely 

employed in diagnostics (e.g., detection, imaging, or biosensing) [30]. Additionally, IO-NPs also 

Mechanism for superoxide dismutase activity (A) and catalase activity (B). The oxidative half-reactions 
(1–4) are identical in both reactions. Reprinted with permission from Reference [21]. Copyright 2011, 
Royal Society of Chemistry. 

Scheme 8.3. The proposed mechanism for the enzymatic activity of cerium-oxide nanoparticles 
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show enormous potential for therapeutic purposes such as hyperthermia, magnetic targeting, or 

drug delivery. IO-NPs can be used to generate local heat enhancement when submitted to an 

alternating magnetic field, a particularly efficient feature for the depletion of cancer cells which, 

in contrast to healthy cells, cannot survive in the temperature range of 42–49 °C [29,31]. 

Importantly, in 2007, it was reported that IO-NPs displayed intrinsic peroxidase-like activity 

similar to that of horseradish peroxidase (HRP) [32]. It was the first report of a nanozyme or 

inorganic nanoparticle performing as an enzyme mimic. Currently, IO-NPs also show the ability 

to mimic CAT-like activity. CAT, similar to HRP, belongs to the oxidoreductase family, and both 

enzymes contain a porphyrin heme group as a cofactor in their active site. The mechanisms behind 

the peroxidase and CAT activity are not fully understood, but it was proposed that Fenton/Haber–

Weiss mechanisms are involved (Scheme 8.4) [33-35]. While both Fe2O3 and Fe3O4 NPs display 

HRP- and CAT-like activity, the latter display better activity than the former [36]. Thus, as a result  

of their antioxidant properties, IO-NPs were also recently reported in regenerative medicine and  

tissue  engineering applications. 

8.2. Nanozymes in Regenerative Medicine and Tissue 

Engineering 

8.2.1. Cardioprotection 

A first example of the potential of CO-NPs for regenerative medicine was reported by the 

Kolattukudy group [20]. The authors reported the first research study where CO-NPs were 

 

Scheme 8.4. The proposed mechanism for the enzymatic activity of iron-oxide (Fe3O4) nanoparticles, 
including Fenton/Haber–Weiss reaction mechanisms. 
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employed to address stress-induced diseases in vivo. A transgenic mouse model with cardiac-

specific expression of monocyte chemoattractant protein-1 (MCP-1) was used. MCP-1 is a pro-

inflammatory cytokine which results in ischemic cardiomyopathy and activation of genes related 

to endoplasmic reticulum (ER) stress. It was shown that intravenously administered CO-NPs were 

able to inhibit the progression of left ventricular dysfunction and dilatation, and to decrease 

myocardial inflammation, pro-inflammatory cytokine expressions, and the expression of ER 

stress-associated genes. It was suggested that CO-NPs were able to block oxidative stress via their 

auto-regenerative antioxidant properties, thereby preventing inflammatory disorders [20]. In a 

follow-up study, the Kolattukudy group assessed the ability of CO-NPs to protect H9c2 

cardiomyocytes from oxidative damage induced by cigarette smoke extract [37]. Cigarette smoke 

contains and generates a large amount of ROS, overwhelming the antioxidant capacity of the heart, 

and leading to oxidative damage and the subsequent pathological consequences in the 

cardiovascular system. To evaluate the cardioprotection of CO-NPs, the authors employed an in 

vitro model where H9c2 cardiomyocytes were exposed to cigarette smoke extracts. The amounts 

of ROS, nuclear factor-κB (NF-κB), and inflammatory cytokines were analyzed. NF-κB is a redox-

sensitive transcription factor that is activated by elevated ROS levels, and it is closely associated 

with myocardial inflammation, cardiac remodeling, and heart failure [38]. Pre-treatment with CO-

NPs before exposure to cigarette smoke extract inhibited the depletion of critical antioxidant 

enzymes in vitro and diminished the levels of ROS, NF-κB, and inflammatory cytokines [39]. 

Pre-treating cardiac cells with CO-NPs for oxidative stress protection was also investigated by 

Pagliari and co-workers [40]. Cardiac progenitor cells (CPCs) were harvested from mouse-derived 

hearts and treated with CO-NP for 24 h. CPCs are highly relevant in regenerative medicine, since 

they have the potential to match the tissue demands of a damaged heart following myocardial 

infarction [41,42]. The in vitro culture of progenitor cells, however, requires the preservation of 

physiological ROS levels. By adding CO-NPs to the cell culture, the authors aimed to evaluate 

whether they could control the oxidative stress without harming the CPCs. The CO-NPs were 

floating in the cytosol, without affecting the cells’ survival, growth, and capability to differentiate. 

Their antioxidant potential was demonstrated by exposing the cells to H2O2-induced oxidative 

stress in a dose- and time-dependent manner for up to seven days. The results showed ~80% and 

~70% decreases in ROS levels for 25 and 10 µg/mL CO-NP, respectively. These results are of 
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utmost interest since they open the door to the creation of novel biomaterials such as CO-NP-

loaded scaffolds that are able to create a beneficial microenvironment to preserve CPCs during in 

vitro tissue growth. 

Another area of interest is the treatment of hypertension. Hypertension is associated with 

microvascular dysfunction, partially attributed to chronic inflammation and mitochondrial 

dysfunction, resulting in increased ROS levels [43-45]. The effect of CO-NPs acting as 

antioxidants was investigated using a spontaneously hypertensive rat model [43]. Characteristics 

of this rat model are its microvascular dysfunction and excess of local ROS production. After CO-

NP exposure, the oxidative stress levels significantly decreased, being almost identical to those of 

a normotensive rat model that was not exposed to CO-NPs. Furthermore, analyzing pro-

inflammatory cytokines in harvested plasma suggested that the CO-NPs altered the inflammatory 

signaling pathways in both rat models. 

The Blough group investigated CO-NPs in a pulmonary arterial hypertension (PAH) model [46]. 

Since recent reports suggested that enhanced oxidative stress and apoptosis are related to the 

pathological remodeling of the heart, it was hypothesized that CO-NP administration would 

diminish oxidative stress and apoptosis. This fact would, in turn, attenuate PAH and right 

ventricular remodeling. PAH was induced in Sprague-Dawley rats via a single injection of the 

toxic compound monocrotaline (MCT), resulting in heart hypertrophy. Using pulsed-wave 

Doppler echocardiography, it was possible to show that administered CO-NPs were able to 

diminish the changes in pulmonary flow, right ventricular tissue weight, and wall thickness. The 

hypertrophic response to CO-NPs was also evaluated at a cellular level. In agreement with the 

echocardiographic findings, CO-NP administration promoted a decrease in strong indicators of 

PAH and right ventricular remodeling such as β-myosin heavy chain, fibronectin expression, 

protein nitrosylation, protein carbonylation, and cardiac superoxide levels. Since ventricular 

remodeling following PAH is related to cardiomyocyte apoptosis, the authors also verified the 

accompanying diminished caspase-3 activation and reduction in serum inflammatory markers, 

which are all indicators of cardiomyocytes apoptosis. 

The effect of CO-NPs in MCT-induced PAH was recently investigated in combination with 

mineralocorticoid receptor-antagonist spironolactone (SP), a diuretic used in chronic heart failure 
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[47]. After treatment with 0.5 mg/kg CO-NPs, a one-fold reduction in H2O2, a 70% reduction in 

ROS, and a 75% reduction in nitrites were observed (Figure 8.1A–C). Interestingly, the co-

treatment with SP did not offer a significant additional effect on the cardiac oxidative stress. The 

authors also investigated changes in endothelin-1 (ET-1) levels. ET-1 is an endothelium-derived 

vasoconstrictor peptide present during pulmonary vasoconstriction, which is thought to play a role 

in the PAH pathogenesis [48]. Serum ET-1 levels increased nine-fold after PAH induction, and 

were reduced after CO-NP treatment (Figure 8.1D). A 59% decrease was observed following  

The effect of 0.1 and 0.5 µg/mL CO-NPs ± spironolactone (SP) on reactive oxygen species (ROS) (A), 
H2O2 (B), and nitrite (C) levels in right ventricular tissue. Effect of 0.1 and 0.5 µg/mL CO-NPs ± SP on 
serum endothelin-1 (ET-1) (D) and lung hydroxyproline (E) levels. Hematoxylin and eosin (H&E) 
staining of lung tissue after MCT injection (i, ii), and treatment with 0.1 and 0.5 µg/mL CO-NPs ± SP 
(iii–vi) (F). 10× magnification. For further information and interpretation, the reader is referred to 
Reference [47]. Graphical presentation of the histopathological sum scores (G); ** p < 0.001 vs. MCT 
group. Reprinted with permission from Reference [47]. Copyright 2018, Elsevier Inc. 

Figure 8.1. Cardioprotective effect of cerium-oxide nanoparticles (CO-NPs) in monocrotaline (MCT) 
rat model of pulmonary hypertension. 
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administration of 0.5 mg/kg CO-NPs, whereas only a 21% decrease was present when combined 

with SP. Since the lungs are the major site for the production and clearance of ET-1 [49], the lung 

collagen content was assessed using hydroxyproline levels, showing 60% and 86% decreases for 

the single and co-treatments, respectively (Figure 8.1E). A lung tissue specimen furthermore 

showed only mild tissue affection for the CO-NP treatment (Figure 8.1F,G). It was hypothesized 

that the CO-NPs suppress the ET-1 system through their potent inhibitory effect on inflammatory 

mediators. The non-significant additive effect of co-treatment was thought to be due to the 

decreasing pulmonary vasoconstriction, without changing the pulmonary vascular histology 

caused by SP [50]. 

IO-NPs were also evaluated in a cardioprotection context. In a first study, IO-NPs were reported 

to protect hearts from ischemic damage both in vitro and in vivo [51]. Myocardial damage is often 

caused by a lack of blood flow to the heart, a dysfunction known as myocardial ischemia. This, in 

turn, leads to myocardial hypoxia which can then provoke coronary artery heart disease, angina 

pectoris, or even myocardial infarction [51]. At present, there is no proven effective therapy [52], 

and current treatment for myocardial ischemic injury involves the administration of several 

pharmaceutical drugs such as free-radical scavengers, antioxidants, calcium channel blockers, and 

anti-apoptotic agents [51]. However, one of the main concerns is that pharmacologic drugs target 

only one particular mechanism, while myocardial ischemic injury is associated with multiple 

pathological mechanisms. As an alternative approach, the cardioprotective potential of IO-NPs 

was evaluated. The IO-NPs were compared to the activity of two pharmaceutical drugs that are 

widely employed for the treatment of conditions involving myocardial ischemic injury—

verapamil, which works as a calcium channel blocker, and Salvia miltiorrhiza extract, which acts 

as an antioxidant. The authors fabricated 2,3-dimercaptosuccinic acid (DMSA)-modified IO-NPs 

in a range of small sizes and evaluated their cardioprotective potential using a rat coronary artery 

ligature model [51]. The cardioprotective effect of the IO-NPs, which was assessed in terms of left 

ventricular developed pressure after ischemia reperfusion, was higher than that of both Salvia 

miltiorrhiza extract and verapamil. Interestingly, the cardioprotective effect was also shown to be 

dependent on the IO-NPs size, but independent of the surface charge. 
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Han and co-workers employed IO-NPs to prime cardiac mesenchymal stem cells (cardiac MSCs, 

cMSCs) [53]. The multipotency of cMSCs is an encouraging feature; however, cardiac 

differentiation in vivo remains challenging [54-56]. Research efforts focused on inducing the 

cMSC cardiac phenotype in vitro by means of exogenous supplements (e.g., transforming growth 

factor beta 1 (TGF-β1) or 5-azacytidine), or by co-culturing them with cardiomyocytes or 

cardiomyoblasts [57,58]. While cMSCs co-culturing with H9c2 cardiomyocytes showed 

promising results, H9c2 cells hardly express the gap junction protein connexin 43 (Cx43) [59]. 

Cx43 is crucial for cMSC differentiation due to its central role in intercellular gap junction 

coupling and the subsequent cell-to-cell crosstalk in co-culture [60,61]. The authors pre-loaded the 

H9c2 cardiomyocytes with IO-NPs, which were subsequently co-cultured with cMSCs. It was 

hypothesized that, upon internalization by H9c2 cells, IO-NPs are partially ionized into iron ions, 

which then trigger the gap junctional signaling cascade. It was shown that IO-NP uptake enhanced 

the Cx43 expression in H9c2, while also creating functional gap junction communications with 

the cMSCs. The cMSCs furthermore showed a significant increase in cardiac-specific genes which 

induced cardiac phenotype development. Next, the authors used the magnetic properties of the 

internalized IO-NPs to physically separate the H9c2 cells from the cMSCs (non-magnetic). The 

therapeutic efficacy of the differentiated cMSCs was evaluated by injecting them into myocardial 

infarction rat models. A reduced fibrotic tissue formation and superior infarct size suppression was 

observed. Transthoracic echocardiography furthermore showed a decrease in both left ventricular 

internal diameter at end diastole and at end systole for the cMSC group. 

The group of Parivar used superparamagnetic IO-NPs to label the MSCs themselves [62]. 

Superparamagnetic IO-NPs are commonly used for cell tracking and as a contrast agent in MRI, 

and for magnetization of cells in tissue engineering and drug targeting [63,64]. Polyethylene glycol 

(PEG)ylated IO-NPs were synthesized and added to the MSCs for 48 h to obtain IO-NP-labeled 

MSCs. Next, the IO-NP-labeled MSCs were injected into the heart of a heart failure rat model. For 

the magnet-dependent IO-NP-labeled MSCs, a neodymium magnet was placed over the heart for 

48 h. A higher restoration of the injected fraction was observed in the magnetic-dependent group 

as compared to the unlabeled MSCs and the magnet-independent groups. Since a higher fraction 

of IO-NPs was retained in the heart, increased preservation of the cardiomyocytes was obtained, 

as well as a reduction in fibrosis formation after heart failure. 
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Finally, IO-NPs are also used in the context of cardioprotection to create scaffolds for heart tissue 

engineering applications. In particular, Mou and co-workers incubated DMSA-modified IO-NPs 

with primary cardiomyocytes, showing internalization in a dose-dependent manner without 

affecting cell viability [65]. While the internalized IO-NPs showed in vitro peroxidase-like activity 

able to decrease the ROS levels, no changes in Cx43 expression could be observed (Figure 

8.2A,D). However, the results were different in a follow-up study by the same group [66]. This 

time, the DMSA-coated IO-NPs were supplemented to primary cardiomyocytes seeded on a 

collagen/Matrigel scaffold (Figure 8.2C). Interestingly, stronger contractions of the cell scaffolds 

were observed for the treatment groups. Such contractions are an indication of intercalated discs, 

which are composed of gap junctions, adherent junctions, and desmosomes between the 

cardiomyocytes [67]. This was confirmed using TEM, showing the presence of the different 

structures (Figure 8.2F). Western blotting showed increased expression of Cx43 in a dose-

dependent manner, thus demonstrating the ability of IO-NPs in promoting gap junction assembly  

(Figure 8.2B,E). As such, these results show how different functions were exerted by the IO-NPs 

when comparing a two-dimensional (2D) environment [65] with a three-dimensional (3D) 

environment [66]. 

8.2.2. Therapeutic Angiogenesis 

Angiogenesis, a process responsible for the formation of new blood vessels from existing ones, is 

a crucial phenomenon for several physiological and pathophysiological processes [68,69]. 

Therapeutic angiogenesis, which aims at promoting the formation of collateral vessels, is a novel 

and powerful strategy for treating patients suffering from severe ischemic diseases such as 

peripheral artery disease or myocardial infarction [70]. 

Currently, treatments to promote angiogenesis involve the administration of pro-angiogenic 

cytokines such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor 

(bFGF) [71,72]. However, clinical trials of growth factors including VEGF resulted in pathological 

angiogenesis, thrombosis, and fibrosis [69,73,74]. Another approach for therapeutic angiogenesis 

involves the transplantation of progenitor cells harvested from the bone marrow or circulating 

blood [75–77]. However, clinical trials of cell transplantation so far resulted in a very poor 

response [75–77]. 
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Since novel approaches are highly sought after, nanozymes were also explored in the context of 

angiogenesis. Such approaches mainly rely on the protective antioxidant properties of nanozymes 

to modulate the intracellular oxygen environment which is closely related to angiogenesis. 

Immunofluorescence staining of α-actinin (green), connexin 43 (Cx43, red), and nuclei (4′,6-diamidino-
2-phenylindole (DAPI), blue) of cardiomyocytes under different concentrations of DMSA-IO-NP in a 
two-dimensional (2D) (A) and three-dimensional (3D) (B) culture. In (A), the arrows indicate the Cx43 
distribution in cell–cell interfaces. Western blotting of Cx43 levels of cardiomyocytes under different 
concentrations of DMSA-IO-NP in a 2D (D) and 3D (E) culture, with glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) expression as an internal control; * p < 0.05 vs. 0 µg/mL. TEM imaging of 
gap junctions (black arrowhead), adherent junctions (white arrows), desmosomes (black arrows), and 
vesicle domain (dotted area) in the engineered cardiac tissues (ETCs) with different concentrations of 
DMSA-IO-NPs (F). Schematic representation of the construction of ECTs and the evaluation of the 
effect of DMSA-IO-NPs on cardiomyocytes (C). For (A) and (D), reprinted with permission from 
Reference [65]. Copyright 2015, Royal Society of Chemistry. For (B,C,E,F), reprinted with permission 
from Reference [66]. Copyright 2016, John Wiley and Sons. 

Figure 8.2. The effect of 2,3-dimercaptosuccinic acid-modified iron-oxide nanoparticles (DMSA-IO-
NPs) in cardiac tissue engineering. 



 

196 

 

In a pioneering study, CO-NPs were evaluated in terms of their pro-angiogenic potential using 

both in vitro and in vivo assays [69]. The authors took advantage of the oxygen-loading capacity 

of CO-NPs, which was attributed to the valence state of cerium combined with the inherent defects 

in the crystal lattice structure. The authors speculated that catalytically active CO-NPs would be 

able to modulate the intracellular oxygen environment within endothelial cells. This would result 

in endogenously stabilizing hypoxia-inducing factor 1α (HIF-1α), which would subsequently 

trigger angiogenesis. The authors engineered CO-NPs of different sizes (ranging from 5 to 60 nm) 

and shapes including stars [78], polygonals [79], and nanorods [80]. Additionally, CO-NPs 

displaying two different Ce(III)/Ce(IV) ratios were considered and were termed CO-NP1 and CO-

NP2 for high Ce(III) and high Ce(IV) content, respectively [69]. The different CO-NPs were pre-

loaded in endothelial HUVECs (human umbilical vein endothelial cells), and the biocompatibility 

of the NPs was verified. Next, the anti- and pro-angiogenic effects were evaluated in vitro 

employing the endothelial tube formation assay [81]. The results, which demonstrated a significant 

and concentration-dependent induction of tube formation, were further confirmed in vivo. Via the 

chick chorioallantoic membrane (CAM) sprouting assays, it was possible to demonstrate ~350% 

and a ~250% angiogenic increases for CO-NP1 and CO-NP2, respectively, as compared to the 

untreated control. The authors were also able to demonstrate that angiogenesis was induced by a  

reduction of the intracellular ROS levels [82]. Interestingly, via Western blot, it was possible to 

estimate the amount of HIF-1α within the cytoplasm and nucleus of the HUVECs. HIF-1α 

regulates the tissue local oxygen concentrations [83], which then influence the angiogenic process. 

The results showed a higher amount of HIF-1α for cells treated with CO-NP1 as compared to CO-

NP2, thus demonstrating that the Ce(III)/Ce(IV) ratio in the CO-NPs plays a crucial role in 

angiogenesis. It was hypothesized that such a difference may be due to the fact that CO-NP1, due 

to the higher Ce(III) content, is highly deficient in oxygen and can, therefore, catalytically act as 

an oxygen buffer by providing facile pathways for the release and replenishment of intracellular 

oxygen. All in all, the authors were able to demonstrate the ability of CO-NPs to induce pro-

angiogenesis, and that such an activity is critically dependent upon the surface valence states. 

Further research on the relevance of the Ce(III)/Ce(IV) ratio was conducted by incorporating 

trivalent metal ions [84]. It was hypothesized that samarium (III) doping of CO-NPs (smCO-NPs) 
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would allow tuning of the Ce(III)/Ce(IV) ratio in the NPs, thus enhancing the angiogenic potential 

of the NPs. The authors were able to demonstrate that smCO-NPs enhanced cell viability, 

proliferation, and expression of angiogenic markers (HIF-1α and p38 mitogen-activated protein 

kinases) as compared to the non-doped controls. 

CO-NPs were also incorporated in scaffolds for in situ tissue engineering. In situ tissue engineering 

does not incorporate cells into their materials, but rather utilizes the body’s own regenerative 

capacity [85]. Polycaprolactone (PCL) scaffolds were fabricated by electrospinning, incorporating 

different percentages (w/w) of CO-NPs (PCL-CO-NPs) [86]. As shown in Figure 8.3A, highly 

porous networks of PCL-CO-NPs fibers were obtained. The biocompatibility of the composite 

scaffold was firstly evaluated in vitro using MSCs and HUVECs (Figure 8.3B). While the effect 

on MSCs was marginal, a more pronounced difference was observed for the HUVECs, showing 

overall enhanced viability for PLC-CO-NP-1%. Next, analysis by means of CAM sprouting 

indicated increased angiogenesis for the CO-NP containing PLC scaffolds (Figure 8.3C). The 

number of capillary junctions was highest for PCL-CO-CP-1%, with a 3.6-fold increase, while the 

blood vessel diameter was highest for both PCL-CO-CP-1% and PCL-CO-CP-2% (Figure 8.3D,E, 

respectively). Following on, the PCL-CO-NPs were subcutaneously implanted into male Sprague-

Dawley rats showing better integration with the surrounding tissue as compared to bare PCL 

scaffolds. After one week of implantation, angiogenesis was observed for all scaffolds, with a 

positive correlation to the CO-NP content. The expressions of genes related to hypoxia, which are 

known to enhance cell proliferation and angiogenesis, were also investigated. The results 

demonstrated upregulation for both HIF-1α and VEGF (Figure 8.3F,G, respectively), showing a 

dose-dependent hypoxia response. Since a significant inflammatory response for PCL-CO-CP-3%, 

as shown by the upregulation of the inflammatory markers tumor necrosis factor α (TNF-α) and 

cyclooxygenase (COX), was observed (Figure 8.3H,I, respectively), it was concluded by the 

authors that the overall best properties were obtained when employing a CO-NP content ≤2%. 

Alternatively, by taking advantage of both their catalytic and magnetic properties, IO-NPs were 

also evaluated in the context of therapeutic angiogenesis [70]. 

The most widely used method for therapeutic angiogenesis involves the direct injection of cell 

suspensions by injection needles, and an important challenge relates to the rapid cell loss resulting  
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from the leakage of the injection fluid. Additionally, further cell loss occurs due to unstable cell 

homing and needle-mediated tissue damage [87–89]. IO-NPs were employed to develop a novel 

strategy for cell implantation by taking advantage of their magnetic properties. As such, as an 

alternative method to cell injection, the Murohara group fabricated cell sheets which were 

evaluated in vivo for therapeutic angiogenesis [70]. The cell sheets were assembled employing a 

SEM images of electrospun polycaprolactone (PCL) scaffolds, with different ratios of CO-NPs 
incorporated (%, w/w) (A). Cell viability of mesenchymal stem cells (MSCs) and human umbilical vein 
endothelial cells (HUVECs) on the different scaffolds (B). Angiogenesis assay using the chick 
chorioallantoic membrane (CAM) model incubated with PCL and PCL-CO-NP scaffolds after 0 and 8 h 
(C). Corresponding blood vessel junctions (D) and diameter of blood vessel fold increase (E). Expression 
of hypoxia-inducing factor 1α (HIF-1α) (F), vascular endothelial growth factor (VEGF) (G), tumor 
necrosis factor α (TNF-α) (H), and cyclooxygenase (COX) (I) in tissues isolated from implanted 
scaffolds; * p < 0.05, ** p < 0.001, *** p < 0.0001 vs. control. Reprinted with permission from Reference 
[86]. Copyright 2018, American Chemical Society. 

Figure 8.3. Cerium-oxide nanoparticles (CO-NPs) used for angiogenesis in tissue engineering scaffolds.
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magnetic force onto MSCs pre-loaded with IO-NPs. MSCs were the cell of choice due to their pro-

angiogenic potential as a result of their ability to release of several angiogenic growth factors 

including VEGF, bFGF, and stromal cell-derived factor-1α [90,91]. The MSCs were incubated 

with lipid-coated IO-NPs, and multi-layered cell sheets were created, employing a magnet on the 

reverse side. The ability of the as-prepared cell sheets in promoting angiogenesis was evaluated in 

mice subjected to unilateral hind limb ischemia. The enhanced angiogenesis for the group 

implanted with the MSC-sheets was shown by a greater degree of blood perfusion. At the 

microcirculation level, significantly increased tissue capillary and arteriolar densities for harvested 

ischemic tissues were observed for the MSC-sheet group. The cell viability of the cells within the 

MSC-sheets was also assessed. This is an important fact since reported studies of cell 

transplantation via the direct syringe injection method reported cell viabilities of only 3–5% at 

postoperative day seven [88,89]. The results revealed a significantly lower number of apoptotic 

cells in the ischemic muscles of the MSC-sheet group as compared to the MSC-injected group.  

The authors speculated that the inhibition of cell apoptosis might be a result of the suppression of 

ROS production via the peroxidase-like activity. The antioxidant properties due to the IO-NPs 

labeling were also assessed in terms of blood flow recovery of ischemic tissues. The results showed 

higher capillary and arteriolar densities in ischemic tissues on postoperative day 21 following 

transplantation with the MSC-sheets. Taken together, the as-prepared MSC-sheets with improved 

MSC and host cell viability could potentially improve cell therapy for regenerative medicine in 

ischemic diseases. 

In a follow-up study, the Murohara group constructed multi-layered cell sheets employing induced 

pluripotent stem cell (iPSCs)-derived fetal liver kinase-1 positive (Flk-1+) cells [92]. Flk-1+ cells 

were the cell line of choice due to their reported ability in promoting angiogenesis in a hind limb 

ischemia mice model [93]. Similarly to their previous study, the authors constructed multi-layered 

Flk-1+ cell-sheets but, in contrast to previous work [70], this time, the Flk-1+ cells were mixed 

with an extracellular matrix (ECM) precursor embedding system (Figure 8.4A). A magnet was 

then placed on the reverse side, and the magnetized Flk-1+ cells were subsequently assembled into 

multiple layers following a magnetic force. Figure 8.4B shows how the obtained sheets had a 

nearly circular shape with a diameter of 8 mm. The sheet was ~300 µm thick, with a “net-like 
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pattern” structure comprising 15–20 cell layers. Next, the Flk-1+ cell-sheets were implanted in a 

murine model of hind limb ischemia, and their potential to promote angiogenesis in vivo was 

evaluated. Similar to their previous study, the antioxidant peroxidase-like activity of the IO-NPs 

was used to enhance the cell viability of the implanted cells. Via laser Doppler blood flow and 

capillary density analysis, it was possible to demonstrate the ability of the Flk-1+ cell-sheets in  

Construction of iPSC-derived cell sheet by incubating fetal liver kinase-1 positive or negative (Flk-1+ or 
Flk-1−) cells with lipid-coated IO-NPs, followed by combining with extracellular matrix (ECM) 
precursor (A). Histological examination of iPSC cell sheets, showing the sheet, bright-field imaging of 
cell layers, and staining with Flk-1, CD31, αSMA, and TUNEL, respectively (B). Laser Doppler blood 
flow (LDBF) images after treatment with ECM precursor gel sheet (control), Flk-1+ cell sheet, and Flk-
1− cell sheet (C). Quantitative analysis of ischemic/normal LDBF ratio (D); * p < 0.05, ** p < 0.001 vs. 
control and Flk-1−. Photograph of capillary networks (red = CD31) on day 21 (E). Quantitative analysis 
of capillary density in ischemic tissue (F). Photograph of capillary networks within and around the cell 
sheet (green = CD31) on day 21 (G). Quantitative analysis of capillary density (H). VEGF (I) and basic 
fibroblast growth factor (bFGF) (J) messenger RNA (mRNA) levels in ischemic hindlimb muscles on 
day seven, normalized to GAPDH mRNA levels. Reprinted with permission from Reference [92]. 
Copyright 2013, Springer Nature. 

Figure 8.4. Induced pluripotent stem cell (iPSC) sheet created by employing iron-oxide nanoparticles 
(IO-NPs) for reparative angiogenesis. 
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promoting re-vascularization (Figure 8.4C–H). Furthermore, the Flk-1+ cell-sheets enhanced the 

expression of both VEGF and bFGF in ischemic tissues (Figure 8.4I,J, respectively). 

8.2.3. Bone Tissue Engineering 

Surgical operations for the reconstruction of lost or damaged bones involve the use of autografts, 

allografts, or ceramic and metallic implants. However, such methods have several drawbacks 

including donor site morbidity, transmission of pathogens, and serious mismatching between the 

properties of the implanted materials and the native bone [94].  

Thus, novel approaches for bone repair resulting from trauma, tumor resection, or skeletal 

abnormalities are highly sought after. 

During the past decades, the field of bone tissue engineering emerged as a powerful alternative. 

The aim is either to create new tissue in vitro or to promote the regeneration of the tissue in situ 

by growing cells on scaffolds [95–97]. Thus, biomaterial-based scaffolds are conceived to support 

the required cell growth, differentiation, and mineralization for tissue regeneration [98–100]. 

As a result of the nanozymes’ ability to enhance cell viability and proliferation, naturally, their 

potential in bone tissue engineering started to be recognized [101]. Reports in that direction mainly 

focused on assessing the effects of CO-NPs and IO-NPs on cell differentiation following their 

incorporation within a biomaterials scaffold. A first study was reported by Karakoti and co-

workers by exploring the effects of CO-NPs on the osteogenic differentiation of human MSCs 

(hMSCs) [101]. Bone marrow-derived MSCs (BMSCs) are an interesting cell type for bone 

regeneration, since they are able to differentiate into osteoprogenitor cells, while also having a 

central role in angiogenesis, a crucial process for the development of a vascular network to provide 

the required nutrients to the newly formed bone. To guide and stimulate the growth of bone tissue, 

CO-NPs were incorporated into bioactive glass scaffolds. Bioactive glass scaffolds were the 

material of choice due to their interconnected porous network and compressive strength, which is 

similar to that of cancellous bone [102]. In addition, bioactive glass scaffolds were reported to 

promote the formation of bone matrix from primary human osteoblasts [103]. Such bone matrix 

was furthermore able to mineralize in vitro without the need for osteogenic supplements that are 

usually employed for other bioceramic scaffolds. Karakoti and co-workers fabricated the 70S30C 
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(70% SiO2, 30% CaO) bioactive glass scaffolds via a sol–gel foaming process, and the CO-NPs 

were introduced while the sol was still liquid [101]. This resulted in CO-NP entrapment within the 

pore walls. The ability of the seeded hMSCs to differentiate toward the osteogenic lineage was 

evaluated following alkaline phosphatase (ALP) expression after 10 days in culture. ALP is an 

enzyme produced by MSCs and osteoblasts, involved in the mineralization of bone tissue. During 

mineralization, hydroxyapatite crystals are formed, which propagate into the ECM where they are 

deposited between the collagen fibrils [104]. The results showed the highest number of ALP-

positive cells for hMSC cultured on CO-NP-containing scaffolds, thus suggesting the highest 

hMSC differentiation. Importantly, an ALP signal was obtained without the addition of exogenous 

osteogenic factors (e.g., ascorbic acid, dexamethasone, or β-glycerophosphate). Next, the 

deposition of ECM was evaluated by quantifying the amount of produced collagen. Following 10 

days of incubation, hMSCs produced significantly higher amounts of collagen when cultured onto 

CO-NP-containing scaffolds as compared to the bare ones. The authors speculated that such 

beneficial effects of the CO-NPs on the differentiation of hMSCs could be attributed to the ability 

of the CO-NPs to act as an oxygen buffer. 

In a different study, CO-NP-containing bioactive glass scaffolds were evaluated for their CAT-

mimicking activity. It was found that such catalytic activity was dependent on the amount of 

incorporated CO-NPs [105] and the composition of the bioactive glass scaffold [106], where 

phosphate-containing scaffolds displayed a lower enzymatic activity. Furthermore, CO-NPs 

incorporated into bioactive glass fibers resulted in antibacterial properties toward both Gram-

negative and Gram-positive bacteria [107]. A meta-analysis of CO-NPs suggested that adsorption 

onto the microbial cell wall, Ce(IV) reduction, elevated pH, and oxidative stress rendered the 

antimicrobial properties of CO-NPs [108]. This would, in turn, improved the success of implanted 

materials by minimizing infections. Lu and co-workers also used CO-NP-containing bioactive 

glass scaffolds and, this time, different Ce/Ca ratios were evaluated [109]. Employing BMSCs, a 

positive relationship between the CO-NP content and extracellular calcium deposition could be 

demonstrated. The authors furthermore showed that the CO-NP-containing scaffolds induced 

upregulation of the extracellular-signal-regulated kinase (ERK) pathway to promote osteogenic 

differentiation of the BMSCs. Calvarium skull defects were induced in vivo and implanted with 

the CO-NP-containing scaffolds (Ce/Ca ratio = 1:3) or empty scaffolds. Bone mineral density and 
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bone volume improved significantly when CO-NPs were incorporated into the scaffolds. Tissue 

staining showed increased osteoblast formation, collagenous deposition, and biomineralization, 

thus highlighting the positive effect of CO-NPs on the regeneration of new bone tissue. 

BMSCs were also used by the Zheng group to assess the osteogenic potential of CO-NPs. 

However, this time, titanium-based scaffolds were considered [110]. To study the effect of the Ce 

valence state of the CO-NPs, coatings with high Ce(III) and high Ce(IV) content were prepared—

CO-A (67.5% Ce(III)) and CO-B (78.8% Ce(IV)), respectively. Incubation with BMSCs showed 

increased proliferation, ALP activity, and calcium deposition for the CO-B coating. These data, 

thus, enhanced the osteogenic potential of CO-NPs with high Ce(IV) content. In a follow-up study, 

the same group assessed the effect of the Ce valence state on the inflammatory response of 

RAW264.7 macrophages [110]. In contrast to the bare titanium substrate, coating with CO-NPs 

resulted in the downregulation of pro-inflammatory cytokines (interleukin (IL)-6 and TNF-α) and 

the upregulation of anti-inflammatory cytokines (IL-1ra and IL-10). Importantly, these effects 

were more prominent for the CO-B coatings, highlighting the anti-inflammatory properties of 

Ce(IV). The Zheng group next conducted a more in-depth investigation of the macrophage 

response to Ce(IV)-dominant coatings, which resulted in the upregulation of the reparative (M2) 

macrophage phenotype and the upregulation of anti-inflammatory and osteoinductive molecules 

by the macrophages [111]. 

The effect of the Ce valence state was also evaluated by Naganuma and Traversa employing CO-

NP-containing poly-L-lactide (PLA) coatings [112]. The authors were able to demonstrate that, 

while dominant Ce(IV) coatings promoted cell proliferation, dominant Ce(III) coatings resulted in 

a change in cell morphology and a decrease in cell proliferation for the two studied cell lines 

(MSCs and osteoblast-like cells). As such, all in all, the results indicate that higher Ce(IV) 

promotes osteogenic activity on MSCs and anti-inflammatory effect on macrophages. The 

antioxidant properties of CO-NPs in the context of bone tissue engineering were also evaluated by 

Li and co-workers [113]. BMSCs were seeded onto CO-NP-containing titanium surfaces, followed 

by exposure to H2O2. The authors were able to show no increase in ROS levels for the CO-NP-

containing substrates, thus highlighting the potential of CO-NPs in reducing oxidative injury. 
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Additionally, CO-NP-containing coatings were able to counteract the inhibition of osteogenic 

differentiation caused by H2O2. 

One of the main challenges for bone scaffolds following implantation is to achieve sufficient blood 

supply. Without sufficient blood perfusion or blood vessel distribution, tissue fibrosis and necrosis 

will lead to failure of the implant. Angiogenesis can be promoted by sprouting blood vessels from 

the existing vasculature using endothelial cells, or new blood vessels not dependent on the existing 

vasculature can be formed employing endothelial progenitor cells (EPCs) [114]. This second 

phenomenon is called vasculogenesis. A first example assessing the potential of CO-NPs to induce 

the formation of new vessels was conducted by coating acellular cancellous bone by a mixture of 

PLA and CO-NPs [115]. The coated scaffold was evaluated by seeding a mixture of MSCs and 

EPCs in a non-contacting co-culture system where MSCs and EPCs were seeded onto the apical 

and basolateral compartments, respectively (Figure 8.5A). Increased EPC cell viability (Figure 

8.5B) and expression of differentiation-related genes confirmed that co-culture with CO-NP-

containing scaffolds promoted angiogenic differentiation. The results also showed an increase in 

VEGF expression for MSCs cultured onto the CO-NP-containing scaffolds which would, in turn, 

result in augmented EPC growth and differentiation. The increase in VEGF expression was 

furthermore linked to improved HIF-1α stability, caused by increased intracellular Ca2+ 

concentrations (as summarized in Figure 8.5E), which was in agreement with previously reported 

studies [116–118]. After 28 days of co-culture, tube formation of EPCs was detected, showing a 

large amount of branching points and tubes. This was also tested in vivo where MSCs were seeded 

onto CO-NP-containing scaffolds which were then subcutaneously implanted. Higher 

vascularization was observed for the CO-NP-containing scaffolds as compared to the bare ones 

(Figure 8.5C). To evaluate whether vascularization resulted in improved bone tissue formation, 

the scaffolds were stained at six and 12 weeks following implantation. In contrast to the bare 

scaffolds, immature bone tissue was formed throughout the CO-NP-containing scaffolds as shown 

by Masson trichrome staining (Figure 8.5D). This, together with the in vitro results, indicates that 

increased penetration of blood vessels as a result of the CO-NPs enhances the formation of new 

bone tissue within the scaffold. 
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Scheme of the non-contacting co-culture used in this study (A). Cell viability of endothelial progenitor 
cells (EPCs) co-cultured with MSCs on scaffolds ± CO-NPs at seven and 14 days (B). Tube formation 
of EPCs co-cultured with MSCs ± CO-NPs (C): (i,ii), the statistic results of branch points/field (iii); 
immunohistochemistry staining of scaffolds six weeks (iv,v) and 12 weeks (vii,viii) after implantation; 
(vi, ix) vascular sections formed inside the scaffolds; ** p < 0.01. H&E and Masson trichrome staining 
of scaffolds six and 12 weeks after implantation (D). Black arrowheads indicate the original scaffold. 
Schematic of the proposed mechanisms of CO-NPs enhancing the angiogenesis of EPCs (E). CO-NP 
interaction with MSC membrane could activate calcium channels, thereby increasing intracellular Ca2+ 
levels. Raised Ca2+ levels improve the HIF-1α stability, promoting a high expression of VEGF and 
subsequently activating the EPC proliferation and differentiation capability. Reproduced with permission 
from Reference [115]. Copyright 2016, American Chemistry Society. 

Figure 8.5. Cerium-oxide nanoparticle (CO-NP)-modified scaffold interface enhances vascularization 
of bone grafts. 
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Together with osteoarthritis, cartilage injuries are a major cause of disability. A major challenge 

in cartilage engineering is the harsh inflammatory response resulting from injured or arthritic 

joints, which causes rejection following biomaterial implantation [119–122]. Thus, due to their 

ability to scavenge ROS and nitrogen species, CO-NPs were also explored to combat inflammation 

in the context of cartilage engineering [123]. In particular, bovine chondrocytes were cultivated 

onto a CO-NP-containing agarose scaffold and exposed to IL-1α, which was previously shown to 

hamper the growth of engineered cartilage and damage the newly formed tissue [124–126]. The 

results showed no significant decrease in Young’s modulus for the CO-NP-containing scaffolds, 

thus suggesting tissue preservation. Additionally, no decrease in the chondrocyte viability was 

observed for the treatment groups as shown by the DNA content. However, a decrease in both 

glycosaminoglycan and collagen content, which are the two main components of the ECM, 

suggested a limited protective effect for the CO-NP-containing scaffolds. 

Motivated by the intrinsic peroxidase-like activity of IO-NPs and the central role of H2O2 in cell 

growth, IO-NPs were also investigated in the context of bone tissue engineering. 

In a first example, the osteogenic potential of IO-NPs was assessed by embedding them within 

calcium phosphate cement (CPC) [127]. Cements are an interesting material for bone tissue 

engineering due to their paste-like application into the bone defects, followed by their ability to 

harden and mineralize in situ [128]. Dental pulp stem cells (DPSCs) were used in this example 

since they are easier to obtain than BMSCs while having a similar differentiation and gene 

expressions [129,130]. The results showed increased cell spreading and adherence to the CPC for 

magnetized IO-NP-containing scaffolds [127]. Enhanced ALP, Runt-related transcription factor 2 

(RUNX2), and osteocalcin (OCN) gene expression was also observed. By demagnetizing the IO-

NPs it was furthermore concluded that magnetism without an external magnetic field (MF) did not 

affect the DPSC behavior. In a follow-up study, an MF was applied to the IO-NP-containing CPC 

scaffold [131] and a nearly four-fold increase in mineral deposition was achieved. Upregulation of 

ALP, RUNX2, COL1, and OCN, further showed the MF effect on osteogenic differentiation for 

IO-NP-containing scaffolds. 
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As with CO-NPs, IO-NPs were also incorporated into bioactive glass scaffolds. IO-NP-containing 

borosilicate glass scaffolds reported enhanced osteogenic differentiation of BMSCs and increased 

healing capacity of a calvarial defect in a rat model as compared to the bare scaffolds [132]. 

IO-NPs were also incorporated into polymeric scaffolds which were fabricated via electrospinning 

[133], or via composite fabrication [134] and 3D printing [135,136]. Biocompatible polymers 

explored so far include PLA [137], poly(lactic-co-glycolic acid) (PCL) [138], poly(urethane) 

[139], and chitosan [134]. A drawback for polymer-based scaffolds is their low mechanical 

strength. As such, a promising approach is the incorporation of osteoconductive hydroxyapatite 

(HA)-NPs within the scaffold. As an example, HA-NPs were incorporated into PLA fibers 

fabricated via electrospinning [140]. Such a scaffold demonstrated increased cell proliferation and 

osteogenesis for the pre-osteoblast MC3T3-E1 cell line. These positive effects were further 

enhanced in the presence of an MF. The authors speculated that the incorporation of IO-NPs 

resulted in the production of huge amounts of miniature magnetic forces within the scaffold under 

the external MF, continuously stimulating osteoblast cell proliferation and differentiation. Next, 

the scaffolds were implanted in a bone defect model in vivo, and the animals were kept in the 

presence of an MF [141]. The effects of the scaffolds were firstly evaluated by the detection of 

OCN, which is an ECM protein produced by the osteoblast cells during the formation of new bone 

(Figure 8.6A). The results showed the highest OCN levels for animals treated in the presence of 

the MF for the three studied time points (i.e., 10, 20, and 30 days). Figure 8.6B shows clearer and 

denser collagen fibers upon application of the MF. Evaluation by micro-computed tomography 

(micro-CT) and hematoxylin and eosin (H&E) tissue staining furthermore showed a faster 

remodeling process under the MF, which was attributed to the magnetic response of the IO-NPs 

incorporated in the scaffold (Figure 8.6C,D). In a follow-up study, the inflammatory response of 

IO-NP-containing scaffolds was evaluated [142]. The macrophages showed an increased 

angiogenic capacity, as well as enhanced recruitment of pre-osteoblasts, indicating improved bone 

regenerating potential when exposed to the IO-NP-containing scaffold in a MF. 

Components of the ECM such as collagen or gelatin were also employed to construct IO-NP-

containing scaffolds [143,144]. To improve the mechanical strength of collagen scaffolds, a 

common approach is to apply plastic compression [145,146]. Their potential was evaluated both  
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in vitro [144] and in vivo [143], and results showed increased osteogenic differentiation of 

osteosarcoma cells and enhanced bone formation within the incisor sockets of a rat model. 

Importantly, the beneficial effects were enhanced in the presence of an MF. Importantly, due to 

the magnetic properties of the IO-NPs, they could be used as negative contrast agents in MRI. This 

made it possible to track the in vivo bone regeneration. 

Metallic implants were also investigated. In this context, titanium surfaces were coated with IO-

NPs, making use of the self-polymerization of dopamine into polydopamine [147]. Improved cell 

attachment, proliferation, and cell–cell interaction of BMSCs in vitro was observed for the IO-NP-

Osteocalcin (OCN) expression induced by the iron-oxide nanoparticle (IO-NP)-containing scaffolds (S) 
± magnetic field (M) after 10, 20, and 30 days after implantation (A). Red outlined area = positive cells, 
green rhombus = scaffold. Collagen deposition in the scaffolds (B). Stained with Sirius red. Amount of 
new bone formed in the defects after 110 days, obtained from micro-computed tomography (micro-CT) 
(C); * p < 0.1. Histological observation of the bone defects after 110 days of implantation (D): (Iii, Iv) 
magnifications of the areas in (i,ii), respectively. In (iii), a small amount of scaffold remains can be seen. 
In (iv), a homogeneous and well-organized bone formation in the defect is observed. Reprinted with 
permission from Reference [141]. Copyright 2013, Springer Nature. 

Figure 8.6. Superparamagnetic responsive scaffolds under a magnetic field enhance osteogenesis for 
bone repair in vivo. 
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coated surfaces. ALP, OCN, and RUNX2 messenger RNA (mRNA) levels were furthermore 

significantly increased for the IO-NP coating, thus indicating enhanced osteogenic differentiation. 

IO-NPs were also deposited onto titanium surfaces via co-deposition with mineralized collagen 

[148]. In vitro experiments showed that, when the IO-NPs were located in the outer layer of the 

coating (O-IO-NP), the highest ALP activity was observed. Compared to the bare collagen coating, 

the IO-NPs resulted in improved cell adhesion. Furthermore, the presence of an MF resulted in 

increased cell spreading, matrix mineralization, and osteogenic-related gene expression. Enhanced 

internalization of the IO-NPs by pre-osteoblasts was observed for the O-IO-NP coatings as 

compared to the IO-NPs located in the inner layer or when homogeneously distributed throughout 

the coating. These results indicated that IO-NP internalization by the cells could, to some extent, 

induce osteogenic differentiation in the presence of the MF. This is not surprising since the Gu 

group previously demonstrated how the internalization of IO-NPs by BMSCs resulted in the 

upregulation of osteogenic markers [149]. Furthermore, such an upregulation by the IO-NPs took 

place in a dose-dependent manner. 

Lastly, the effect of the IO-NP arrangement on the osteogenic differentiation of MSCs was 

evaluated [150]. To do so, MFs were employed to fabricate IO-NP-containing substrates with the 

IO-NPs distributed in a random or striped-like fashion. Additionally, MFs with varying strengths 

were evaluated. It was shown that the striped-like arrangement was able to enhance both cell 

proliferation and differentiation. Furthermore, the strength of the MF employed to arrange the IO-

NPs had a positive effect on the proliferation and differentiation of MSCs. It was speculated that, 

as a result of the small size of IO-NPs, the coupling energy between the IO-NPs would then 

generate highly local micro-fields able to significantly affect close-contacted objects such as the 

cultured cells. 

8.2.4. Wound healing 

Successful wound healing requires an orchestrated cellular response of fibroblasts, keratinocytes, 

and vascular endothelial cells. While the migration and proliferation of fibroblasts and 

keratinocytes result in the restoration of the ECM, the growth of vascular endothelial cells 

promotes the formation of the new vessels required to supply nutrients to the skin cells [151]. 
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Impaired wound healing, which occurs when the ability for skin restoration of one of the three cell 

types is compromised, can result in various detrimental health outcomes [152]. Two important 

factors that can favor or hamper the wound-healing process are the ROS and oxygen levels 

[101,112,123,153,154]. While high ROS concentrations impede the course of healing, a good 

oxygen inflow is beneficial for the process. As such, both CO-NP and IO-NP nanozymes, due to 

their ability for ROS depletion and H2O2 reduction into oxygen, respectively, were explored for 

wound-healing applications. 

In a first study, CO-NPs were evaluated in a cutaneous wound-healing murine model [154]. Since 

cells within and surrounding wounds suffer from high levels of ROS [155], Chigurupati and co-

workers hypothesized that CO-NPs, due to their ability to scavenge ROS and nitric-oxide radicals 

[156], would facilitate the proliferation of the relevant cells, which would, in turn, accelerate the 

wound-healing process. The authors evaluated the ability of endothelial cells for tube formation in 

the presence of IO-NPs [154]. To allow for tube formation, endothelial cells were grown in a 3D 

Matrigel matrix, and the results, as assessed by optical microscopy, indicated a three-fold increase 

in tube formation for cells treated with CO-NPs. Next, the CO-NPs were evaluated in an in vivo 

mouse model of skin wound healing. The CO-NPs were applied daily to the wounds via topical 

administration, and the size of the wound was assessed at different time points. The results showed 

a marked decrease in wound size for mice treated with the CO-NPs as compared to the controls. 

Further experiments to understand the mechanism revealed that CO-NPs were able to mitigate the 

both accumulation of a lipid peroxidation product and nitrotyrosine-modified proteins in the 

wound, thus indicating an antioxidant mechanism of action of the CO-NPs. 

Other examples of the topical administration of CO-NPs to enhance wound healing involve the 

use of chitosan-coated CO-NPs applied onto an open wound rat model [157]. While the chitosan 

coating was used to enhance the biocompatibility of the CO-NPs, it also resulted in enhancing the 

wound healing starting from day eight following topical administration. Additionally, the coated 

CO-NPs were able to heal the wound significantly faster as compared to rhEGF, which is a 

clinically used wound-healing agent [158]. 

CO-NPs were also evaluated in the context of diabetic wound healing since complications due to 

diabetes represent one of the most challenging medical issues of the 21st century [159]. Within 
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this study, the CO-NPs were conjugated to microRNA with the goal to enhance the inflammatory 

response [159]. MiR-146a was chosen due to its reported ability to target adapter molecules of the 

NF-κB pathway, resulting in increased IL-6 and IL-8 gene expression [160–162]. The authors 

could show that CO-NP or miR146a treatment alone did not have an effect on the healing rate 

compared to the saline control in both mouse and pig diabetic wound-healing models. However, 

when using the conjugated miR164a CO-NPs, the results were different. The healing rate improved 

significantly, with increased strength and elasticity in the murine model, and decreased 

inflammatory and increased angiogenesis in the porcine model. Also in the context of diabetes, a 

first case study of topical administration CO-NPs in diabetic foot ulcers was reported [163]. While 

initial treatment with orally administered antibacterial Trikacide drug together with a hypertonic 

solution dressing on the wound did not heal the ulcers, following treatment with a CO-NP-

containing gel had a different outcome. Two ulcers were treated and healed successfully, 

suggesting therapeutic potential for CO-NPs in the topical treatment of diabetic foot ulcers. 

Electrospun films for wound dressings incorporating CO-NPs were also evaluated. PCL–gelatin 

blends are one of the biomaterials investigated for skin tissue engineering, due to their ECM-

mimicking properties, biodegradability, and biocompatibility [164]. Rather and co-workers 

incorporated ~42-nm-sized CO-NPs (25% v/v 30 mM solution) into the electrospun fibers [165]. 

In vitro assays showed an increase in the cell proliferation rate of fibroblasts for the CO-NP-

containing fibers as compared to the bare ones. This was correlated to the ROS-scavenging 

properties by quantifying intracellular ROS levels. CO-NPs were also incorporated into PCL–

gelatin fibers (<25 nm CO-NPs, 1.5% w/w) by Naseri-Nosar and co-workers [166]. A full-

thickness wound model in male Wistar rats showed almost complete healing for wounds treated 

with the CO-NP-containing fibers after two weeks of treatment. In contrast, the sterile gauze 

control wounds were still fresh. 

A different application for CO-NPs within wound healing is as tissue adhesives for wound closure. 

The efficient restoration of the tissue while also minimizing the aesthetic impact following an 

injury still prevails as a great challenge. While multiple treatment options including sutures, 

staples, and tissue adhesives are widely available, regenerative healing of the injured tissue rather 

than fibrotic healing still remains elusive [167,168]. To overcome the limitations of current passive 



 

212 

 

healing processes, focus was brought to the microenvironmental processes of the wound site, 

which include increased ROS production [152,169]. Therefore, due to their antioxidant properties, 

CO-NPs were also used in this context. In particular, mesoporous silica nanoparticles (MSN) 

coated with CO-NPs (MSN-CO-NPs) were evaluated as novel tissue adhesives (Figure 8.7A) 

[170]. Following assessment of their catalytic properties (Figure 8.7B,C), the MSN-CO-NPs were  

Fabrication process of the MSN-CO-NPs (A), with TEM images of MSN (i), CO-NPs (ii), and MSN-
CO-CPs (iii), high-resolution TEM images of MSN-CP-NPs (iv), scanning TEM (STEM) image of 
MSN-CO-NPs (v), and energy-dispersive X-ray spectroscopy (EDX) element mapping of Ce (green, vi), 
Si (red, vii), and their overlay (viii) in MSN-CO-NPs. ROS scavenging of O2

•− (B) and hydrogen peroxide 
(H2O2) (C) at different concentrations. Images of wound repair during an eight-day in vivo experiment 
(D). Microstructure of wound surface 22 days post-wounding (E). Quantification of wound repair 
kinetics as a percentage of initial wound length (F); * p < 0.05. Reprinted with permission from Reference 
[170]. Copyright 2017, Elsevier Ltd. 

Figure 8.7. Cerium-oxide nanoparticle (CO-NP)-decorated mesoporous silica nanoparticles (MSNs) for 
reactive oxygen species (ROS) scavenging in regenerative wound healing. 
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applied onto 2-cm cutaneous incisions in mice. Within eight days, the wound area was almost 

repaired and furthermore displayed a smooth appearance (Figure 8.7D,F). The MSN-CO-NP-

treated group also yielded higher native collagen deposition and fiber alignment, as well as a thin 

epidermal thickness, implying limited scar formation (Figure 8.7E). 

Due to the detrimental and beneficial effects of H2O2 [171] and oxygen [172] for the wound-

healing process, IO-NPs able to catalyze H2O2 were also explored in wound-healing applications 

[173]. Incorporation of IO-NPs into three-dimensional (3D) cellular spheroids was shown to 

stimulate the ECM production [174,175]. Additionally, by varying the IO-NP concentration and 

characteristics, it was also possible to influence its composition. While modulation of the IO-NP 

concentration had an effect on the production of both collagen IV and elastin, magnetic IO-NPs 

(magnetoferritin) increased the production of all the proteins constituting the ECM. 

Hu and co-workers used IO-NPs in wound dressings made of poly(vinyl alcohol) (PVA) 

membranes fabricated via electrospinning [173]. A polymeric PVA mesh was chosen as the 

scaffold due to the high surface-to-volume ratio and porosity, which allow for high water 

absorption and strong oxygen permeation [176]. Spindle-shaped IO-NPs were prepared (Figure 

8.8A) and integrated within the scaffold fibers by mixing them with a PVA solution, followed by 

electrospinning (Figure 8.8B). Figure 8.8C shows a TEM image of the as-prepared fibers with 

homogeneously integrated IO-NPs at different concentrations. The results, as shown by a 

colorimetric assay and an oxygen-sensitive electrode (Figure 8.8D), demonstrate catalytic activity 

for the IO-NP-containing PVA fibers at all the studied concentrations. The influence of the IO-

NPs on the scaffolds was investigated in terms of fibroblast proliferation in the presence of H2O2 

at detrimental concentrations. The catalytic scaffolds supplied a better environment for cell 

proliferation as shown by more than 90% cell viability following overnight incubation with the 

H2O2-exposed nanofibrous dressings containing IO-NPs (Figure 8.8E). Importantly, complete 

apoptosis was observed for cells incubated with bare scaffolds. Thus, due to their ability to 

diminish H2O2 concentrations to nontoxic levels, the IO-NP-PVA membranes show potential for 

wound-healing dressings. 

The Xu and Gu groups used PLA as a polymer in electrosprayed scaffolds [177]. DMSA-modified 

IO-NPs were incorporated into the fibers to obtain 7.5% (w/w) loading. Fibroblasts were added,  
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after which a magnetic field was applied. MF intensities of 0, 5, and 10 mT were employed during 

the in vitro studies (MF0-, MF5-, and MF10-groups, respectively). Evaluation of the expression 

of pro-angiogenic cytokines VEGF, bFGF, and TGF-β1 indicated enhanced angiogenesis upon 

applying an MF. Additionally, the authors also assessed the potential of the conditioned medium 

of the fibroblasts grown on the scaffolds to induce angiogenesis, wound healing, and an 

TEM images of spindle-shaped αIO-NPs (A). Scale bar for (i): 200 nm, for (ii): 100 nm. Schematic 
illustration of the fabrication process of αIO-NPs containing nanofibrous dressings (B). Together with 
poly(vinyl alcohol) (PVA), the αIO-NPs are electrospun to obtain the dressing, which, due to its catalase-
like activity, improves fibroblast cell growth. TEM imaging of electrospun PVA mats containing 0% (i), 
19% (ii), 58% (iii), or 71% (iv) αIO-NPs (C). Scale bar: 1 µm. Catalase-like activity was analyzed by 
measuring the amount of elemental oxygen (n(O2)) being produced over time (D). Cell viability after 
exposure to H2O2-incubated nanofibrous dressings (E); *** p < 0.001. Reprinted with permission from 
Reference [173]. Copyright 2017, American Chemical Society. 

Figure 8.8. Fibrous dressing containing hematite nanoparticles (αIO-NPs) with catalase-like activity to 
promote wound healing. 
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inflammatory response. This is of interest since it could avoid scaffold-induced fibrosis. The 

results showed how the conditioned media increased the migration of naïve fibroblasts, while an 

overall reduced inflammatory response could be observed. When adding the conditioned media to 

endothelial cells, more vessel-like tubes were formed for the MF-exposed group (1.7-fold for MF5, 

and 1.6-fold for MF10 compared to MF0). This indicates that the MF promotes the capacity to 

form endothelial tubes. 

8.3. Conclusions 

This review started with a brief introduction to the field of enzyme mimics based on 

nanoparticulate materials, followed by highlighting the progress made in regenerative medicine 

and tissue engineering applications. 

While the aforementioned examples showed the progress on the development of nanozymes, there 

are still important challenges that need to be addressed for nanozymes to become a reality in the 

clinic. 

Despite the overwhelming and increasing number of publications on nanozymes, mainly cerium- 

and iron-oxide nanoparticles were explored so far. As such, there is substantial room for future 

developments by exploring other well-developed nanomaterials with enzyme-like properties. The 

current applications of nanozymes in regenerative medicine and tissue engineering mainly rely on 

the antioxidant abilities of nanozymes with a main emphasis on ROS removal. However, since 

natural enzymes are able to catalyze six different types of reactions, exploring new catalytic 

activities different from redox reactions can result in novel and unexpected therapeutic 

applications. Additionally, it is noted that, in addition to magnetism, other functions including 

optical, thermal, or fluorescence properties arising from materials at the nanoscale should also be 

explored. This could open up exciting and important new research directions. Last but not least, 

for such multifunctional materials, there is a complex interplay between catalytic activity, 

therapeutic efficacy, and biocompatibility. All of them are critical factors when evaluating these 

materials. Additional hurdles arise when nanozymes are expected to function within our body. For 

example, nanozymes display distinct enzymatic properties and kinetics depending on the 

microenvironment (i.e., pH, temperature, or substrate availability). Additionally, the biological 
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milieu (e.g., body fluids) also have an influence on their surface chemistry, which also influences 

their catalytic activity. Another challenge lies in reaching the desired site of action following 

intravenous, topical, or implant-mediated administration. Of utmost importance is also to achieve 

a high biocompatibility. While some of the discussed examples were evaluated both in vitro and 

in vivo, only one was assessed in a clinical context [163]. While important progress was made for 

Food and Drug Administration (FDA)-approved tissue engineering materials [178,179], 

multifunctional or composite products incorporating several materials (nanozymes and polymers), 

as well as cells, require more extensive preclinical characterization. 

For the reviewed IO-NPs and CO-NPs, it is noted that there is a vast variation in shape, size, and 

surface coatings across the different publications, which would result in different properties 

including biocompatibility [180,181]. While, following intravenous administration, both CO-NPs 

and IO-NPs can be found mainly in the spleen and liver [182–184], CO-NPs are then excreted 

through the feces [182], while the iron is eliminated via the metabolic iron pathway [185]. While 

iron is thought to be biocompatible, it should also be noted that leaked iron ions can cause geno- 

and cytotoxicity [185,186]. Therefore, normalized in vivo assays and meta-analyses could provide 

important information regarding their safety following administration into our bodies. 

Thus, while there is still a long way to go before nanozymes can be implemented in a clinical 

setting, collaborative efforts from various disciplines including materials science and 

bioengineering, as well as computational studies, should accelerate the progress of this exciting 

field. 
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