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Abstract 

Despite all the attempts to create advanced hemoglobin (Hb)-based oxygen carriers (HBOCs) 

employing an encapsulation platform, major challenges including attaining a high Hb loading 

and long circulation times, still need to be overcome. Herein the fabrication, for the first time, 

of nanoparticles fully made of Hb (Hb-NPs) employing the electrospray technique is reported. 

The Hb-NPs are then coated by antioxidant and self-polymerized poly(dopamine) (PDA) to 

minimize the conversion of Hb into non-functional methemoglobin (metHb). The PDA shell is 

further functionalized with poly(ethylene glycol) (PEG) to achieve stealth properties. Our 

results demonstrate that the as-prepared Hb-NPs are hemo- and biocompatible while offering 

antioxidant protection and decreasing the formation of metHb. Additionally, decoration with 

PEG results in decreased protein adsorption onto the Hb-NPs surface, suggesting a prolonged 

retention time within the body. Finally, the Hb-NPs also preserve the reversible oxygen-binding 
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and releasing properties of Hb. All in all, within this study, a novel HBOCs with high Hb 

content is fabricated and its potential as an artificial blood substitute is evaluated.  

1. Introduction 

Blood transfusions, which typically consist on the administration of packed red blood cells 

(RBCs), are currently an essential and life-saving clinical procedure. They are widely 

employed, among others, in the treatment of anemia, various blood disorders such as 

hemophilia, and side-effects of tumor chemotherapy.[1,2] 

However, RBCs transfusions have several limitations including the potential mismatch during 

transfusion due to the RBCs membrane antigens, the risks of viral or bacterial transmission 

(e.g., HIV, malaria or hepatitis) and the limited availability due to their short shelf-life (1 day 

at room temperature and 42 days in refrigerated conditions).[3,4] Such limitations and risks are 

even more severe in some developing countries; where blood donations are either still not 

routinely tested for transmissible pathogens or, when tested, the laboratories lack sufficient 

quality assurance.[5]  

As such, great efforts have been devoted to the development of artificial blood substitutes that 

are free from the above-mentioned risks. In particular, the development of hemoglobin-based 

oxygen carriers (HBOCs), which make use of the main functional component of biological 

RBCs, have received a great deal of attention.[6] Hemoglobin (Hb) is a tetrameric protein 

containing two α and two β subunits, each of which incorporates an iron-containing heme group 

that is able to bind oxygen with high affinity.[7] However, unmodified stroma-free Hb 

dissociates into the two subunits (α and β), causing severe adverse effects such as renal toxicity 

and vasoconstriction.[8] Approaches to overcome Hb’s breakdown include the modification of 

Hb by intra- and intermolecular cross-linking,[9,10] polymerization,[11] or polymer 

conjugation.[12] However, so far, persistent safety concerns regarding the toxicity of HBOCs in 

phase II and phase III clinical trials have hampered the development of a clinically viable 
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oxygen carrier.[13,14] Mechanisms contributing to the toxicity of these HBOCs are mainly 

attributed to their permeation in between the endothelial cells lining the capillary walls and into 

the smooth muscle tissue. There they act as a nitric oxide (NO) scavenger.[15] Since NO is an 

important vasodilator,[16] NO scavenging results in vasoconstriction, the subsequent 

cardiovascular problems and increased mortality rates.[17]  

Thus, an approach to solve current limitations of HBOCs would be the use of an encapsulation 

platform. Hb’s encapsulation within a carrier shell can provide a suitable environment to 

maintain its functionality while, at the same time, preventing tetramer dissociation as well as 

Hb’s extravasation into the smooth muscle tissue. As such, recent research on HBOCs has 

mainly focused on Hb’s encapsulation within several carriers including liposomes,[18] 

polymersomes[19] or polymer capsules.[20] Despite the progress, achieving a high Hb loading 

within a well-defined biocompatible and biodegradable structure still remains as a significant 

challenge. To achieve an oxygen carrying capacity similar to that of blood, a high loading of 

Hb within the carriers is crucial since, within biological RBCs, Hb comprises about 96% of the 

dry weight.  

Herein, we employed a facile and controllable way to fabricate particles fully made of Hb and 

explored their potential as oxygen carriers. We prepared Hb nanoparticles (Hb-NPs) by the 

electrospray technique (Scheme 1). This technique makes use of an electric field to disperse or 

break up a liquid to generate monodisperse droplets in a fast and one-step procedure. The size 

of the resulting particles can be efficiently tailored from tens of nanometers to hundreds of 

micrometers by the right choice of the operation parameters.[21] Furthermore, the electrospray 

technique allows for the fabrication of biomacromolecule-based particles (such as proteins, 

DNA or carbohydrates) without loss of their bioactivity.[21–25] 

Another remaining concern when developing oxygen-carriers is their insufficient circulation 

times, which are much shorter than those of biological RBCs. Macrophages in the mononuclear 
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phagocyte system (MPS) can efficiently engulf foreign particles, a process that mainly depends 

on the size and surface characteristics of the particles.[26] Thus, while Hb carriers in the size 

range of 1-3 µm are expected to be strongly phagocytosed,[27] carriers should be larger than 100 

nm to avoid the particles extravasation in between the endothelial gaps. Regarding surface 

coatings, the golden standard strategy to evade the MPS consists of surface PEGylation.[28] As 

such, the size of the electrosprayed Hb-NPs was fine-tuned to 400 nm and their surface 

decorated by biocompatible PEG. 

Prior to PEGylation, the Hb-NPs are coated with polydopamine (PDA), which is an effective 

adhesive material that can spontaneously form a continuous coating layer on a wide variety of 

surfaces.[29] Furthermore, PDA has antioxidant properties which are crucial to minimize the 

conversion of Hb into non-functional methemoglobin (metHb).[30] Additionally, PEGylation of 

the Hb-NPs (Hb/PEG-NPs) is easily achievable by reaction of the PDA coating with the amino 

groups of the poly-L-lysine-graft-PEG (PLL-g-PEG) copolymer. Finally, we assess the 

potential of the Hb/PEG-NPs as oxygen-carriers in terms of structural integrity, oxygen-binding 

and releasing properties together with hemo- and biocompatibility. 

This report on the first electrosprayed NPs fully made of Hb opens the door for the development 

of HBOCs able to fulfil the high oxygen demands similar to native RBCs.  

 

2. Results and Discussion 

2.1. Fabrication of Hb-NPs 

Benefits of HBOCs over donor blood include universal compatibility, availability, long-term 

storage and low risk of infection. To achieve high oxygen demands similar to biological RBCs, 

we prepared nanoparticles fully made of hemoglobin (Hb-NPs) employing the electrospray 

technique. Electrospray becomes an ideal technique for the fabrication highly ordered 

nanostructures with preserved bio-functionality since,[25,31] as a result of the electric forces, it 

facilitates the re-arrangement of (bio)macromolecules.[32] Bovine Hb was the material of choice 
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to avoid the need for the 2,3-diphosphoglycerate allosteric effector, which is required for the 

native activity of human Hb.[33] In contrast, bovine Hb only requires chloride ion for biological 

operation,[34] which is already present in blood and can be further provided by buffers like PBS 

or Ringer’s lactate solution. As such, a solution of bovine Hb in Milli-Q (MQ) water was 

electrosprayed and the resulting Hb-NPs were collected either with a stationary plate (Hb-NP1) 

or an ethanol (EtOH) bath (Hb-NP2) at room temperature and ambient humidity. Scanning 

electron microscopy (SEM) images revealed that the obtained particles (both Hb-NP1 and Hb-

NP2) are mostly monodispersed particles and free from large aggregates (Figure 1a), while 

Hb-NP2 is more even compared Hb-NP1. However, Hb-NP1 emerges irregular but partly 

spherical shaped, while Hb-NP2 displays a spherical morphology. Measured by nanoparticle 

tracking analysis (NTA), the average size is 374 ± 188 nm and 482 ± 215 nm for Hb-NP1 and 

Hb-NP2, respectively. This submicron size for both Hb-NPs is an important feature since the 

therapeutic window for HBOCs lays between 100 nm and 1 µm. While particles larger than 5 

µm can obstruct the microcirculation, particles in the size range of 1-3 µm are expected to be 

strongly depleted by the MPS. In addition, particles smaller than 100 nm can extravasate 

through the endothelial cells lining the blood vessels, HBOCs.[35] 

Interestingly, both types of Hb-NPs became insoluble on water and, thus, could be dispersed in 

MQ. This result is not surprising since, the charge accumulated onto the surface of the Hb’s 

droplets during the electrospray process, could alter the conformation of the proteins 

structure.[36] This effect particularly affects the biomolecules located on the NP’s surface. We 

hypothesize that this change in solubility could be a result of the exposure of the hydrophobic 

binding pockets for the Hb molecules located onto the NP’s surface. The effect of this 

hypothetical conformation change will be evaluated in the following sections. 
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The stability of the NPs following freeze-drying and storage as a dried powder for several weeks 

was also evaluated. Figure S1, Supporting Information, shows how both types of NPs emerge 

mainly monodispersed and free from large aggregates following re-suspension in MQ. 

2.2. Hb-NPs Surface Functionalization 

To avoid Hb’s leakage from the particles, we employed a PDA coating by the self-

polymerization of dopamine (DA) in basic conditions.[29] PDA has scarcely any chemical 

reaction with Hb’s functional groups while also allowing for post-functionalization (e.g., 

PEGylation) by its ability to react via Schiff base and/or Michael addition with thiols and 

amines.[37] Furthermore, PDA can also offer antioxidant protection thus minimizing the 

conversion of Hb into non-functional metHb.[30]  

The PDA coating was fabricated by the self-polymerization of DA in 10 mM TRIS at pH 8.5 

(TRIS buffer) for 0.5 h. The successful DA polymerization was corroborated by the color 

change of the suspension into the characteristic black appearance (Figure 1b, inset). Following 

several washes to remove the unreacted DA and resuspension in MQ water (pH 6.8) to stop the 

reaction, the PDA-coated particles (Hb/PDA-NP1 and Hb/PDA-NP2) were imaged by SEM. 

Figure 1b shows no apparent change in terms of morphology or size as compared to the 

uncoated counterparts. To render the Hb-NPs with low-fouling properties, we further 

functionalized the carriers’ surface with amine-containing PEG chains. Biocompatible PLL-g-

PEG was bound to the Hb/PDA-NPs surface with the aim to substantially increase their 

circulation time in vivo. The SEM images (Figure 1c) show no noticeable changes as compared 

to the bare or PDA-coated counterparts (Figure 1a, and 1b, respectively). Additionally, no 

differences could be observed depending on the collection method.  The functionalization of 

the Hb-NPs surface was also assessed by zeta (ζ)-potential measurements (Figure 1d). Although 

free Hb has a negative ζ-potential of -29.6 mV, both electrosprayed Hb-NPs display a positive 

ζ-potential of 27.5 and 26.9 mV for Hb-NP1 and Hb-NP2, respectively. This is not surprising 
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since the electrospray process influences the ionisable groups which could, in turn, affect the 

overall surface charge of the generated particles.[38] For the as-prepared Hb-NPs, we speculate 

that the positive charge mode of the particles is due to the protonation of the basic amino acid 

side chains of Hb. Upon DA polymerization into PDA, a decrease in ζ-potential of 6.5 and 3.2 

mV for Hb/PDA-NP1 and Hb/PDA-NP2, respectively, was observed. The successful coupling 

of the PEG layer onto the NPs surface was then confirmed by an increase in ζ-potential of ~12.7 

and ~15.5 mV for Hb/PEG-NP1 and Hb/PEG-NP2, respectively.  

Next, we assessed the PEGylation effect of the coated NPs (Hb/PEG-NP1 and Hb/PEG-NP2) 

in terms of protein adsorption. Functionalization of the carriers surface with hydrophilic 

polymers such as PEG has been widely used in the drug delivery field to shield the surface from 

opsonization.[39] Upon intravenous administration, the nanocarriers will be recognized and 

cleared by the MPS due to opsonin accumulation on their surface.[40] Since serum albumin and 

immunoglobulin G (IgG) are the two most abundant proteins in blood, the evaluation of the 

PEGylation effect was assessed in terms of inhibition of absorption of fluorescein isothiocianate 

(FITC)-labelled bovine serum albumin (BSA-FITC) and IgG (IgG-FITC). While IgG is known 

to be a potent opsonin promoting recognition and uptake by the MPS, albumin has been 

suggested to promote a dypsonic effect.[41] However, albumin can be easily replaced by other 

proteins exerting an opsonic effect.[42] Thus, bare Hb-NPs and PEGylated Hb/PEG-NPs were 

incubated with either BSA-FITC or IgG-FITC at 37 ℃ for 4 h. The binding of the fluorescent 

proteins onto the NPs was evaluated by flow cytometry. The results were normalized to the 

mean fluorescence intensity (nMFI) of bare NPs (Hb-NP1 and Hb-NP2) incubated with BSA-

FITC and IgG-FITC (Figure 2). The results show a different PEGylation effect depending on 

the collection method employed to fabricate the Hb-NPs (i.e., stationary plate and EtOH bath 

for Hb-NP1 and Hb-NP2, respectively). While for Hb-NP1 a significant decrease in nMFI 

(~24%) is only observed for PEGylated particles incubated with BSA-FITC; for Hb-NP2 the 
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outcome is different. PEG functionalization results in a decrease in nMFI of ~56% and ~69% 

upon incubation with BSA-FITC and IgG-FITC, respectively.   

Although, at this point of time, it is not known what causes Hb/PEG-NP2 to display enhanced 

low-fouling properties as compared to Hb/PEG-NP1, it is noted that the two collection methods 

rendered particles of slightly different morphologies (i.e., irregular-shaped for Hb-NP1 and 

smooth spherical for Hb-NP2). We speculate that the difference in surface roughness could lead 

to  an enhanced absorption of the fluorescently labelled proteins for Hb-NP1. 

2.3. Preservation of Hb’s Functionality 

2.3.1. Fourier-Transform Infrared (FTIR) Spectroscopy 

The oxygen-carrying capacity is the most important aspect when developing HBOCs. Thus, 

preservation of the Hb’s structure within the different carriers is crucial to secure oxygen 

transport. The effect of the electrospray process on Hb’s chemical structure was analyzed by 

FTIR spectroscopy. Figure 3 shows FTIR spectra of native Hb and the as-prepared NPs with 

the different coatings (Hb-NPs, Hb/PDA-NPs and Hb/PEG-NPs) collected in a stationary plate 

(NP1, Figure 3a) or in an EtOH bath (NP2, Figure 3b). The results show the characteristic bands 

at 1650 cm–1 and 1534 cm–1 for all the samples. For proteins, the band between 1600 - 1700 

cm-1 originates from the stretching vibrations of the C=O (Amide I) while the band between 

1510 – 1580 cm-1 derives from in-plane N-H bending and C-N stretching vibrations (Amide II). 

The comparison of the FTIR spectra of native Hb and the Hb-NPs, which shows almost identical 

absorption bands for Amide I and Amide II, suggests preservation of the Hb’s chemical 

structure after the electrospray process. Additionally, after surface modification with PLL-g-

PEG, the Hb/PEG-NPs show the characteristic absorption peak of the C-O-C stretching 

vibration at 1100 cm-1. Thus, in agreement with the ζ-potential measurements, FTIR 

spectroscopy indicates successful PEGylation of the NPs (Figure 3c). 

2.3.2. Circular Dichroism (CD) Studies 



  

9 

 

Since the secondary structure of proteins is crucial to their function, preservation of this 

structure can be used to presume protein activity.[43] The retention of Hb’s structure after the 

electrospray process was assessed by far UV-CD spectroscopy, a technique that has been widely 

employed to monitor protein secondary structure.[44] The UV-CD spectra were measured in the 

range from 190 to 260 nm for native Hb and for Hb-NPs depending on the collection method 

(NP1: stationary plate or NP2: EtOH bath). The samples were monitored in identical buffer 

conditions to evaluate potential structural changes in Hb. Figure 4 shows the typical absorption 

peaks of the α-helix structure for free Hb and both types of Hb-NPs (maximum at 194 nm and 

double minima at 208 and 222 nm). However, a decrease in the intensity of the peak was 

observed for the Hb-NPs as compared to the free Hb. This decrease in intensity might be 

attributed to the absorbance of the NPs in this wavelength range or to a partial loss of α-helix 

structure. Such decrease in intensity was more pronounced for the NPs collected with the EtOH 

bath (Hb-NP2, pink line) as compared to the NPs collected with a stationary plate (Hb-NP1, 

green line). We hypothesized that the enhanced loss of α-helix structure for Hb-NP2 might be 

induced by the EtOH bath. As reported elsewhere, EtOH could cause a complete denaturation 

of proteins when reaching a concentration 50% (v/v).[45]  

Upon normalizing the CD spectra to the 222 nm peak, the CD spectra of both Hb-NPs were 

very similar to the spectrum of free Hb (Figure 4, right side). This result indicates that most of 

all the detectable Hb within the particles maintained its secondary structure. The minor 

differences seen in the normalized CD spectra could indicate that a fraction of the Hb in both 

NPs has a perturbed folding, but might also reflect effects due to environmentally-induced 

wavelength shifts, light scattering, and absorption flattening in the particles.[46]  

As discussed in section 2.3.1, Hb molecules in the NPs surface might re-arrange forming a 

supramolecular layer; losing their secondary structure while making the NPs insoluble in water. 
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This supramolecular layer could, in turn, protect the inner Hb molecules from misfolding and 

denaturation. 

2.3.3. Oxygen Binding and Releasing Properties  

We next investigated whether the Hb entrapped within the NPs maintained its native bioactivity. 

To do so, the ability of the Hb-NPs in binding and releasing oxygen was evaluated by spectral 

analysis. Since Hb can be easily oxidized into metHb, which cannot bind to molecular oxygen 

(O2), we first incubated the Hb-NPs in a sodium dithionite solution to reduce metHb back into 

functional oxygenated-Hb (oxy-Hb). Next, nitrogen (N2) and O2 gas were successively flowed 

over the NPs collected by a stationary plate (Hb-NP1 and Hb/PEG-NP1) or an EtOH bath (Hb-

NP2 and Hb/PEG-NP2). The obtained deoxygenated-Hb (deoxy-Hb) and oxy-Hb-based NPs 

were evaluated by UV-vis spectroscopy. Figure 5 shows the initial characteristic peaks of oxy-

Hb at ~408 nm (Soret peak), ~536 and ~577 nm (dark red lines) for bare Hb-NPs and PEGylated 

Hb/PEG-NPs independent of the collection method (NP1: stationary plate method (Figure 5a) 

or NP2: EtOH bath method (Figure 5b)). Next, N2 gas was flowed over the oxy-Hb-based NPs 

(Hb-NPs and Hb/PEG-NPs) which resulted on a shift of the Soret peak to ~428 nm and the 

disappearance of the peaks at ~536 and ~577 nm (dark green lines). The appearance of the 

characteristic deoxy-Hb peak demonstrates the ability of the entrapped Hb to release oxygen. 

Next, O2 gas was fed for 10 min and the characteristic deoxy-Hb Soret peak shifted from 428 

nm back to a value closer to 408 nm (red lines). Additionally, the peaks at 536 and 577 nm 

could be observed again for some of the samples. This indicates the conversion of the entrapped 

Hb from the deoxy-Hb to the oxy-Hb state. The movement of characteristic peaks showed in. 

Figure S2 (Supporting Information). It is important to note that the decrease in the intensity of 

the absorbance peak is due to loss of sample in the process of gas flow, which enhances the 

solvent evaporation and thus speeding up the drying out of the Hb-NPs and attaching on the top 

of the container. A second N2 and O2 gas cycles were successfully conducted demonstrating 

that both bare (Hb-NPs) and PEGylated (Hb/PEG-NPs) NPs could reversibly bind and release 
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oxygen. Although there is a change on the wavelength of absorbance peak for both Hb-NPs and 

Hb/PEG-NPs following flowing with O2 and N2, this change is more pronounced for Hb- and 

Hb/PEG-NP1, thus suggesting better oxygen binding and releasing properties for NPs 

employing a stationary plate as collecting method. This is in agreement with the CD spectra 

results which showed enhanced preservation of α-helix structure for Hb-NP1.  

Nonetheless, these results demonstrate that even after the electrospray process, surface 

modification with PDA and subsequent functionalization with PEG, both types of NPs still 

show oxygen-carrying ability, which is the most important feature of HBOCs.  

2.3.4. Antioxidative Protection of Hb by the PDA Coating  

The oxidative protection of Hb against hydrogen peroxide (H2O2) by the PDA coating was 

assessed by UV-vis. In particular, we monitored the characteristic absorption Soret peak of oxy-

Hb upon incubation with H2O2 at different time points (Figure S3, Supporting Information). 

The results, which have been normalized to the height of the Soret peak before the addition of 

H2O2, are illustrated in Figure 6. As expected, the highest decrease in Soret peak height is 

observed for uncoated Hb-NPs independent of the collection method (NP1: stationary plate 

method (Figure 6a) or NP2: EtOH bath method (Figure 6b)). While, for NP2, the additional 

surface modification with PEG does not have an influence on metHb content (i.e., both 

Hb/PDA-NP2 and Hb/PEG-NP2 cause a reduction of Soret peak of only ~20% after 15 min), 

the results are different for NP1. While Hb/PEG-NP1 only causes a ~20% decrease in Soret 

peak height after 15 min, the decrease in Soret peak height by Hb/PDA-NP1 is much more 

pronounced (~40% after 15 min). 

We speculate that the differences in the antioxidant properties of the PDA coating depending 

on the collection method could be due to the different shapes of the NPs. The slightly peanut-

shaped Hb/PDA-NP1 display a higher surface area as compared to the more spherical Hb/PDA-

NP2, which will result in thinner and thus less protective PDA layer. Nonetheless, is worth 
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noticing that the PDA coating minimized the oxidation of Hb into metHb for both studied 

conditions. 

2.4. Interaction with Cells 

The next step was to evaluate the biocompatibility of the as-prepared HBOCs in terms of 

hemocompatibility and cell viability as a first step towards the development of safe and 

effective blood substitutes.  

2.4.1. Hemolysis Rate  

Hemocompatibility is crucial for any intravenously administered carrier. According to ISO/TR 

7406, if the hemolysis rate (extent of hemolysis via the quantification of free Hb in the mixed 

solution) is less than 5%, the biomaterials are considered non-hemolytic.[47] As shown in Figure 

7ai, the Hb-NPs, independent of the surface coating (Hb-NP, Hb/PDA-NP, Hb/PEG-NP) or the 

collection method (NP1: stationary plate or NP2: EtOH bath) showed a hemolysis rate well 

within 1%, thus implying good hemocompatibility. Figure 7b shows photographic images of 

the positive control (100% lysis), the negative control (0% lysis), and the different NPs 

depending on the surface coating and the collection method. Only for the positive control red 

free Hb can be observed in the suspensions. Importantly, the blood cells retained their shape 

after incubation with the different NPs (Figure S4, Supporting Information). As expected, due 

to lysis no blood cells could be observed in the positive control. 

2.4.2. Cell Viability  

The biocompatibility of the NPs was also evaluated in terms of in vitro cell viability on human 

umbilical vein endothelial cells (HUVEC) and mice macrophages RAW 264.7 cells. While 

endothelial cells are the cells lining our blood vessels, circulating macrophages are the first line 

of defense of the human body against intruding pathogens. Figures 7b and c demonstrate that 

the different NPs did not produce significant decrease in cell viability on either HUVEC (Figure 

7bi) or RAW 264.7 (Figure 7ci) cells for 4 h. However, upon incubation for 24 h, the results 

were different for both cell lines (Figure 7bii and 7cii). For RAW 264.7 cells, incubation with 
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the NP1s (Hb-NP1, Hb/PDA-NP1 and Hb/PEG-NP1) resulted in an increase in cell viability 

(up to ~20%) (Figure 7cii). Interestingly, incubation of the different NPs with HUVEC cells 

resulted in an increase in cell viability for almost all the NPs independent of surface coating 

and preparation method (NP1: stationary collector and NP2: EtOH bath) (Figure 7bii). This is 

not surprising since Hb-based particles acting as oxygen releasing microcarriers have prior 

history showing increasing cells viability,[48] a fact of utmost importance for in vitro tissue 

engineering applications where oxygen supply becomes crucial during the fabrication of large 

tissue analogues due to the “size-barrier effect”. In addition, previous investigations have 

proven that a PDA outer layer can also promote cell proliferation.[49],[50] Importantly, those 

results suggest that the as-prepared Hb/PEG-NPs could be a potential oxygen carrier because 

of their excellent biocompatibility. 

3. Conclusion 

We have presented a new method to prepare NPs fully made of Hb. By making use of the 

electrospray technique and two different collecting methods (i.e., a stationary plate or an EtOH 

bath), Hb-based NPs of slightly different morphology have been fabricated.  

Both types of Hb-NPs have a size ~400 nm and, as such, they are expected to be able to avoid 

extravasation through the blood vessel wall and, thus, circumvent vasoconstriction.  

Coating with PDA results on a decrease of Hb’s oxidation to non-functional metHb. 

Biocompatible PEG is used to further modify the Hb-NPs and results in less protein deposition 

onto the surface of the particles. This suggests protection of the Hb-NPs against immune 

response following in vivo administration. Both types of Hb-NPs are able to bind and release 

oxygen, which is the most important feature for HBOCs. However, Hb-NPs collected with the 

stationary plate display enhanced oxygen-binding and releasing properties as compared to Hb-

NPs collected with an EtOH bath. This fact is attributed to the denaturing effects of EtOH. 

Nonetheless the as-prepared Hb-NPs may have potential to be useful artificial oxygen carriers 

in the future. 
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4. Experimental Section  

Materials: Fresh bovine blood (Product No. 77667) was obtained from SSI Diagnostica A/S 

(Hillerød, Denmark). Ethanol (EtOH), dopamine (DA), sodium chloride (NaCl), toluene, 

tris(hydroxymehtyl)aminomethane (TRIS), poly-L-lysine (PLL) (Mw 15 - 30 kDa), sodium 

dithionite (SDT), 4-(2-hydroxyethyl) piperazine-1-ethane-sulfonic acid (HEPES), fluorescein 

isothiocyanate (FITC), FITC-labelled immunoglobulin G (IgG-FITC), bovine serum albumin 

(BSA), phosphate buffered saline (PBS), Dulbecco’s Modified Eagle’s Medium-high glucose 

(DMEM D5796), penicillin/streptomycin, fetal bovine serum (FBS), hydrogen peroxide 

(H2O2), trypsin and the human umbilical vein endothelial cell line (HUVEC) were purchased 

from Sigma-Aldrich (Saint Louis, MO, USA). α-Methoxy-ω-carboxylic acid succinimidyl ester 

poly(ethylene glycol) (Me-PEG-NHS, MwPEG = 2000 Da) was purchased from Iris Biotech 

GmbH (Marktredwitz, Germany). Endothelial Cell Medium (ECM) Kit supplemented with 5% 

FBS and 1% endothelial cell growth supplements was purchased from Innoprot (Derio-Biskaia, 

Spain). PrestoBlue Cell Viability Reagent, and Pierce Bicinchoninic Acid (BCA) Protein Assay 

Kit were obtained from Thermo Fisher Scientific (Waltham, MA). The macrophage cell line 

RAW 264.7 was obtained from European Collection of Authenticated Culture Collections 

(ECACC, Wiltshire, UK). 

TRIS buffer is composed of 10 mM TRIS (pH 8.5); HEPES buffer is composed of 10 mM 

HEPES and 150 mM NaCl (pH 7.4). All buffers were prepared with ultrapure water (Milli-Q 

(MQ), gradient A 10 system, TOC < 4 ppb, resistance 18 MV cm, EMD Millipore, USA).  

BSA was fluorescently labelled with FITC (BSA-FITC) as previously reported.[51] Briefly, a 

solution containing 3.7 mg FITC in 300 µL DMSO was added to a BSA solution (30 mg of 

BSA in 6 mL 0.05 M NaHCO3 pH 10) in a dropwise fashion. After overnight incubation at 

room temperature, the excess of FITC was thoroughly removed by two days dialysis against 

MQ water followed by freeze-drying.  
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PLL(15-30 kDa)-graft[2.0]-poly(ethylene glycol (2 kDa)) (PLL-g-PEG) was synthetized 

following a reported procedure.[37,52] Briefly, a solution containing 0.038 mmol Me-PEG-NHS 

(with respect to the polymer’s molecular weight) in cold HEPES was added to a solution 

containing 0.143 mmol PLL (with respect to the repeating unit) in chilled HEPES. The reaction 

was allowed to proceed for 4 h at 4 °C under constant stirring. Finally, the reaction mixture was 

dialyzed for 2 days against MQ water. 

Hemoglobin (Hb) Extraction from Bovine Red Blood Cells: Hb was extracted from fresh blood 

by hypotonic hemolysis following a previous study.[53] Briefly, bovine red blood cells (bRBCs) 

were first washed with an isotonic saline solution, i.e., 0.9% NaCl (3×, 15 min, 1500 rcf). Next, 

the pellet containing the bRBCs was mixed with MQ water and toluene at a 1:1:0.4 volume 

ratio. Following thorough vortexing, the suspension was stored overnight at 4 ºC to allow for 

the separation of the aqueous and organic phases. Next, the organic phase was removed and the 

aqueous suspension was spun down (20 min, 8000 rcf). Following filtration through an ash-free 

filtration paper, the stroma-free Hb was collected and stored at -80 ºC for future use. 

Preparation of Hb-Nanoparticles: Nanoparticles fully made of Hb (Hb-NPs) were prepared 

using the electrospray instrument BI-LE50AC (I&L Biosystems Nordic A/S, Denmark) 

equipped with a co-axial nozzle. The distance between the nozzle tip and the collector was 

adjusted to 10 cm and flow rates of 80 and 480 µL h-1 were used for the inner (30 mg mL-1 Hb 

solution in MQ water) and the outer channels (EtOH solvent), respectively. To obtain a stable 

cone-jet, the voltage was adjusted to 20kV. The Hb-NPs were collected either with a stationary 

plate (Hb-NP1) or an EtOH bath (Hb-NP2) connected to a negative voltage generator (-2kV) at 

room temperature and ambient humidity. A Table detailing the settings employed for the two 

formulations can be found in the Supporting Information (Table S1). 

Hb-NPs Surface Modification: The as-prepared Hb-NPs (both Hb-NP1 and Hb-NP2) were 

incubated in a DA solution (1 mg mL-1 in TRIS, 30 min, room temperature) followed by 
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washing in MQ water (2×, 13 000 rcf, 30 min) to obtain polydopamine (PDA)-coated NPs 

(Hb/PDA-NPs). Next, to render PEGylated Hb-NPs (Hb/PEG-NPs) the samples were incubated 

in a PLL-g-PEG solution (1 mg mL-1 in TRIS, 1 h, room temperature) followed by washing 

with MQ water (2×, 13 000 rcf, 30 min). 

Scanning Electron Microscopy (SEM): The samples were prepared by adding a droplet of NPs 

suspension (Hb-NPs, Hb/PDA-NPs and Hb/PEG-NPs) on a glass slide which was subsequently 

left to dry overnight. Next, the samples were sputtered with gold for 20 s employing a 

Cressington 208HR High Resolution Sputter Coater (Cressington Scientific Instruments Ltd., 

UK) and imaged using a TM3030 PLUS Hitachi High-Tech scanning electron microscope 

(HITACHI, USA) at an operating voltage of 15 kV. 

Size and Zeta (ζ)-Potential: The size and ζ-potentials of the obtained Hb-NPs were measured 

using a nanoparticle tracking analyzer (NTA, ZetaView, Particle Metrix GmbH, Germany). In 

brief, a suspension of the NPs in MQ water was loaded into the instrument and the NTA 

measurement was captured at 11 different positions. The size distribution and ζ-potential were 

obtained by processing the recorded data employing the associated ZetaView 8.05.04 (ZNTA) 

software.  

PEGylation Effect: The PEGylation effect was assessed in terms of protein adsorption onto the 

NPs. Suspensions of Hb-NPs, Hb/PDA-NPs or Hb/PEG-NPs displaying ~100 000 events µL-1 

(measured by flow cytometry, BD Biosciences, Sparks, MD, USA), were incubated in a 1 mg 

mL‐1 IgG‐FITC or 0.5 mg mL‐1 BSA-FITC solution in PBS (200 µL) at 37 °C for 4 h using a 

thermoshaker (Eppendorff, AG, Germany). After the incubation time, the samples were washed 

in PBS (2×, 5 min, 11 000 rcf) to remove unbound proteins. The fluorescence intensity due to 

the bound proteins onto the particles was analyzed by flow cytometry using an excitation 
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wavelength of 488 nm and an emission detection wavelength of 530 nm. At least 20 000 events 

were analyzed in two independent experiments.  

Fourier-Transform Infrared (FTIR) Spectroscopy: FTIR analysis was performed using a Perkin 

Elmer Spectrum 100 FT-IR spectrometer (Perkin Elmer Inc., Wellesley, MA) under ambient 

conditions. The spectra were collected within the wavelength range of 4000 to 400 cm-1, each 

one with a resolution of 4 cm-1. Five scans per sample were conducted.  

Circular Dichroism (CD) Studies: The CD spectra were recorded on a JASCO J-815 instrument 

(JASCO, Essex, UK) at room temperature. The following instrument settings were employed: 

1 mm cell length, 1 nm data interval, 1 nm band width and 4 s digital integration time. Free Hb 

(40 µg mL-1), Hb-NP1 (121 µg mL-1) and Hb-NP2 (199 µg mL-1) dispersed in MQ water were 

measured at least three times within the wavelength range of 190 - 260 nm. All presented spectra 

were obtained by averaging three different scans, subtracting the corresponding solvent 

spectrum and, if required, normalizing to an ellipticity value of -1 at 222 nm. 

Oxygen Binding and Releasing Studies: The UV-Vis spectra of PEGylated (Hb/PEG-NPs) and 

non-PEGylated (Hb-NPs) samples were measured on a UV-2600 UV-vis Spectrophotometer 

(Shimadzu, Japan) in the wavelength range of 350 - 650 nm. The different samples were 

dispersed in MQ water containing a pinch of SDT. To obtain samples with deoxygenated Hb 

(deoxy-Hb), nitrogen gas (N2) was allowed to flow over the samples for 10 min followed by 

recording the UV-vis spectrum. Next, the ability of the particles to bind oxygen was evaluated 

by purging with oxygen gas (O2) for 10 min followed by recording the UV-vis spectrum of the 

oxygenated Hb (oxy-Hb). Subsequent alternating purging of the samples with N2 and O2 was 

conducted to assess the ability of the samples to reversibly bind and release oxygen. 

Antioxidant Protection of Hb by the PDA Coating: The UV-vis spectra of Hb-NPs before and 

after adding 5mM H2O2 were recorded with the UV-vis 2600 UV-vis spectrophotometer. The 
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decrease of the characteristic Soret peak of oxy-Hb was used to monitor the conversion of oxy-

Hb into metHb. 

Hemolysis Rate Test: Hemolysis rate test was conducted to investigate the blood compatibility 

of the obtained bare (Hb-NPs), PDA-coated (Hb/PDA-NPs) and PEGylated (Hb/PEG-NPs) 

NPs. First, whole blood from healthy volunteers was collected in heparin (anticoagulant) 

containing tubes. The blood was washed in PBS (3×, 1000 rcf, 15 min) and the pellet was 

resuspended in 50 mL of PBS to obtain diluted blood. The different NPs were dispersed in PBS 

(1 mg mL-1) and incubated at 37 °C for 30 min. Next, the NPs suspensions were incubated with 

the diluted blood at 1:1 v/v ratio at 37 °C for 60 min. A thermoshaker (Eppendorff, AG, 

Germany) with a shaking speed of 250 rpm was employed. Diluted blood in MQ water or PBS 

were used as positive and negative controls, respectively. After the incubation time, the samples 

were spun down (1000 rcf, 10 min) and the pellets were collected for morphology observation 

while the supernatants were further centrifuged (13 000 rcf, 10 min). The new supernatants 

were collected and the absorbance was recorded at 540 nm. The hemolysis rate was calculated 

as follows: hemolysis rate (%) = (experimental value – negative control value)/(positive control 

value – negative control value) × 100. 

The pellets were resuspended in PBS and the morphology of the blood cells was assessed by 

differential interference contrast (DIC) microscopy. An Olympus Inverted IX83 microscope 

equipped with a 63× oil immersion objective was employed.  

Cell Viability: The mouse macrophage Raw 264.7 cell line was cultured in DMEM 

supplemented with 10% (v/v) FBS, 1% (v/v) penicillin/streptomycin (10 000 U mL-1 and 10 µg 

mL-1, respectively) at 37 °C in a humidified incubator and 5% CO2. The endothelial HUVEC 

cell line was cultured in ECM supplemented with 5% (v/v) FBS and 1% (v/v) endothelial cell 

growth supplements and 1% (v/v) penicillin/streptomycin (10 000 U mL-1 and 10 µg mL-1, 

respectively) at 37 °C and 5% (v/v) CO2. The cells were cultured in T75 flasks and the cell 
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media was exchanged 2 - 3 times per week. Only cells between passages 5 and 12 (for RAW 

264.7) and between passages 3 and 10 (for HUVEC) were used in all experiments. While a cell 

scraper was employed to detach sub-confluent RAW 264.7 cells from the culture flask, sub-

confluent HUVEC cells were detached from the culture flask by adding trypsin (3 mL). Both 

RAW 264.7 and HUVEC cells were aspirated and re-suspended in cell media. Appropriate 

aliquots of the cell suspension were added into new T75 culture flasks. All cell experiments 

were conducted in triplicate and at least two independent experiments were carried out. 

For cell viability assays, 96-well plates were used and the RAW 264.7 and HUVEC cells were 

seeded in 200 µL of full media at a density of 30 000 and 15 000 cells per well, respectively, 

and allowed to attach for 24 h. Next, the cells were washed in PBS (3×, 200 µL) and 200 µL of 

the as-prepared particle solutions were added to the different wells at a concentration of 0.5 mg 

mL-1. Following incubation for 4 and 24 h, respectively, the media of the wells was aspired 

carefully and the cells were washed in PBS (3×, 200 µL). Next, 100 µL of fresh full cell media 

containing PrestoBlue (10% v/v) was added to each well and the cells were further incubated 

for 1h at 37 °C and 5% CO2. Next, the supernatants were transferred to a new 96-well plate and 

analyzed using a TECAN Spark multimode plate reader (Tecan Group Ltd., Maennendorf, 

Switzerland) by measuring the fluorescence intensity of the reduced resaruzin product at 615 

nm using the excitation wavelength at 535 nm. Cells only and cell media only were used a 

positive and negative controls, respectively. The normalized cell viability was calculated as 

follows: normalized cell viability = (sample value – negative control value) / (positive control 

value - negative control value) × 100.  

Statistical analysis: A Dunnett’s multiple comparison test (*p ≤ 0.05; **p ≤ 0.001, ***p ≤ 

0.0001) was employed using GraphPad Prism (8.1.0 (325)) software to assess the statistical 

differences between the different conditions. A one-way analysis of variance with a confidence 

level of 95% (α = 0.005) was employed. 
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Scheme 1. Illustration of the assembly process. Hemoglobin (Hb) is first extracted from bovine 

red blood cells (RBCs). Hb-based nanoparticles (Hb-NPs) are prepared by the electrospray 

technique. In particular, a solution of Hb in water is electrosprayed and the resulting Hb-NPs 

are collected either in a stationary plate (Hb-NP1) or an ethanol (EtOH) bath (Hb-NP2). An 

antioxidant poly(dopamine) (PDA) coating is deposited which also allows for further surface 

modification with poly(ethylene glycol) (PEG). 
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Figure 1. Scanning electron microscopy images of bare Hb-NPs (a), polydopamine (PDA)-

coated Hb/PDA-NPs (b) and PEGylated Hb/PEG-NPs (c). Size and polydispersity index (PDI) 

of bare Hb-NPs is also shown. d) Zeta (ζ)-potential measurements of the Hb-NPs after each 

deposition step. The Hb-NPs have been prepared employing two different collection methods: 

NP1: a stationary plate collector or NP2: an ethanol bath. The scale bar for the inset image in 

figure (a) is 500 nm. 
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Figure 2. Normalized mean fluorescence intensity (nMFI) of bare Hb-NPs, polydopamine 

(PDA)-coated Hb/PDA-NPs and PEGylated Hb/PEG-NPs upon incubation with fluorescently 

labelled bovine serum albumin (BSA-FITC) or immunoglobulin G (IgG-FITC). Two different 

types of Hb-NPs have been fabricated using different collection methods: NP1: a stationary 

plate (green columns) or NP2: an ethanol bath (pink columns). 
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Figure 3. Fourier-transform infrared (FTIR) spectra of the bare Hb-NPs, polydopamine (PDA)-

coated Hb/PDA-NPs and PEGylated Hb/PEG-NPs as compared to native Hb. Two different 

types of Hb-NPs have been fabricated using different collection methods: NP1: a stationary 

plate (a) or NP2: an ethanol bath (b). c) FTIR spectra of Hb/PEG-NPs fabricated using the two 

different collection methods as compared to poly(L-lysine)-graft-poly(ethylene glycol) (PLL-

g-PEG). The arrow pointing at 1650 cm-1 denotes the Amide I peak; the arrow pointing at 1534 

cm-1 denotes the Amide II group and the arrow pointing to 1100 cm-1 denotes the ether peak.  
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Figure 4. Circular dichroism spectra of a freshly extracted Hb solution and Hb-NPs fabricated 

using either a plate collector method (Hb-NP1) or an ethanol bath method (Hb-NP2), 

respectively. The CD spectra on the right side have been normalized to an ellipticity value of -

1 at 222 nm. 
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Figure 5. UV-vis absorption spectra of bare Hb-NPs and PEGylated Hb/PEG-NPs after 

successively feeding with oxygen (O2) or nitrogen (N2) gas.  

Two different types of Hb-NPs have been fabricated using different collection methods: NP1: 

a stationary plate (a) or NP2: an ethanol bath (b). 
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Figure 6. Soret peak height over time for bare Hb-NPs, polydopamine (PDA)-coated Hb/PDA-

NPs and PEGylated Hb/PEG-NPs. Two different types of Hb-NPs have been fabricated using 

different collection methods: 1: a stationary plate (a) or 2: an ethanol bath (b). 
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Figure 7. a) Hemolysis rate (i) and photographic images (ii) of the negative control (-), positive 

control (+) and the different samples: uncoated Hb-NPs, polydopamine (PDA)-coated Hb/PDA-

NP and PEGylated Hb/PEG-NPs obtained by two different collection methods (1: stationary 

plate or 2: ethanol bath). Normalized cell viability readings of HUVEC (endothelial cells) (b) 

and RAW 264.7 (macrophages) (c) cells following exposure to bare Hb-NPs, Hb/PDA-NP and 
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Hb/PEG-NPs obtained by the two different collection methods. The cells were incubated for 

either 4 h (i) or 24 h (ii). 

 

 


