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Abstract (German) 
Hämoglobinmikropartikel (HbMP) stellen als künstliche Sauerstoffträger eine 

vielversprechende Alternative zur allogenen Bluttransfusion dar. Die hantelförmigen 

HbMP haben eine typische Größe von etwa 700 nm in der Längsachse und 400 nm in 

der Querachse. Für die Zulassung klinischer Studien ist es jedoch notwendig sowohl ihre 

physikalischen Eigenschaften als auch ihre Funktion, Pharmakokinetik und Toxizität 

zunächst in vitro zu charakterisieren. Von essenzieller Bedeutung für eine Anwendung 

der Suspensionen der HbMP als Blutersatzstoff sind überdies Untersuchungen zur 

Hämokompatibilität.  

Im Rahmen der Arbeit wurden durch Ko-Präzipitation, Vernetzung und Auflösung 

(co-precipitation-crosslinking-dissolution, CCD) HbMP mit unterschiedlichen Vernetzern 

hergestellt, ihre Funktionalität durch spektrale Extinktionsmessungen bestimmt und die 

Hämokompatibilität untersucht. 

Die CCD-Technik erlaubt die Herstellung von Biopolymerpartikeln mit bioaktiven 

Bestandteilen. Relevante Parameter wie Größe, Form und Einschlusseffizienz können 

durch die Variation der mineralischen Matrizen und Reagenzien optimiert werden. Nutzt 

man MnCl2 und Na2CO3 für die Präzipitation, weisen die Teilchen eine Hantelform auf 

und die Effizienz des Proteineinbaus erreicht nahezu 100 %. Hyaluronsäure hat keinen 

Einfluss auf die erreichte Einschlusseffizienz von Hämoglobin. Das Verfahren zur 

funktionellen Charakterisierung der HbMP basiert auf spektralen Extinktionsmessungen 

im Wellenlängenbereich von etwa 300 nm bis 850 nm. Der angegebene 

Wellenlängenbereich schließt die Absorptionsbanden der verschiedenen 

Hämoglobinvarianten von oxygeniertem bzw. deoxygeniertem Hämoglobin und 

Methämoglobin ein, so dass diese bei bekannter HbMP-Konzentration quantifiziert 

werden können. 

HbMP, die mit oxidiertem Dextran als Vernetzer hergestellt wurden, weisen eine gute 

Hämokompatibilität auf, so dass dieser Ansatz auch zukünftig verfolgt werden sollte. Als 

Methoden wurden dabei Tests zur Bestimmung der Hämolyse und der 

Plättchenaktivierung verwendet. Außerdem wurde ein indirekter Phagozytosetest 

entwickelt, um die Auswirkungen auf die angeborene Immunantwort zu ermitteln. 
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Abstract (English) 
Hemoglobin microparticles (HbMP) present a promising alternative for allogenic blood 

transfusions. The peanut shaped HbMP show an average size of about 400 nm x 700 nm. 

However, it is necessary to thoroughly characterize such artificial blood substitute for 

clinical approval. Physical properties of HbMP must be determined. The HbMP must be 

investigated in vitro regarding their function, pharmacokinetics and toxicity. Additionally, it 

is essential to evaluate the hemocompatibility of the particles. 

In this study, HbMP were fabricated by the co-precipitation, crosslinking and dissolution 

(CCD) technique using two different crosslinking agents. The functionality was 

determined by spectral extinction measurements and hemocompatibility was investigated. 

The CCD technique allows the fabrication of biopolymer particles with bioactive 

components. Relevant parameter – such as size, shape and entrapment efficiency – were 

optimized by varying the minerals used as templates. Particles prepared with MnCl2 and 

Na2CO3 exhibit a protein entrapment efficiency of nearly 100 %. Hyaluronic acid could 

not influence entrapment efficiency, morphology and size of HbMP. 

The procedure to investigate the functionality of HbMP is based on spectral extinction 

measurements between 300 nm and 850 nm. The optical setup features a white light 

source collimated to obtain a low divergence. In contrast to commercial devices, this 

setup allows rapid measurements within 10 s and the detection of collimated spectral 

transmittance under defined conditions. The observed wavelength range includes 

absorption bands for the important hemoglobin variants necessary to determine the 

functionality of the particles. Due to the differences of the three absorption bands of 

oxygenated and deoxygenated hemoglobin as well as methemoglobin, the quantities of 

these three variants are accessible at a known HbMP concentration. Hence, the 

functionality of the particles was determined. 

A modified CCD technique using oxidized dextran as crosslinker was applied to fabricate 

HbMP with a good hemocompatibility, which was investigated by testing hemolysis and 

platelet activation. An indirect phagocytosis test was established in order to determine the 

innate immunological response to HbMP. 
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Introduction 

Transfusions of blood cells, mainly erythrocytes and platelets, are among the most 

frequently performed therapies in the clinic. Annually, more than 80 million units of red 

blood cells are transfused worldwide [1] showing an increasing tendency. However, blood 

transfusions include several risks and limitations. Standards are principally high and 

compliance is extremely important. A particular high health hazard arises from 

mismatched transfusions and transmissible diseases [2]. Furthermore, the logistics of 

blood products are highly demanding as storage time and temperature must be respected. 

In addition, there are always shortages due to a lack of donors. Obviously, this represents 

the need for an artificial blood substitute which is able to carry and release oxygen. 

Research in transfusion medicine focuses on the search for such an artificial blood 

substitute for more than three decades. Hemoglobin-based oxygen carriers (HBOC) 

present a very promising candidate [3]. However, to ensure patients’ health safety, the 

requirements for clinical applications are high. Free hemoglobin (Hb) cannot be 

administered as it leads to strong vasoconstriction and hypertension [4]. Therefore, 

research concentrates on modified hemoglobin such as intra- or intermolecular 

crosslinking or encapsulation of hemoglobin. Diaspirin crosslinked hemoglobin (DCHb) 

or polymerized bovine hemoglobin seemed promising. However, pulmonary hypertension 

and cardiac depression were observed in surgical patients in clinical trials [5]. A low 

oxygen binding affinity might have led to an oxygen oversupply [6]. The described side 

effects might have been caused by scavenging of nitric oxide (NO). Stroma-free 

hemoglobin is able to pass the endothelial gaps of the capillary walls and bind NO. 

However, homeostatic vascular function is maintained by the bioavailability of NO. It 

controls direct and indirect vasodilation and has anti-thrombotic, anti-inflammatory and 

anti-proliferative effects [7]. Consequences of NO scavenging can be vasoconstriction, 

thrombosis, inflammation, vascular hypertrophy and stenosis. Thus, the size 

requirements for HBOC are above 100 nm so penetration of endothelial gaps is disabled 

[8]. Moreover, HBOC should not initiate an immune response. To avoid the innate 

immune response by phagocytes, HBOC must be smaller than 1 µm [9] suggesting size 

requirements in the submicron range. 

One method describes the encapsulation of hemoglobin into liposomes [3]. Another 

promising approach are hemoglobin microparticles (HbMP) fabricated by co-precipitation, 
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crosslinking and dissolution (CCD) [8,10,11]. Inorganic salts like manganese chloride 

(MnCl2) and sodium carbonate (Na2CO3) are able to entrap proteins such as hemoglobin 

during precipitation. The hemoglobin containing template is covered with human serum 

albumin (HSA) for stabilization and surface adsorption. Glutaraldehyde is used to 

subsequently crosslink hemoglobin and HSA molecules. Template dissolution with 

ethylenediaminetetraacetic acid (EDTA) results in HbMP. The average length of the long 

axis is about 700 nm showing a narrow size distribution and a peanut-shaped morphology. 

These particles bind and release oxygen [10] and do not initiate platelet activation and 

aggregation. Immunogenicity is low and no vasoconstriction on afferent arterioles of 

mouse kidney glomeruli could be observed [11]. 

Moreover, the CCD technique can be further modified by replacing the crosslinker 

glutaraldehyde by a macromolecular crosslinker like periodate-oxidized dextran (Odex, 

with a molecular weight of 40 kDa and 70 kDa). Hence, the co-precipitation and 

crosslinking step can be combined. Consequently, Odex and proteins were incorporated 

into the MnCO3 template. Dissolution of the inorganic template by EDTA leads to 

deformable hemoglobin microparticles (HbMP) in the submicron range. An entrapment 

efficiency of 60 % to 70 % was observed. HbMP show an average size between 800 and 

1000 nm, a uniform morphology and negative zeta-potential [12]. 

Extensive characterizations regarding toxicology and biocompatibility are required prior 

animal testing and (pre-)clinical studies. Additionally, the physical, physicochemical and 

morphological properties must be determined and functionality must be ensured. The 

relative and total amounts of the methemoglobin (metHb), oxygenated hemoglobin 

(oxyHb), deoxygenated hemoglobin (deoxyHb) need to be verified. Furthermore, the 

ability to bind and release oxygen and the corresponding kinetics are crucial factors.  

The aim of this study was to investigate the functionality and hemocompatibility of HbMP 

as candidate for an artificial blood substitute. 

This thesis presents the fabrication and characterization of HBOC prepared by the 

classical CCD technique. The produced particles were characterized regarding their 

functionality and methemoglobin content. Standardized photometric measurements 

applied in medical laboratories cannot be used to determine the amounts of metHb, 

oxyHb and deoxyHb as light scattering has disturbing effects inhibiting quantitative 

analysis. Furthermore, oxygen release measurements are time consuming, only reveal 
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the quantity of oxyHb and give only indirect access to the content of non-functional 

hemoglobin. Presently, the content of deoxyHb cannot be determined. For the 

characterization of the HbMP, an optical setup for spectral extinction measurements was 

developed. Both, the divergence of the incident light beam and the solid angle used for 

observation, are well characterized allowing analysis of the spectral extinction of the 

HbMP applying Mie theory. For validation of the optical setup and the analysis of the 

measurements by Mie theory, polystyrene microspheres were examined. In addition, we 

investigated oxygenated erythrocytes to derive their complex refractive index, which is 

associated with the intracellular oxyHb concentration [13]. In this way, the method allows 

the determination of the important hemoglobin variants necessary to verify the 

functionality of the particles. 

Furthermore, hemocompatibility of HbMP was investigated detecting hemolysis rate and 

the impact on platelet activation. An indirect test was developed to investigate 

phagocytosis rates.  
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Materials and Methods 

Materials 

The following tables provide information about substances, materials and instruments. 

Table 1: Substances and supplier 

Substance Abbreviation Supplier 
   

acetated Ringer’s solution RAc 
Serumwerk Bernburg AG, Bernburg, 
Germany 

Alexa Fluor® 488 anti-human CD62P 
(P-Selectin)  BioLegend, San Diego, USA 

alkaline haematin D-575 AHD reagent Sigma-Aldrich, Munich, Germany 

APC anti-human CD42b (GPIbα)  BioLegend, San Diego, USA 

arachidonic acid AA möLab GmbH, Langenfeld, Germany 

argon 5.0 Ar Linde GmbH, Pullach Germany 

BD Vacutainer 0.129 M Na3-Citrate  
Becton & Dickinson GmbH, Heidelberg, 
Germany 

BD Vacutainer 17 IU/mL LiHeparin  
Becton & Dickinson GmbH, Heidelberg, 
Germany 

bovine hemoglobin Hb hypertonic hemolysis [14] 

bovine whole blood  Biophyll GmbH, Dietersburg, Germany 

collagen Coll möLab GmbH, Langenfeld, Germany 

dextran from Leuconostoc mesenteroides, 
40 kDa, 70 kDa 

 AppliChem GmbH, Darmstadt, Germany 

epinephrine Epi möLab GmbH, Langenfeld, Germany 

ethylenediaminetetraacetic acid EDTA Fluka, Seelze, Germany 

glutaraldehyde GA Sigma-Aldrich, Munich, Germany 

human serum albumin solution, 20 % HSA 
Grifols Deutschland GmbH, Frankfurt am 
Main, Germany 

manganese chloride tetrahydrate MnCl2 Sigma-Aldrich, Munich, Germany 

meta periodate  Sigma-Aldrich, Munich, Germany 

Phagoburst™  Glycotope GmbH, Berlin, Germany 

Phagotest™  Glycotope GmbH, Berlin, Germany 

phosphate-buffered saline pH 7.4 PBS Sigma-Aldrich, Munich, Germany 

poly-L-ornithine PLO Sigma-Aldrich, Munich, Germany 

potassium ferricyanide K3[Fe(CN)6] Sigma-Aldrich, Munich, Germany 
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Pronase  
Sigma-Aldrich Chemie GmbH, Munich, 
Germany 

sodium carbonate Na2CO3 Sigma-Aldrich, Munich, Germany 

sodium chloride solution, sterile, 0.9 % NaCl Fresenius Kabi Deutschland GmbH, Bad 
Homburg, Germany 

sodium dithionite Na2S2O4 Fluka, Seelze, Germany 

sodium hydroxide NaOH Carl Roth, Karlsruhe, Germany 

sodium nitrite NaNO2 Sigma-Aldrich, Munich, Germany 

water, Ampuwa, sterile H2O 
Fresenius Kabi Deutschland GmbH, Bad 
Homburg, Germany 

 

Table 2: Instruments and suppliers 

Instrument Supplier 
  

ABX Micros 60 haematology 

analyser 
HORIBA Europe GmbH, Potsdam, Germany 

BD FACS Canto™ II Flowcytometer Becton & Dickinson GmbH, Heidelberg, Germany 

BD FACS Canto™ II Flowcytometer Becton & Dickinson GmbH, Heidelberg, Germany 

Cary 5000i spectrophotometer Agilent Technologies, Waldbronn, Germany 

Cytation™ 3 Cell Imaging Multi-

Mode Reader 
BioTek Instruments GmbH, Bad Friedrichshall, Germany 

inverted microscope Carl Zeiss Microscopy GmbH, Oberkochen, Germany 

Leo Supra 35 VP microscope Carl Zeiss Microscopy GmbH, Oberkochen, Germany 

LSM 510 meta Carl Zeiss Microscopy GmbH, Jena, Germany 

Maya2000 Pro spectrometer with 

xenon light source HPX-2000 
Ocean Optics, Incorparated, Dunedin, Florida, USA 

NanoWizard 4 microscope JPK BioAFM, Bruker Nano GmbH, Berlin, Germany 

oxygen meter Microx 4 with 

microsensor NTH-PSt7 
PreSens–Precision Sensing GmbH, Regensburg, Germany 

PowerWave 340 BioTek Instruments GmbH, Bad Friedrichshall, Germany 
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Methods 

Preparation of HbMP 

Fresh bovine whole blood was provided by Biophyll GmbH (Dietersburg, Germany). 

Hemoglobin used for the production of the hemoglobin microparticles particles (HbMP) 

was prepared by hypertonic hemolysis [14].  

HbMP were prepared by the classical CCD technique as previously described [11]. The 

production scheme of HbMP is visualized in Figure 1. 

 

Figure 1: Production process of HbMP, modified from [15] 

Briefly, bovine hemoglobin (2.5 – 15 mg mL-1) was entrapped by co-precipitation of 

0.25 M manganese chloride (MnCl2) or Calcium chloride (CaCl2) and 0.25 M sodium 

carbonate (Na2CO3). Subsequently, the raw particles are covered with human serum 

albumin (HSA). Hemoglobin and albumin molecules were crosslinked by glutaraldehyde 

with a final concentration of 0.04 %. Dissolution of the salt template by 0.18 M EDTA 

results in the final HbMP. Prepared HbMP suspensions were stored in Ringer’s acetate 

(RAc) under sterile conditions at 4 °C in aliquots of 15 mL. For storage, the packed 

particle volume (PPV) was 19.9 %. Sample collection for the various measurements was 

taken under sterile conditions. 

 

Furthermore, protein particles crosslinked with oxidized dextran (Odex) were prepared as 

previously described [16]. Briefly, dextran was oxidized by periodate. Subsequently, 

double aldehyde groups were formed. These groups are able to react with amino groups. 

Odex can therefore be used as crosslinker for biopolymers. 

The CCD technique was modified to co-precipitate and crosslink in one step. Solution A 

(consisting of MnCl2 and hemoglobin) was rapidly mixed with solution B (consisting of 

Na2CO3 and Odex) resulting in Odex-crosslinked hemoglobin microparticles (odex-
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HbMP). Subsequently, HSA was added for surface adsorption. MnCO3 template was 

dissolved by EDTA. Lastly, the odex-HbMP were washed and stored in a sterile 

physiological sodium chloride solution. 

Preparation of oxyHbMP, deoxyHbMP and metHbMP 

For verification of experimental data, three variations of HbMP were prepared and 

analyzed. HbMP exposed to air are saturated with oxygen and therefore identified as 

oxygenated HbMP (oxyHbMP). Suspensions containing deoxygenated hemoglobin were 

identified as deoxyHbMP. DeoxyHbMP were either prepared with 2 mg mL-1 sodium 

dithionite (Na2S2O4) or by flushing with argon. 10 mM NaNO2 was used to prepare HbMP 

containing methemoglobin (metHbMP). 

Entrapment efficiency 

To obtain entrapment efficiency (EE), hemoglobin concentrations were detected in the 

supernatant after co-precipitation and after each washing step (PAf). The difference of 

the hemoglobin amount applied (PAt) and the hemoglobin amount in the supernatants 

was determined. EE % was calculated as follows:  𝐸𝐸 % =  (𝑃𝐴𝑡−𝑃𝐴𝑓)∙100𝑃𝐴𝑡      [15]. 

A microplate reader (PowerWave 340) was used to measure hemoglobin concentrations 

(Wavelength 415 nm). 

Morphology 

To compare morphology and size of the particles, confocal laser scanning microscopy 

(CLSM) was used. 

The influence of the fabrication procedure on morphology and size of the particles was 

observed by a confocal microscope LSM 510 meta equipped with a 100 fold oil-immersion 

objective with a numerical aperture of 1.3 in transmission mode. 

In order to reveal the morphology of the particles with higher resolution, further 

microscopic analyses were carried out by scanning electron microscopy (SEM) and 

atomic force microscopy (AFM). 

A Leo supra 35 VP microscope was used for scanning electron microscopy. A pre-diluted 

HbMP suspension (PPV of 2 %) was rigorously mixed with a tube roller for 5 minutes and 
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subsequently treated in an ultrasonic bath at 35 kHz and 130 kHz for 15 minutes and 

5 minutes, respectively. HbMP were pipetted on a plate and left for drying overnight. 

Thereafter, the samples were sputtered with platinum leading to a platinum layer of 2 nm. 

An Inlens SE detector operated at an acceleration voltage of 5 kV with a working distance 

of 5.2 mm was used to record scanning electron micrographs of the dried samples. 

AFM images of HbMP in suspension were obtained by a NanoWizard 4 instrument, 

mounted on an inverted microscope. To allow proper adhesion of HbMP, the microscopic 

slides were coated by 2 mg mL-1 poly-L-ornithine (PLO). HbMP suspension was 

rigorously mixed and diluted with RAc (1:500). 50 µL of the diluted sample were pipetted 

on a coated slide and incubated in a humid chamber for particle adhesion. Atomic force 

micrographs were obtained with 10 nm spatial resolution and a USC 0.3 cantilever with a 

spring constant of 0.61 N m-1. 

Hemoglobin determination 

Total hemoglobin 

AHD method was used to determine the total hemoglobin concentration [17,18]. A HbMP 

aliquot was rigorously vortexed for 10 minutes to homogenize the suspension. As 

hemoglobin and albumin molecules are crosslinked and therefore entrapped, the particles 

were enzymatically digested to completely degrade the HbMP. Pronase solution 

(10 mg mL-1) and HbMP suspension with a 1:1 mass ratio were incubated for 30 minutes 

at 50 °C. The resulting hemoglobin solution was diluted in series with volume fractions 

between 0.116 and 0.215 for absorption measurements using a Cary 5000i 

spectrophotometer. An additional dilution series containing Pronase solution only served 

as reference solution. The reference samples were filled in an identical quartz cuvette 

and positioned in the reference beam of the spectrophotometer. Thus, the contribution of 

the digested HbMP is represented by the absorption spectra. The spectral absorbance 

A() at 574 nm is determined for the different dilutions  𝜑𝑖 and the mass concentration 

can be calculated according to  𝛽Hb𝑠𝑢𝑠 = 𝐴(𝜆) 𝑀(Hb(Fe))ℓ  𝜀(𝜆)  𝜑𝑖     [19].  

The molar mass 𝑀(𝐻𝑏(𝐹𝑒)) of the monomeric 𝐻𝑏(𝐹𝑒) is 16114.5 g mol-1, the absorption 

lengths of the quartz cuvette was d = 10 mm and the molar extinction coefficient is 

(=574nm) = 6945 L mol-1 cm-1 [19]. The total hemoglobin concentration was defined as 
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the weighted average of the different dilutions. The procedure was repeated several times 

at various days to estimate the uncertainty. 

Spectral extinction measurements 

A previously developed optical setup was used for the measurement of collimated 

transmittance spectra to quantify oxyHb, deoxyHb and metHb in the HbMP [13]. 

 

 

Figure 2: Optical setup to measure collimated transmittance spectra. Light path length was increased with 

mirrors. Divergence of the incident and detected beams were kept low by apertures [13]. 

 

Spectral extinction measurements were carried out as described before [19]. Briefly, 

oxyHbMP or metHbMP suspensions were diluted in water (1:100). A quartz cuvette was 

positioned in the holder of the optical setup. 2.2 mL of water were filled into cuvette. 

Volumes between 10 µL and 670 µL of the pre-diluted HbMP suspension were pipetted 

and mixed by carefully pipetting up and down. Dilutions were chosen to gain 

transmittances ranging from T (300 nm)  92 % and T (800 nm) > 99.5 % for the lowest 

volume fraction to T (300 nm) = 1.6 % and T (800 nm) > 65 % for the highest volume 

fraction (670 µL sample). Argon was flushed through the suspension with 

T (800 nm)  65 % for an hour to purge oxygen from hemoglobin to obtain deoxyHbMP. 

Flushing was stopped for recording the measurement. For re-oxygenation, the 
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suspension was flushed with air for a minute. The flushing was stopped prior recording 

the spectra. 

In this approach, calculations are independent from particle concentrations. The packed 

particles volume (PPV) was determined with a higher accuracy than particle 

concentration which differed widely in dependence on the method applied. PPV was 19.9 % 

[19]. Moreover, the mean particle size has a little impact [19]. Furthermore, there is a 

negligible influence on the extinction spectra due to the non-spherical shape of HbMP 

[20]. 

Oxygen release experiments 

A ferricyanide-induced release of hemoglobin-bound oxygen [21,22] was used to 

determine the mass concentration of functional, i.e. oxyHb, in HbMP. The chemically 

released oxygen of the three different HbMP suspensions (oxyHbMP, deoxyHbMP, 

metHbMP) was measured by a miniaturized optical needle type NTH-PSt7 oxygen 

microsensor which was connected to a Microx 4 oxygen meter. 1 mL of HbMP 

suspensions was left for equilibration for 10 minutes under stirring to allow oxygen 

saturation. Subsequently, up to 100 µL of 10 % ferricyanide (K3[Fe(CN)6]) were added to 

induce oxygen release. The concentration change of dissolved oxygen with an acquisition 

rate of one data point per second was detected until a stable value was reached. Aqua 

destillata served as control where no oxygen release could be detected. A hemoglobin 

concentration dependent change in pO2 was observed. It is assumed that all released 

oxygen was previously bound to hemoglobin. Hence, the difference of final and initial pO2 

corresponds to the amount of previously bound oxygen. A standard curve for hemoglobin 

concentration versus change of pO2 was generated and used to obtain the mass 

concentration of functional hemoglobin in the HbMP. The same procedure was used to 

determine the mass concentration of functional hemoglobin in different HbMP (oxyHbMP, 

deoxyHbMP, metHbMP). 

Hemocompatibility 

For hemocompatibility assays, venous blood was collected from healthy volunteers. 

Blood withdrawal was carried out according to the transfusion law of Germany. The ethics 

committee of Charité – Universitätsmedizin Berlin (# EA1/137/14) approved the use of 

donor blood samples for scientific purposes. All assays were carried out within two hours 
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after blood collection. Odex-crosslinked particles consisting of pure HSA served as 

control and were compared with odex-HbMP. 

Hemolysis 

Hemolysis describes the release of hemoglobin from damaged erythrocytes. Hemolysis 

rate of any artificial blood substitute must be as low as possible. Three individual 

hemolytic tests were performed as previously described [16]. Briefly, human heparinized 

erythrocytes were washed and mixed with odex-HbMP mimicking a blood exchange rate 

of 50 %. Water served as positive control, whereas phosphate-buffered saline (PBS) 

served as negative control. After 3 hours of incubation at 37 °C, samples were centrifuged 

and the supernatant was collected. Absorbance was measured at 545 nm by a 

Cytation™ 3 microplate reader. Hemolysis rate was calculated as follows:  ℎ𝑒𝑚𝑜𝑙𝑦𝑡𝑖𝑐 𝑟𝑎𝑡𝑒 [%] =  𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒−𝑂𝐷𝑁𝐶𝑂𝐷𝑃𝐶− 𝑂𝐷𝑁𝐶  ∙ 100    [16]. 

Mean ± SD [23] values were calculated whereas the value of the positive control was 

regarded as 100 % hemolysis [16]. 

Phagocytosis 

Odex-HbMP exhibit no fluorescence disabling the use of the commercially available 

Phagotest™. Therefore, phagocytosis rates of granulocytes and monocytes were 

determined by an indirect phagotest which allows the detection of phagocytic activity for 

non-fluorescent particles in heparinized whole blood. All components are taken from the 

Phagoburst™ and Phagotest™. 50 µL of whole blood were used to pre-fed the 

phagocytes with 10 µL of 2 · 1011 mL-1 odex-HbMP at 37 °C for 0, 10, 30, 60 and 

120 minutes. 10 µL of 2 · 109 mL-1 non-fluorescent Escherichia coli (E. coli) and PBS, 

respectively, served as positive and negative control. Subsequently, 10 µL of 2 · 109 mL-1 

fluorescein isothiocyanate (FITC) labelled E. coli were pipetted to each sample and 

incubated at 37 °C for further 10 minutes. After quenching non-phagocyted bacteria, 

erythrocytes were lysed, leucocytes fixed and the nuclei stained with propidium iodide. 

All samples were measured within 30 minutes with a BD FACS Canto II™. The higher the 

phagocytosis (saturation) rate of non-fluorescent particles, the lower is the phagocytosis 

rate of FITC-E. coli. Thus, a high phagocytosis rate of FITC-E. coli indicates a low 

phagocytic activity to the non-fluorescent bacteria or particles. 
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Platelet activation 

The impact of odex-HbMP on the activation and aggregation of human platelets was 

determined in platelet rich plasma (PRP). Therefore, PRP was prepared from citrated 

human whole blood by centrifugation at room temperature at 150 g for 15 minutes. 

Platelet concentration was detected by a hematology analyzer ABX Micros 60. 

PRP (45 µL) and particles (5 µL) were carefully mixed with a platelet to particle ratio of 

1:10 and incubated at 37 °C for 30  minutes under gentle agitation. PBS served as 

negative control. After this pre-incubation step, arachidonic acid (0.5 mg mL-1), collagen 

(0.2 mg mL-1) and epinephrine (0.01 mM) where added to initiate platelet activation and 

aggregation. After a further incubation for 30 minutes at 37 °C, platelets were fixed with 

formaldehyde (0.5 % in PBS). All platelets were labelled with APC anti-human CD42b 

(GPIbα) antibody whereas activated platelets were stained with Alexa Fluor® 488 anti-

human CD62P (P-Selectin) antibody. This allows the distinction between resting (single 

stained) and activated (double stained) platelets [24,25]. All samples were measured 

within 30 minutes with a BD FACS Canto II™.  
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Results 

Entrapment efficiency 

Entrapment efficiency (EE) depends on the initial hemoglobin concentration and on the 

salts used to form the template. Hemoglobin EE was between 13 % and 38 % when CaCl2 

and Na2CO3 were used to form the template whereas co-precipitation with MnCl2 and 

Na2CO3 led to an EE of 54 % and 99.6 %. The absolute entrapped amount of hemoglobin 

(in gram per mol carbonate) depended on the initial hemoglobin concentration. The higher 

the initial hemoglobin concentration the more hemoglobin was captured in the particles. 

However, the use of MnCl2 was much more effective regarding EE [15].  

Morphology and size 

Figure 3 A-C shows that the mixing speed during co-precipitation has a clear impact on 

size and shape when CaCl2 and Na2CO3 were used to form the template. 

 

Figure 3: CLSM images of HbMP co-precipitated with CaCl2 and Na2CO3 (A-C) and MnCl2 and Na2CO3 

(D-F). Stirring speed in rounds per minute (rpm) during precipitation increases from left to right: 

200 rpm (A, D), 400 rpm (B, E) and 600 rpm (C, F) [15]. 
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Particle size decreases with increasing stirring speed. The micrographs show a size 

between 2 and 10 µm (Figure 3 A-C). In contrast, the particles templated by MnCl2 and 

Na2CO3 reveal a constant size in the submicron range and narrow size distribution 

independent from the stirring speed during co-precipitation (Figure 3 D-F). Further 

fabrications used a stirring speed of 600 rpm [15]. 

After detailed investigations comparing and varying mineral templates, additives and 

preparation conditions such as the mixing speed, further characterizations focused on the 

particles based on MnCl2 and Na2CO3 and are consequently declared as HbMP. 

Further SEM and AFM reveal the morphology and structure of the particles. The 

micrographs show their peanut like shape. 

SEM images in Figure 4 show a particle length of approximately 800 nm and a width of 

about 400 nm. Additionally, the fine structures of the surface in the range of 

20 nm to 30 nm are clearly visible. 

 

 

Figure 4: SEM images of HbMP. The scale arrows are 200 nm. [19] 

 

Atomic force micrographs in Figure 5 are encoded in false colors depicting HbMP in two 

different orientations. The particle in Figure 5a was fixed with its long axis parallel to the 

slide. Whereas the particle in Figure 5b oriented perpendicular to the surface of the 

microscopic slide. The height scale on the right indicates a particle height of 
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approximately 450 nm (Figure 5a) and 950 nm (Figure 5b), respectively. In Figure 5a an 

artefact (brownish) due to interactions of the cantilever at the border of the particle can 

be seen. 

 

Figure 5: AFM images. Scale arrows are 200 nm. Height scale on the right for size determination. [19] 

 

In principle, microscopy reveals the size of the particles. Due to the poor statistic and 

preparation involved, the data may not be representative. Alternatively, dynamic light 

scattering (DLS) and analytical centrifugation (AC) were used yielding ensemble values 

for the particle size and size distribution. However, it is well known that particle size 

determination in the range from 10 nm to 1000 nm is complex [26] and method specific 

differences are observed. HbMP present a non-spherical and polydisperse suspension 

being sensitive to method specific differences. Elastic properties, porosity and orientation 

of the HbMP will further affect the determination of size and size distribution. Therefore, 

the results depend on the method applied. The median particle diameter and the relative 

distribution width differ for DLS and AC measurements. As previously shown the median 

diameter derived from DLS is 760 nm ± 54 nm. The median diameter derived from AC is 

996 nm ± 26 nm [19]. The method specific effects are more evident in AC measurements. 

Hence, DLS results are used for further calculations and analysis of spectral extinction 

measurements. 

a b 
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Functionality of HbMP 

Determination of functional hemoglobin and methemoglobin 

An optical setup was developed to measure the collimated transmittance spectra of 

different HbMP suspensions [13]. Calculations revealed the percentage of functional 

hemoglobin in HbMP with a PPV of 19.9 % [19]. Oxygen release measurements as well 

as x-ray fluorescence measurements were used to validate the derived data. 

The following Figure 6 shows simulations and experimental results of spectral extinction 

measurements. HbMP suspensions completely converted to metHbMP served as control. 

The simulated curve for 100 % metHbMP is in agreement with the curve derived from 

experimental data and was used for calibration [19]. The measured spectra are in 

accordance to simulations for a metHb fraction of 35 % and an oxyHb fraction of 65 % 

(Figure 6a). Calculated extinction spectra for various metHb fractions are compared to 

measured extinction spectra for oxyHbMP (Figure 6b). 𝐶𝑒𝑥𝑡(λ)/𝑉 represents the volume-

specific extinction cross section. 

 

Figure 6: Spectral extinction measurements and simulations. (a) Measurement of volume-specific spectral 

extinction cross section (𝐶𝑒𝑥𝑡(λ)/𝑉) for oxyHbMP (dot-dashed red line) and calculations (red line) using a 

35 % fraction of metHb and 65 % fraction of oxyHb. (b) Measured spectral cross section in the Soret band 

compared with simulations of cross sections for various metHb fractions. [19] 

 

Additionally, as demonstrated by the results depicted in Figure 7, HbMP are able to carry 

and release oxygen. 

a b 
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Figure 7: Measured volume-specific spectral extinction cross sections (𝐶𝑒𝑥𝑡(λ)/𝑉) of oxyHbMP (air, dash-

dotted) and deoxyHbMP (argon, dashed) compared to calculated volume-specific spectral extinction cross 

sections (solid lines). [19] 

Argon was used to deoxygenate hemoglobin in oxyHbMP. Figure 7 shows measured 

volume-specific spectral extinction measurements for oxyHbMP (dash-dotted line) and 

for deoxyHbMP (dashed line). The Soret band characteristic for oxyHb can be seen as 

well as an absorbance signal at about 430 nm attributed to deoxyHb. To illustrate the 

change from oxygenation to deoxygenation, calculated volume-specific spectral 

extinction measurements for different oxygenation states are included. MetHb content 

was kept at 35 % for these calculations. The measurement corresponds best to a 

deoxygenation of 32.5 % indicating that half of the oxygenated hemoglobin could be 

deoxygenated by argon. Deoxygenation by argon is challenging and time-consuming. 

Therefore, only partial deoxygenation could be achieved. 

Different HbMP suspensions were investigated and different methods were compared 

(Table 3). Suspensions exposed to air and therefore saturated with oxygen are regarded 

as oxygenated HbMP (oxyHbMP). MetHbMP suspensions are prepared by treatment with 

sodium nitrite (NaNO2). Deoxygenated HbMP (deoxyHbMP) were prepared by treatment 

with sodium dithionite (Na2S2O4). Mass and relative concentrations of functional 

hemoglobin in different HbMP suspensions (19.9 % PPV) are listed in the table below. 
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Table 3 shows an overview of the results obtained by different methods applied to 

determine the functionality and metHb content of HbMP. 

Table 3: Mass and relative concentrations of functional Hb and relative concentrations of metHb in different 

HbMP suspensions. * X-ray fluorescence measurements are sensitive to Fe(II) and Fe(III) but not 

deoxygenated hemoglobin.** Value was set to 100 % for validation. [19] 

 

Mass 
concentration of 

functional Hb 

Relative concentration of non-functional Hb / metHb 

Method Oxygen release Oxygen release 

Spectral 
extinction 

measurement 

X-ray 
fluorescence 

 g L-1 % % % 

oxyHbMP 11.8 ± 0.7 54 ± 3 35 ± 5 35 ± 5 

deoxyHbMP 4.8 ± 0.9 81 ± 3 -* -* 

metHbMP 2.8 ± 0.4 89 ± 1 100 ** 100 ** 

 

Spectrophotometric absorbance measurements were carried out to determine total 

hemoglobin concentration. After enzymatic digestion, the alkaline haematin and detergent 

(AHD) conversion procedure revealed a total hemoglobin concentration of 

25.5 ± 0.5 g L-1 [17–19]. Hemoglobin concentration in the supernatant was 2.0 ± 0.2 g L-1 

[19]. 

Oxygen release measurements provide absolute values for functional hemoglobin. Due 

to the measured total hemoglobin concentration, total mass and relative oxyHb 

concentrations are available. Mass concentration of functional hemoglobin for oxyHb 

measured by oxygen release was 11.8 ± 0.7 g L-1. Concentrations of 4.8 ± 0.9 g L-1 and 

2.8 ± 0.4 g L-1 could be observed for deoxyHbMP and metHbMP, respectively, implying 

that hemoglobin was not converted completely into deoxygenated hemoglobin and 

methemoglobin, respectively. Relative values for non-functional hemoglobin are indirectly 

available from oxygen release measurements and total hemoglobin determination 

revealing a fraction of 54 ± 3 % of non-functional hemoglobin, presumably 

methemoglobin [19]. 

Values for metHb are directly accessible from spectral extinction and x-ray fluorescence 

measurements. Both methods are in agreement revealing a content of methemoglobin in 
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HbMP of 35 ± 5 %. MetHbMP suspensions were used to validate spectral extinction and 

x-ray fluorescence measurements.  

The oxygen release measurements reveal a significantly larger concentration of the non-

functional hemoglobin. Non-functional hemoglobin might not only be methemoglobin. The 

discrepancy can also be explained by an impeded confirmation change of hemoglobin 

when immobilized in the salt matrix and crosslinked. This might lead to an increased time 

constant for oxygen binding and release. In contrast, the optical method allows the 

distinction between metHb and oxyHb due to different refractive indices. On the other 

hand, X-ray spectroscopy is sensitive against Fe(II) and Fe(III). 

Hemocompatibility of odex-HbMP 

Hemolysis 

Hemolysis describes the release of hemoglobin from erythrocytes caused by a damaged 

cell membrane. The biosafety of artificial blood substitutes can be determined, among 

other things, by the hemolytic rate which should be less than 5 %. Hemolytic rates of 

different odex-HbMP were determined. PBS and water served as negative and positive 

control. The hemolytic rates were between 1 % and 2 % meaning that there is no 

significant damage caused to the cell membrane when whole blood is incubated with 

odex-HbMP [16]. 

Phagocytosis 

Phagocytosis rates of granulocytes and monocytes can be determined in heparinized 

human whole blood with the commercially available Phagotest™. However, to directly 

detect phagocytic granulocytes and monocytes, ingested bacteria or particles must be 

fluorescently labelled. As odex-HbMP do not show any fluorescence [16], an indirect 

assay was developed. Therefore, phagocytes were pre-fed with different odex-HbMP, 

non-fluorescent bacteria (positive control) and PBS (negative control) for 

10 to 120 minutes to reach maximum phagocytic saturation. Subsequently, FITC-labelled 

bacteria were fed to the phagocytes. This step allows the uptake of FITC-labelled bacteria 

by those granulocytes and monocytes which did not ingest the non-labelled particles. 

High phagocytosis rates of FITC-labelled bacteria indicate low phagocytosis rates of non-

fluorescent particles. 
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Figure 8 shows time dependent results from the indirect phagotest. Phagocytosis rates 

of human granulocytes (Figure 8a) and monocytes (Figure 8b) for odex-HbMP, non-

labelled E. coli and PBS for a time span of 10 to 120 minutes are shown.  

Phagocytes pre-incubated with non-labelled E coli (solid squares) are mainly saturated 

leading to a reduced uptake of labelled E. coli. Phagocytes pre-incubated with the 

negative control (PBS, solid circles) and all types of odex-HbMP (triangle, inversed 

triangle, diamond, hexagon) show a high phagocytosis rate of labelled E. coli suggesting 

that there was no phagocytic activity during pre-incubation [16]. 

 

Figure 8: Indirect phagotest. Time dependent phagocytosis rates of human (a) granulocytes and 

(b) monocytes for odex-HbMP*, non-labelled E. coli and PBS. The longer phagocytes are pre-incubated 

with non-labelled E. coli, the less phagocytosis of labelled E. coli could be observed. In contrast, duration 

of pre-incubation has no impact on the phagocytosis rates of odex-HbMP and PBS. Here, constantly high 

phagocytosis rates of labelled E. coli could be observed. Mean ± SD is presented (n = 3). [16] 

*40T-APs and 70T-APs indicate Odex-crosslinked particles consisting of HSA. 40T-HbMPs and 70T-HbMPs 

indicate Odex-crosslinked particles consisting of hemoglobin and HSA. 40T and 70T (40 kDa and 70 kDa, 

respectively) refer to the molecular weight of dextran used to prepare Odex. 

Platelet activation 

A platelet activation assay was used to evaluate the impact of odex-HbMP on the 

homeostatic system. Therefore, platelet rich plasma was incubated with odex-HbMP and 

PBS (negative control). Subsequently, activation ability by different agonists was 

determined by selective antibodies and flowcytometric analysis. CD42b (GPIbα) is a 

surface protein present on all platelets. APC anti-human CD42b (GPIbα) antibodies bind 

to all platelets whereas Alexa Fluor® 488 anti-human CD62P (P-Selectin) antibodies 

specifically bind to activated platelets only as CD62P (P-Selectin) is only expressed by 
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activated platelets. Thus, inactive platelets can be distinguished from activated platelets. 

The percentage of activated platelets could therefore be calculated. Platelet to particle 

ratio was 1:10. A sample set without particles served as control. 

Figure 9 presents an overview of the platelet activation assay. All types of odex-HbMP do 

not activate platelets. Activation rates of platelets in the presence and absence of odex-

HbMP are identical. The presence of different odex-HbMP does not interfere with the 

process of platelet activation leading to the assumption that the particles will not have any 

negative impact on the hemostasis system [16]. 

 

Figure 9: Impact of odex-HbMP on platelet activation by different agonists. Mean ± SD is presented (n = 3). 

[16] 

*40T-APs and 70T-APs indicate Odex-crosslinked particles consisting of HSA. 40T-HbMPs and 70T-HbMPs 

indicate Odex-crosslinked particles consisting of hemoglobin and HSA. 40T and 70T refer to the molecular 

weight of dextran (40 kDa and 70 kDa, respectively) used to prepare Odex. 

 



Discussion 

26 

Discussion 

The CCD technique is of special interest as it allows the fabrication of particles consisting 

of a variety of biopolymers (including proteins) in an easy manner. Size, morphology and 

entrapment efficiency are controllable and adjustable by the choice of inorganic salts and 

preparational conditions [8,10,11,15]. 

Particles consisting of hemoglobin present an interesting research subject as they are 

suitable as artificial blood substitute. 

The simple CCD technique allows the fabrication of HbMP. HbMP fabricated with MnCl2 

and Na2CO3 reveal robust particles in a nearly uniform peanut shape in the submicron 

size range. The strong affinity of Mn2+ to proteins leads to a high entrapment efficiency. 

Blood substitute candidates must be characterized extensively regarding their 

haemoglobin composition, function, pharmacokinetics, toxicity and hemocompatibility. 

However, a standard cyanomethemoglobin method to determine the metHb content uses 

a highly toxic agent disabling routine measurements [27]. Additionally, the 

characterization regarding haemoglobin composition and functionality is problematic due 

to the scattering of particles. Commercial devices which are presently available are not 

suited since the contribution of light scattering to the measured extinction cannot be 

quantified.  

Spectral extinction measurements allow the determination of the functionality of HbMP. 

The developed optical layout offers a fast and robust method to monitor and optimize the 

production process of microparticles and sub-microparticles. Relative concentrations of 

oxyHb, deoxyHb as well as metHb are directly accessible. Appropriate dilutions ensure 

that multiple scattering signals are negligible. In our investigated samples, values of 

approximately 65 % oxyHb and 35 % metHb were obtained. X-ray fluorescence 

measurements were applied to validate the ratio of oxyHb and metHb and confirmed 

these findings. However, x-ray fluorescence measurements are very complex and 

demanding. The operation and data analysis require trained specialists. X-ray 

fluorescence instruments are not part of routine laboratories, whereas the optical setup 

is easily accessible and can be built quickly. Its operation and data analysis are easy and 

robust.  
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Hitherto, documentation of deoxygenation was achieved by irreversibly converting 

oxyHbMP chemically into deoxyHbMP [8,10,11]. Spectral extinction measurements allow 

to investigate the reversible deoxygenation process in the HbMP. Here, it could be shown 

that roughly the half of oxyHb can be converted to deoxyHb by flushing with argon. The 

partial pressure to achieve 50 % saturation (p50) of hemoglobin in erythrocytes is much 

higher than for hemoglobin in HbMP [11] indicating that oxygen affinity in HbMP is much 

higher as in erythrocytes. Furthermore, diffusion of oxygen and argon, respectively, is 

slower. These factors influence the deoxygenation process. 

Furthermore, spectral extinction measurements exhibit a significant advantage towards 

oxygen release measurements. Procedures to chemically release oxygen from 

hemoglobin are time consuming and do not allow the distinction between hemoglobin in 

the particles and the surrounding media. Moreover, it is a method that needs the detection 

of total hemoglobin to reveal the ratio of functional and non-functional hemoglobin. 

Concentrations of non-functional hemoglobin (presumably methemoglobin) are only 

indirectly accessible. 

Here, spectral extinction measurements were used to specify the function of HbMP 

prepared by the classical CCD technique. However, this method is also available for other 

HBOC. 

Additionally, the spectral extinction measurements will be further modified and improved 

by the addition of a flow-through system containing a gas exchanger. Kinetic studies as 

well as reversible oxygenation and deoxygenation studies could be used for quality 

control for hemoglobin-based oxygen carriers. 

Moreover, the biosafety of potential artificial blood substitutes must be evaluated prior 

animal testing and (pre-)clinical studies. It is central to rule out any interaction with blood 

cells and to determine the hemocompatibility of the particles. Hemolysis assays revealed 

a hemolytic rate less than 2 % suggesting that the particles do not cause disruption to the 

erythrocyte membrane. Therefore, no release of hemoglobin into the plasma is expected. 

Any innate or adaptive immune response must be avoided to inhibit clearance by the 

immune system. An indirect phagocytosis assay showed no change regarding the 

phagocytic activity of granulocytes and monocytes after incubation with odex-HbMP for 

up to two hours. Glutaraldehyde-crosslinked HbMP were investigated with a direct 

phagocytosis assay after fluorescence labelling with FITC. Low phagocytosis rates of 
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3 – 5 % were measured. However, FITC-labelling is influencing the innate immune 

response of phagocytes and a direct comparison is not possible. It is expected that both 

types of HbMP will not be recognized and cleared by phagocyting cells. Furthermore, 

odex-HbMP and HbMP do not initiate platelet activation and aggregation. Additionally, the 

presence of odex-HbMP does not alter the agonist mediated platelet activation. 

Future research will focus on a more thorough characterization and detailed comparison 

of HbMP and odex-HbMP. As previously described, both candidates – HbMP and odex-

HbMP – meet crucial criteria for an artificial blood substitute. In conclusion, HbMP as well 

as odex-HbMP exhibit a very good hemocompatibility and represent a highly promising 

carrier for medical use. 
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