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Metal-Organic Framework-Based Oxygen Carriers with 
Antioxidant Protection as a Result of a Polydopamine Coating   

Xiaoli Liu,† Michelle M. T. Jansman,† Wengang Li,‡ Paul Kempen,# Peter W. Thulstrup,
‖

 and Leticia 
Hosta-Rigau†,* 

Rapid haemorrhage control to restore tissue oxygenation is essential in order to improve survival following traumatic injury. 

To this end, the current clinical standard relies on the timely administration of donor blood. However, the limited availability 

and portability, special storage requirements, need for blood type matching and risks of disease transmission, result in 

severe logistical challenges impeding the use of donor blood in pre-hospital scenarios. Therefore, a great effort has been 

devoted to the development of haemoglobin (Hb)-based oxygen carriers (HBOCs), which could be used as a “bridge” to 

maintain tissue oxygenation until hospital admission. HBOCs hold the potential to diminish the deleterious effects of acute 

bleeding and the associated mortality rates. We recently presented a novel HBOC consisting of Hb-loaded metal organic 

framework (MOF)-based nanoparticles (NPs) (MOFHb-NPs) and demonstrated its ability to reversibly bind and release 

oxygen. However, a long standing challenge when developing HBOCs is that, over time, Hb oxidizes into non-functional 

methaemoglobin (metHb). Herein, we address this challenge by modifying the surface of the as-prepared MOFHb-NPs with 

an antioxidant polydopamine (PDA) coating.  The conditions promoting highest PDA deposition are first optimized. Next, the 

ability of the resulting PDA-coated MOFHb-NPs in scavenging important reactive oxygen species is demonstrated both in a 

test tube but also in the presence of two relevant cell lines (i.e., macrophages and endothelial cells). Importantly, this 

antioxidant protection translates into minimal metHb conversion.

1. Introduction 

The transfusion of whole blood or blood components such as isolated 

red blood cells (RBCs), is an indispensable and extensively used 

clinical procedure. Blood transfusions are employed for the 

treatment of severe blood disorders (e.g., anaemia or haemophilia) 

but also for replenishing blood loss during surgeries, massive trauma 

or for patients undergoing chemotherapy.1,2 Unfortunately, blood 

transfusions come with important limitations such as a limited 

availability, the requirement of typing and cross-matching due to the 

different blood groups or the need to screen for potential infectious 

viruses and bacteria. Moreover, donor blood has a short shelf life, 

which exacerbates the shortfall of blood supply. Therefore, 

tremendous research efforts have been dedicated to the 

development of RBCs substitutes in order to avoid the 

abovementioned drawbacks.1,3,4     

The tetrameric haemoglobin (Hb) protein is the main component 

of RBCs since it constitutes ~96% of their dry weight content, and is 

also the responsible molecule for oxygen transport. However, 

stroma-free Hb cannot be administered into our body due to toxicity 

issues. When outside the protective membrane of RBCs, the Hb 

molecules and its dissociation products, due to their small size, can 

permeate in between the endothelial cells lining our blood vessels 

into the underlying smooth muscle tissue where they act as a nitric 

oxide (NO) scavenger. Since NO is an important vasodilator, NO 

scavenging results in vasoconstriction and the associated adverse 

cardiovascular events.5 Additionally, stroma-free Hb is rapidly 

filtered by the kidneys, which results in nephrotoxicity.6 Thus, the 

challenge for the successful design of Hb-based oxygen carriers 

(HBOCs), lies in developing strategies to increase the molecular 

diameter of Hb and prevent its dissociation into dimers and 

monomers while, at the same time, taking full advantage of its 

excellent oxygen-carrying properties.1,3,4  

Metal-organic frameworks (MOFs)-based nanoparticles (NPs) 

(MOF-NPs), which feature well-defined crystalline porous structures 

with large surface areas, have been widely employed to encapsulate 

various kinds of biomolecules such as vaccines,7 different proteins 

including enzymes8,9 and DNA.10 We have recently reported the 

successful encapsulation of Hb within a type of MOF-NPs.11 

Specifically, we employed the porous coordination network (PCN)-

333(Al), which is fabricated via the self-assembly of trivalent metal 

ions (i.e., Al3+ in our case) and the organic linker H3TATB. PCN-333(Al) 

displays large cages that allow for the encapsulation of individual Hb 

molecules, but also smaller cages that remain empty and allow for 

the diffusion of oxygen through the system.12 By encapsulating Hb 

within PCN-333(Al), its dissociation into dimers and monomers is 

prevented and the overall size of the resulting HBOCs is increased. 

Another important aspect when fabricating HBOCs is to achieve 
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extended circulation times in the bloodstream. Biological RBCs are 

nature’s long circulating vehicles since they can remain in the 

vasculature for about 120 days. Such a feature is a result of their size, 

shape, elasticity but also due to certain “self-markers” located in the 

external part of the RBC membrane, such as CD47 proteins and 

glycans.13 Therefore, we coated our Hb-loaded MOF-NPs with RBC 

membranes (RBC-Ms) extracted from human donor blood. Prior 

functionalization with the RBC-Ms, a polydopamine (PDA) coating 

was introduced. PDA is an efficient adhesive material that can be 

deposited onto virtually any type of surface, independently of 

material or shape, in a single step.14 PDA, which is formed by the self-

polymerization of dopamine (DA) at slightly alkaline conditions, was 

introduced to facilitate the coating with the RBC-Ms.14,15 Specifically, 

this universal coating layer was incorporated to reverse the charge 

of the Hb-loaded MOF-NPs since, as shown by us, and others, a 

negative surface charge is required to enable the deposition of RBC-

Ms onto nanoparticulate systems.11,16 However, PDA, which is the 

most common melanin analogue, also possesses excellent 

antioxidant properties resulting from its free radical character.17 This 

is an important aspect since, a main challenge when developing 

HBOCs, is to prevent the autoxidation of Hb into methaemoglobin 

(metHb). Within metHb, the heme iron is in its oxidized ferric state 

(Fe3+) and this results in the loss of the ability to carry and deliver 

oxygen. Although, in our body, 3% of Hb gets oxidized into metHb 

every 24 h, this process is prevented by a set of antioxidant enzymes 

and reducing agents present in the RBCs.18 Thus, when fabricating 

HBOCs, approaches to prevent Hb’s autoxidation need to be 

considered. Strategies developed so far include the co-

polymerization of Hb with natural antioxidant enzymes such as 

superoxide dismutase and catalase.19,20 However, covalent 

modification of both enzymes and Hb results in the unpredictable 

alteration of their conformation and the subsequent loss of 

functionality.21,22 Moreover, the challenges of fast degradation and 

immunogenicity caused by exogenous enzymes also limit their 

application.23,24 Thus, to overcome the drawbacks of natural 

enzymes other approaches have been considered. For example, 

nanozymes, which are nanomaterials with enzyme-like properties, 

have been introduced to protect Hb from oxidization.25,26 Recently, 

both platinum  and cerium oxide-NPs, have been incorporated within 

HBOC as the nanozyme component.26–28 Both systems have 

demonstrated excellent scavenging properties towards reactive 

oxygen species (ROS) since they were able to deplete both 

superoxide radical anions (O2
•−) and hydrogen peroxide (H2O2). 

However, despite the promising results, nanozymes have also 

important limitations. For example, the procedures for incorporating 

them within the HBOCs are complicated. Additionally, there is a lack 

of accurate data on their distribution, metabolism and clearance 

within organisms.29 Thus, as an alternative, the single-step 

deposition of PDA has emerged as a promising strategy to render 

HBOCs with antioxidant protection.30–35 In this context, both 

individual Hb molecules and larger particles fully made of Hb have 

been PDA-coated and, the ability of such a coating to inhibit metHb 

conversion or to scavenge harmful ROS, has been demonstrated.30–

35 Thus, in this work, we build upon our reported Hb-loaded MOF-

NPs (MOFHb-NPs) by optimizing and evaluating the PDA coating by its 

ability to minimize the autoxidation of Hb into non-functional metHb 

(Scheme 1). Specifically, we i) start by optimizing the DA deposition 

time and the amount of RBC-Ms to promote the highest coverage, ii) 

assess the functionality of the encapsulated Hb in terms of oxygen-

binding and releasing properties, iii) evaluate the ability of the NPs 

to scavenge both O2
•− and H2O2 and iv) confirm whether the ROS 

scavenging abilities translate into decreased metHb conversion. 

2. Materials and methods  

2.1. Materials 



 ARTICLE 

  

Please do not adjust margins 

Fresh bovine blood was obtained from SSI Diagnostica A/S (Hillerød, 

Denmark). Human blood was withdrawn from healthy donors in 

Department of Health Technology at Technical University of 

Denmark (Kongens Lyngby, Denmark) in accordance with 

requirements of the Danish National Committee for Ethics in Science. 

All donors provided their informed consent to participate prior to the 

collection of blood samples and all the operators received 

appropriate training before handling of biological materials used in 

this study. Heparin tubes were obtained from Greiner Bio-One 

(Kremsmunster, Austria).  

Fluorescein isothiocyanate (FITC), dimethyl sulfoxide (DMSO), 

sodium bicarbonate (NaHCO3), Sodium chloride (NaCl), toluene, 

aluminium chloride hexahydrate (AlCl3·6H2O), N,N’-

dimethylformamide (DMF), acetone, trifluoroacetic acid > 99% (TFA), 

dopamine (DA), 4-(2-hydroxyethyl) piperazine-1-ethane-sulfonic 

acid (HEPES), HEPES buffer solution (1M, isotonic), phosphate 

buffered saline (PBS), hydrogen peroxide (H2O2), horseradish 

peroxidase (HRP), cell proliferation reagent WST-1, 

ethylenediaminetetraacetic acid (EDTA) solution, xanthine, xanthine 

oxidase (XO) from bovine milk, Dulbecco´s modified eagle´s medium-

high glucose (DMEM D5796), penicillin/streptomycin, fetal bovine 

serum (FBS), trypsin and the human umbilical vein endothelial cell 

line (HUVEC) were obtained from Merck Life Science A/S (Søborg, 

Denmark). 4,4’,4’’-s-triazine-2,4,6-triyl-tribenzoic acid (H3TATB) was 

obtained from ChemScene LLC (Monmouth Junction, NJ, USA). 

Polycarbonate porous membrane (1 µm) was obtained from GE 

Healthcare Life Sciences (Brondby, Denmark). 1,1'‐dioctadecyl‐

3,3,3',3' ‐ tetramethylindodicarbocyanine perchlorate (DiD) was 

obtained from Invitrogen A/S (Taastrup, Denmark). Endothelial Cell 

Medium (ECM) Kit supplemented with 5% FBS and 1% endothelial 

cell growth supplements was obtained from Innoprot (Derio-Biskaia, 

Spain). Amplex Red reagent, PrestoBlue Cell Viability Reagent, and 

Pierce Bicinchoninic Acid (BCA) Protein Assay Kit were obtained from 

Thermo Fisher Scientific (Waltham, MA, USA). The macrophage cell 

line RAW 264.7 was obtained from European Collection of 

Authenticated Culture Collections (ECACC, Wiltshire, UK). 

The 10 mM HEPES buffers were prepared with ultrapure water 

(Milli-Q (MQ), EMD Millipore, USA) and the pH was adjusted to either 

pH 7.4 or 8.5. HEPES buffer at pH 7.4 was used in all the studies, 

unless otherwise clarified. When working with cells, the isotonic 

HEPES buffer solution from Merck Life Science A/S was used. 

2.2. Hb extraction from bovine blood  

The Hb used in this study was extracted from fresh bovine blood by 

hypotonic haemolysis as described in a previous study.7 Briefly, 

bovine RBCs were washed with an isotonic saline solution (0.9% NaCl, 

3×, 15 min, 1500 g) followed by treatment with a hypotonic solution 

(MQ:toluene, 1:0.4, v:v) at a volume ratio of 1:1.4. The RBCs were 

completely lysed through vortexing and then stored overnight at 4 °C  

using a separation funnel. Following storage, the suspension was 

separated into three layers with the bottom layer containing the 

stroma-free Hb. The stroma-free Hb was collected and spun down 

(20 min, 8000 g). The supernatant containing the free Hb was 

filtrated through ash-free filtration paper and the purified stroma-

free Hb was stored at -80 °C for future use. 

The fluorescently labelled Hb was prepared with the following 

protocal, a FITC solution (300 μL, 12.5 mg mL-1 in DMSO) was added 

to a Hb solution (6 mL, 5 mg mL-1 in 0.05 M NaHCO3, pH 10) in a 

dropwise manner. After overnight incubation at room temperature 

(RT), the excess of FITC was thoroughly removed by dialysis against 

MQ for two days. The FITC  labelled Hb (Hb-FITC) was collected after 

freeze-drying. 

2.3. Fabrication and characterization of RBC-M-coated and Hb-

loaded MOF-NPs (MOFHb/M-NPs) 

2.3.1. Synthesis of MOFHb-NPs. A mixture of AlCl3·6H2O (120 mL, 

3 mg mL−1 in DMF), H3TATB (120 mL, 1 mg mL−1 in DMF) and TFA (0.4 

mL) was incubated at 95 °C for 24 h for crystalline growth. After 

incubation, the resulting MOF-NPs were collected and washed 

successively in DMF (3×, 20 min, 15 000 g) and acetone (3×, 20 min, 

15 000 g), and dried in a vacuum oven. 

For Hb encapsulation, the solution of bovine Hb (20 μL, 100 mg 

mL-1 in MQ) was added to 1 mL of the MOF-NPs suspension (1 mg 

mL−1 in MQ) under continuous magnetic stirring. The mixture was 

incubated at room temperature (RT) for 2 h under magnetic stirring 

at 800 rpm. The MOFHb-NPs were obtained after washing with MQ 

(3×, 20 min, 15 000 g). MOFHb-FITC-NPs were prepared by using Hb-

FITC instead of Hb as described in the supporting information. 

2.3.2. Preparation of the PDA coating. The PDA-coated MOFHb-

NPs (MOFHb/PDA-NPs) were prepared following a protocol 

developed in our group.11 Specifically, a suspension of MOFHb-NPs 

(fabricated from 1 mg of MOF-NPs dispersed in 0.5 mL HEPES buffer, 

pH 8.5) was mixed with a DA solution (0.5 mL, 10 mg mL-1 in HEPES 

buffer, pH 8.5) and incubated for different time intervals (i.e., 0.5, 1, 

2, 3 and 4 h) using a rotator disk (40 rpm, RT). After several washes 

in MQ (2×, 10 min, 15 000 g) the MOFHb/PDA-NPs were obtained. 

The zeta (ζ)-potentials of the resulting MOFHb/PDA-NPs were 

determined using a Zetasizer nano ZS instrument (Malvern 

Instruments Ltd., UK). Their morphology was assessed using 

scanning electron microscopy (SEM, Hitachi High-Tech HITACHI, 

USA) and transmission electron microscopy (TEM, Tecnai T20 

G2, Thermo  Fisher Scientific, Waltham, USA ). Specifically, the 

SEM images of the different NPs suspensions were observed at 

an operating voltage of 15 keV after coating with gold (Sputter 

coater 208 HR, Cressington Scientific, UK). For the TEM images, 

the NPs suspensions were deposited onto 200 mesh nickel TEM 

grids coated with a carbon stabilized formvar film that were not 

glow discharged (Ted Pella, Redding,  USA). After 1 min, the 

excess NPs suspensions was wicked away using a filter tissue 

and allowed to air dry. TEM was performed with an operating 

voltage of 200 kV. 

2.3.3. Deposition of the RBC-M coating.  

2.3.3.1. Extraction of RBC-Ms from human blood. The RBC-Ms 

were isolated from human blood as described in our previous 

study.11 Briefly, whole human blood was collected from healthy 

donors using heparin coated tubes. The blood sample was spun 

down (10 min, 1500 g, 4 °C ) to remove the serum and buffy coat and 

the remaining RBCs was washed in ice-cold PBS (3×, 15 min, 1500 g) 

and suspended in a hypotonic medium (PBS:MQ, 1:4 volume ratio) 

at a volume ratio 1:10 of RBCs:hypotonic medium. The mixture was 

incubated in an ice bath for 30 min to induce complete haemolysis 

and allow for sedimentation of aggregated RBC components. The 
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supernatant was then collected, spun down and washed with MQ 

(3×, 20 min, 15 000 g, 4 °C ) until light-pink RBC ghost pellets were 

collected. The obtained RBC ghost pellets were stored at -20 ℃ for 

future use. 

2.3.3.2. Coating with RBC-Ms. To prepare the MOFHb/M-NPs, 

the PDA-coated MOFHb/PDA-NPs (fabricated from 1 mg MOF-

NPs dispersed in 1 mL HEPES buffer) suspended in 1 mL of 

HEPES, were mixed with increasing amounts of RBC-Ms (i.e., 

extracted from 50, 100, 200, 500 and 1000 µL of donor blood). 

The mixture was then sonicated for 10 s (30% amplitude, 1s / 

1s) on an ice bath followed by extrusion through 1 µm 

polycarbonate porous membranes using an Avanti® Mini-

Extruder (Avanti Polar Lipids, Inc., AL, USA). Finally, the 

membrane coated MOFHb/M-NPs were washed with HEPES 

buffer (3×, 20 min, 15 000 g). 

The extent of coverage of the MOFHb/PDA-NPs by the RBC-

Ms was first evaluated by monitoring the changes in ζ-potential. 

Specifically, suspensions of MOFHb/PDA-NPs (fabricated from 1 

mg MOF-NPs dispersed in 1 mL HEPES buffer) were incubated 

with increasing amounts of RBC-Ms (i.e., extracted from 50, 

100, 200, 500 and 1000 µL of donor blood) as previously 

described, and the resulting ζ-potentials were determined using 

the Zetasizer. In parallel, the extent of coating was also 

evaluated by fluorescence intensity (FI) measurements 

employing fluorescently labelled RBC-Ms (RBC-MFs). The 

fluorescent and lipophilic DiD probe (λex/λem = 644/665 nm) was 

used to label the RBC-Ms. Specifically, 10 µL of DiD (1 mg mL-1 

in DMSO) was added to the RBC-Ms extracted from 1000 µL of 

donor blood and vortexed for a couple of minutes. Next, 

suspensions of MOFHb/PDA-NPs were incubated with increasing 

amounts of RBC-MFs as previously described, and the FI signal 

of the resulting fluorescently labelled MOFHb/MF-NPs was 

monitored by flow cytometry (BD Biosciences, Sparks, MD, 

USA). Untreated MOFHb/PDA-NPs and RBC-MFs were used as 

negative and positive controls, respectively. Each condition was 

evaluated in at least two independent experiments. 

The MOFHb/M-NPs were visualized by differential 

interference contrast (DIC) microscopy (Olympus Inverted IX83 

microscope, Olympus Optical Co., Ltd., Japan), SEM and TEM.  

2.3.4. Characterization of the full assembly. The ζ-potentials 

of the NPs after each optimized step (i.e., MOF-NPs, MOFHb-NPs, 

MOFHb/PDA-NPs and MOFHb/M-NPs) were determined using 

the Zetasizer. The Zetasizer was furthermore used to determine 

the hydrodynamic size and polydispersity index (PDI) of the NPs.  

2.3.5. Stability over time. The stability of the MOF-NPs, MOFHb-

NPs, MOFHb/PDA-NPs and MOFHb/M-NPs stored at 4 °C was 

evaluated by monitoring their size and PDI at pre-designed time 

intervals (i.e., 1, 3, 6, 10 and 14 days) using the Zetasizer.  

2.4. Evaluation of functionality 

2.4.1. Hb’s secondary structure. The secondary structure of Hb 

was evaluated by circular dichroism (CD) spectroscopy using a JASCO 

J-815 instrument (JASCO, Essex, UK). A free Hb solution (80 μg mL−1) 

and different suspensions of NPs (i.e., MOF-NPs, MOFHb-NPs, 

MOFHb/PDA-NPs and MOFHb/M-NPs) in MQ at similar Hb 

concentrations were evaluated. A wavelength range of 190-260 nm 

was studied using a 1 mm cell length cuvette at RT. The spectrum of 

each sample was obtained by subtracting the spectrum of the control 

sample (i.e., MQ water) and normalizing to an ellipticity value of −1 

at 222 nm.  

2.4.2. Oxygen-binding and releasing properties. The oxygen-

binding and releasing ability of the Hb encapsulated within MOFHb-

NPs was evaluated by assessing the % of oxygenated-Hb (oxy-Hb) 

upon increasing or decreasing the partial oxygen pressure (pO2) (i.e., 

oxygen-dissociation-association curves) using a Hemox Analyzer (TSC 

Scientific Corp., New Hope, PA, USA). A suspension of MOFHb-NPs 

(containing 0.5 mg mL-1 of Hb in 10 mM HEPES, 150 mM NaCl) and a 

solution of free Hb (0.5 mg mL-1 of Hb in 10 mM HEPES, 150 mM NaCl) 

were evaluated. The oxygen association curve of Hb was obtained by 

purging with a flow of compressed air while its dissociation curve was 

obtained by purging with N2. Both curves were recorded at 37 °C  and 

the p50 (the pO2 at which Hb is 50% saturated with oxygen) and Hill 

coefficients (Hill-n) were obtained using the pre-installed software 

(TCS Hemox DAQ System). Three independent measurements were 

carried out for each sample. 

2.5. Evaluation of the stealth coating 

2.5.1. Protein adsorption studies. Fresh plasma was collected 

from human blood withdrawn from healthy donors using heparin 

coated tubes. Before adding it to the different NPs suspensions (i.e., 

MOF-NPs, MOFHb-NPs, MOFHb/PDA-NPs and MOFHb/M-NPs), the 

plasma was diluted 10 times with HEPES buffer. The different 

suspensions of NPs (200 μL in HEPES buffer) at a concentration of 

~5×105 events μL-1 (as measured by flow cytometry, BD Biosciences, 

Sparks, MD, USA) were mixed with increasing amounts of diluted 

plasma (i.e., 10, 20 and 50 µL) and incubated for 4 h at 37 °C  under 

constant shaking (1200 rpm, Thermo-shaker, Grant Bio PHMT-PSC18, 

Grant Instruments Ltd, UK). After incubation, the supernatants were 

collected and the samples were washed in 200 µL HEPES (2×, 5 min, 

10 000 g). The washes were also collected and the concentrations of 

the unbound proteins (i.e., in the supernatants and washes) were 

measured using the BCA assay kit. The amount of adsorbed protein 

was calculated as follows: % Adsorbed protein = ((total plasma 

proteins - unbound plasma proteins)/total plasma proteins) × 100. 

2.5.2. Cell association/uptake studies. The mouse macrophage 

RAW 264.7 and the HUVEC cell-lines were used for the cell studies. 

The RAW 264.7 cell line was cultured in DMEM supplemented with 

FBS (10%, v/v) and penicillin/streptomycin (1% v/v at a concentration 

of 10 000 U mL−1 and 10 µg mL−1, for penicillin and streptomycin, 

respectively) at 37 °C with a supply of 5% CO2. The HUVEC cell line 

was cultured in ECM supplemented with FBS (5% v/v), endothelial 

cell growth supplements (1%, v/v) and penicillin/streptomycin (1% 

v/v, 10 000 U mL−1 and 10 µg mL−1, respectively).  

Fluorescently labelled MOFHb-NPs (MOFHb-FITC-NPs) were used for cell 

uptake study and were prepared using Hb-FITC instead of Hb. The 

synthesis is explained in detail in the Supporting Information. The 

RAW 264.7 and HUVEC cells were seeded in 24-well plates at a 

density of 180 000 and 100 000 cells per well, respectively, and 

allowed to attach for 24 h. Next, the cells were washed in PBS (2×, 

500 μL) and incubated with the different suspensions of fluorescently 

labelled NPs (1 mL, MOFHb-FITC-NPs, MOFHb-FITC/PDA-NPs and MOFHb-

FITC/M-NPs, in cell medium) in ratios ranging from 10:1 to 100:1 of 

NPs to cells. After incubation for 2 h at 37 °C , the cells were washed 
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with PBS (2×, 500 μL) and collected. Specifically, the cells were 

detached from the wells by treatment with trypsin (200 μL per well) 

and then collected by centrifugation (5 min, 300 g). The cellular 

uptake efficiency (CUE) was measured by flow cytometry. Cells alone 

were used as controls. The CUE was evaluated as the percentage of 

cells with a mean FI higher than the auto fluorescent level of the cells. 

At least 8000 events were analysed in each run and each condition 

was evaluated in triplicate. 

2.6. WST-1 and Amplex Red assays 

2.6.1. WST-1 assay. The ability of the NPs at different stages of 

the assembly process to scavenge O2
•− was evaluated using the WST-

1 assay. In particular, 200 µL of NPs suspensions (i.e., MOF-NPs, 

MOFHb-NPs, MOFHb/PDA-NPs and MOFHb/M-NPs) at final 

concentrations of ~1.5×104 events μL-1 (as assessed by the flow 

cytometry) were mixed with a XO solution (10 μL, 0.05, 0.1 or 0.5 U 

mL−1) and a WST-1 solution (200 μL, containing WST-1 (2.5% v/v), 

EDTA (0.1 mM) and xanthine (0.05, 0.1 or 0.5 mM)), all in HEPES 

buffer. The mixtures were then incubated for different time intervals 

(i.e., 15, 30 and 60 min) in the thermo-shaker (1200 rpm, 37 °C ). 

Next, the samples were spun down (5 min, 15 000 g), the 

supernatants collected (180 µL) and transferred to a 96-well plate 

and the absorbance (Abs) readings at 438 nm were recorded using a 

TECAN Spark multimode plate reader (Tecan Group Ltd., 

Maennendorf, Switzerland). A mixture of HEPES buffer (200 μL) and 

WST-1 (200 µL) solution with and without XO (10 μL) were used as 

positive and negative controls, respectively. The normalized Abs 

(nAbs) was calculated as follows: % nAbs = ((Abs of sample - Abs of 

negative control)/(Abs of positive control - Abs of negative control)) 

× 100.  
The ability of the NPs to scavenge O2

•− over multiple cycles was 

also evaluated. For that, Amicon® centrifugal filters (100 kDa MWCO) 

were used as reaction containers since this made it possible to 

remove the xanthine, EDTA and WST-1 reagents as filtrates by 

spinning-down the reaction mixture (containing the NPs, XO, 

xanthine, EDTA and WST-1). Removal of xanthine and WST-1 was 

necessary to avoid their interference during the subsequent reaction 

cycles. Additionally, Amicon® centrifugal filters could collect the NPs 

in the filter minimizing sample loss. After incubation of the NPs with 

the XO and WST-1 solutions, the suspension was spun down (5 min, 

15 000 g) and the Abs of the filtrate was recorded. The NPs collected 

in the filter were washed with HEPES buffer (2×, 5 min, 15 000 g) and 

incubated again with fresh XO and WST-1 solutions, conducting a 

second round of O2
•− scavenging. This procedure was repeated for 

three additional cycles. At least two independent experiments were 

carried out. 

2.6.2. Amplex Red assay. The ability of the NPs to scavenge H2O2 

was evaluated using Amplex Red reagent. Specifically, 200 µL of the 

different NP-suspensions (i.e., MOF-NPs, MOFHb-NPs, MOFHb/PDA-

NPs and MOFHb/M-NPs) at concentrations of ~1.5×104 events μL-1 

were mixed with a H2O2 solution (10 µL, 0.18 mM), all in HEPES 

buffer, and incubated for 15, 30 or 60 min in the thermo-shaker 

(1200 rpm, 37 ℃). Next, the samples were spun down (5 min, 15 000 

g), the supernatants (180 μL) collected and mixed with a HRP (100 

μL, 2 U mL−1 in HEPES buffer) and an Amplex Red solution (10 μL, 0.1 

mM in HEPES buffer) followed by 5 min incubation in the thermo-

shaker (1200 rpm, 37 ℃). Subsequently, the samples (180 μL) were 

transferred to a black 96-well plate for FI measurements (λex/λem = 

530/586 nm) using the plate reader. HEPES buffer (200 μL) incubated 

with and without H2O2 (10 μL, 0.18 mM) were used as positive and 

negative controls, respectively. The normalized mean FI (nMFI) was 

calculated as follows: % nMFI = ((MFI of sample - MFI of negative 

control)/ (MFI of positive control - MFI of negative control)) × 100.  

Multiple rounds of H2O2 scavenging activity for the different NPs 

was also evaluated. For that, the samples were washed in HEPES 

buffer (1×, 5 min, 15 000 g) and incubated with a fresh H2O2 solution 

again, conducting a second round of scavenging reaction. Then the 

same procedure was repeated for three additional cycles. At least 

two independent experiments were carried out. 

2.6.3. Antioxidant protection. The Soret peak height of MOFHb-

NPs, MOFHb/PDA-NPs and MOFHb/M-NPs was recorded using a UV-

vis spectrophotometer (UV-2600, Shimadzu Corp., Japan). The 

change of the Soret peak of oxygenated-Hb (oxy-Hb) within the NPs 

at the different stages of the assembly process was assessed in the 

presence of KO2 or H2O2 for several time intervals at RT. Specifically, 

suspensions of NPs (2 mL, 0.5 mg mL-1) were mixed with solutions of 

either H2O2 (20 µL, 100 mM) or KO2 (20 µL, 200 mM) and the Soret 

peak was recorded at different time intervals (i.e., 0, 1, 2, 5 and 10 

min). Besides, the change of the Soret peak of oxy-Hb within the 

different NPs over time (up to 14 days) at 4 °C  was also recorded.   

2.7. Cell studies 

2.7.1. Cell viability. The RAW 264.7 and HUVEC cells were seeded 

in 96-well plates at a density of 30 000 and 15 000 cells per well, 

respectively, and allowed to attach for 24 h. After cell attachment 

and following washing in PBS (2×, 200 μL), the cells were incubated 

with the different NPs suspensions (200 μL, MOF-NPs, MOFHb-NPs, 

MOFHb/PDA-NPs and MOFHb/M-NPs, in isotonic HEPES buffer) in 

ratios ranging from 10:1 to 500:1 of NPs to cells. After incubation for 

4h, the cells were washed in PBS (3×, 200 μL) and incubated with 

PrestoBlue reagent (100 μL, 10% v/v in cell media) for 1 h. Next, the 

supernatants were collected (95 µL) and transferred to a black 96-

well plate and the FI (λex/λem = 535/615 nm) of the resazurin product 

was recorded using the plate reader. Cells only was used as the 

positive control and a PrestoBlue solution only was used as the 

negative control. The normalized cell viability (nCV) was calculated 

as follows: % nCV = (FI of sample – FI of negative control)/ (FI of 

positive control – FI of negative control) × 100.  

2.7.2. WST-1 and Amplex Red assays in the presence of cells 
2.7.2.1. WST-1 assay in the presence of cells. The RAW 264.7 cells 

were seeded at a density of 30 000 cells per well using 48-well plates. 

After 24 h to allow for cell attachment, the cells were washed in PBS 

(2×, 200 μL) and incubated in 200 µL of a suspension containing the 

NPs at a final concentration of ~1.5×104 events μL-1 as assessed by 

the flow cytometry. Next, a XO solution (10 μL, 0.05 U mL−1) and a 

WST-1 solution (200 μL, containing WST-1 (2.5% v/v), EDTA (0.1 mM), 

and xanthine (0.1 mM)), all in isotonic HEPES buffer, were added to 

the cells and incubated for 1 h at 37 °C and 5% CO2. Next, the 

supernatants (180 µL) were transferred to a 96-well plate and the 

Abs at 438 nm was recorded using the plate reader. Cells in 200 μL 

HEPES buffer with 200 μL WST-1 solution with and without XO (10 

μL, 0.05 U mL−1) were used as positive and negative controls, 

respectively. The nAbs was calculated as follows: % nAbs = ((Abs of 

sample - Abs of negative control) / (Abs of positive control - Abs of 
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negative control)) × 100. The NPs at different stages of the assembly 

process include: MOF-NPs, MOFHb-NPs, MOFHb/PDA-NPs and 

MOFHb/M-NPs, in isotonic HEPES buffer. 

The viability of the cells after assessing the O2
•–- scavenging 

properties was evaluated as described in section 2.7.1. Specifically, 

the cells were cultured in cell medium for 4 h after performing the 

WST-1 assay. Next, the culture medium was replaced with 100 μL cell 

medium containing 10% (v/v) PrestoBlue reagent, and following 

incubation for 1 h, the supernatants were collected (95 µL) and 

transferred to a black 96-well plate and the FI (λex/λem = 535/615 nm) 

was recorded using the plate reader. 

2.7.2.2. Amplex Red assay in the presence of cells. The RAW 264.7 

cells were seeded at a density of 30 000 cells per well using 96-well 

plates. After 24 h to allow for cell attachment, the cells were washed 

in PBS (2×, 200 μL) and incubated for 1 h at 37 °C in 200 µL of a 

suspension containing NPs at a concentration of ~1.5×104 events μL-

1 (as assessed by the flow cytometry) and H2O2 (10 μL, 0.18 mM). 

After incubation, the supernatants (180 μL) were collected and 

mixed with a HRP (100 μL, 2 U mL−1) and an Amplex Red (10 μL, 0.1 

mM) solution followed by 5 min incubation in the thermo-shaker 

(1200 rpm, 37 °C ). Subsequently, the samples (180 μL) were 

transferred to a black 96-well plate for FI measurements (λex/λem = 

530/586 nm) using the plate reader. Cells in 200 μL HEPES buffer with 

and without H2O2 were used as positive and negative controls, 

respectively. The nMFI was calculated as follows: % nMFI = ((FI of 

sample - FI of negative control) / (FI of positive control - FI of negative 

control)) × 100. The NPs at different stages of the assembly process 

include: MOF-NPs, MOFHb-NPs, MOFHb/PDA-NPs and MOFHb/M-NPs, 

in isotonic HEPES buffer. 

The viability of the cells after assessing the H2O2 scavenging 

properties was evaluated as described in section 2.7.2.1. 

2.8. Statistical analysis 

The statistical analysis was carried out using GraphPad Prism (8.1.0 

(325)) software. A Tukey’s multiple comparison test and a one-way 

analysis of variance with a confidence level of 95% (α = 0.005) were 

employed (*p ≤  0.05, **p ≤  0.001, ***p ≤  0.0005, **** p≤ 

0.0001).  

3. Results and discussion 

3.1. Fabrication and characterization of MOFHb/M-NPs 

We previously reported the successful encapsulation of Hb within a 

type of MOF called PCN-333(Al). PCN-333 (Al) displays large cages of 

5.5 nm which allow the encapsulation of Hb (6 × 6 × 5 nm in size) by 

a undergoing a partial conformation change.12,36 The advantage of 

PCN-333 (Al) is that such large-sized cages act as single molecule 

traps making possible to entrap single Hb molecules. By doing so, 

dissociation of the Hb tetramer can be avoided and the aggregation 

of several Hb molecules can be elimitated.12 This will, in turn, 

minimize the misfolding and denaturation of the protein allowing it 

to maintain the excellent oxygen binding and releasing properties of 

Hb. Furthermore, due to the high void volumes of PCN-333(Al), large  

amounts of Hb can be encapsulated. This is a central aspect to 

achieve the high oxygen demands of our body. Thus, we 

demonstrated that the as-prepared MOFHb-NPs preserved Hb’s 

functionality by binding and releasing oxygen over multiple rounds.11 

To render an oxygen therapeutic with extended circulation times in 

the bloodstream, the MOFHb-NPs were coated with membranes 

derived from human RBCs. Achieving long circulation times in the 

vasculature is central in order to meet the high oxygen demands of 

our bodies. Since native RBCs are able to circulate in the bloodstream 

for about 120 days, a powerful emerging strategy to prepare 

nanocarriers able to avoid clearance by the mononuclear phagocyte 

system (MPS), is to coat them with cellular membranes extracted 

from native RBCs.37 Such an approach is based on the “self-markers” 

situated on the surface of the RBC-Ms, which have the ability to 

inhibit the immune response.38 Since the surface charge of the 

underlying substrate affects the subsequent coating with the RBC-

Ms, a PDA layer was deposited onto the MOFHb-NPs to render 

negatively charged MOFHb/PDA-NPs. Since the glycans of the RBC-Ms 

mainly reside in the extracellular side of RBCs, negatively charged 

NPs are required to promote the right-side-out of the RBC-Ms upon 

coating.39 While this PDA coating allowed the subsequent deposition 

of the RBC-Ms to generate MOFHb/M-NPs, PDA has other important 

features such as antioxidant properties, which are of utmost 

relevance in the context of HBOCs. Thus, herein, we optimize the 

PDA-coating of our previously reported MOFHb-NPs and evaluate 

their potential in preventing the autoxidation of Hb into non-

functional metHb. To identify the optimal coating time, MOFHb-NPs 

were incubated in a DA solution for different time intervals. Fig. 1A 

shows that, in agreement with our previous results, uncoated 

MOFHb-NPs displayed a positive ζ-potential of 13.2 ± 1.1 mV. 

Following incubation with a DA solution, the resulting PDA-coated 

MOFHb/PDA-NPs experienced a large decrease in ζ-potential to -17.3 

± 0.4 mV after only 0.5 h of incubation. Incubation for longer periods 

(2 h) resulted in a slight further decrease in ζ-potential to -19.7 ± 0.3 

mV, which remained stable for the longest time intervals (4 h). To 

ensure complete coverage by the PDA coating, an incubation period 

of 3 h was selected for the following experiments. Fig. 1B shows 

photographic images of the different samples. The colour of the 

MOF-NPs suspension changed from white to red after loading with  

 Hb, and a further change to the characteristic dark grey colour, 

indicated the successful polymerization of DA into PDA. Fig. 1Ci and 

1Cii show how both MOFHb-NPs and MOFHb/PDA-NPs are 

monodispersed submicron-sized particles with a spherical 

morphology. The TEM images (Fig.1Di and 1Dii) confirmed that both 
MOFHb-NPs and MOFHb/PDA-NPs are spherical particles while the size 

of MOFHb/PDA-NPs was a slight larger and more even than MOFHb-

NPs.  

To fabricate MOFHb/M-NPs, we aimed at identifying the amount 

of RBC-Ms promoting the highest coverage. Thus, suspensions of 

MOFHb/PDA-NPs were incubated with increasing amounts of RBC-Ms 

and, the changes in ζ-potential as a result of the coating, were 

evaluated (Fig. 2Ai). The uncoated MOFHb/PDA-NPs displayed a ζ-

potential of -19.8 ± 1.0 mV, and this negative ζ-potential kept 

increasing upon incubation with larger amounts of RBC-Ms. A 

plateau with a ζ-potential of -25.4 ± 0.4 mV was reached for 

MOFHb/PDA-NPs incubated with RBC-Ms extracted from 500 µL of 

donor blood, indicating saturation of the system. Such a ζ-potential 

is close to the value of isolated RBC-M vesicles (-26.4 ± 0.7 mV) and 

suggests a full coverage. The coverage of the MOFHb/PDA-NPs by the 
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RBC-Ms was also evaluated by FI measurements. Incubation of the 

MOFHb/PDA-NPs with increasing amounts of fluorescently labelled 

RBC-MFs, resulted in an increase in FI readings (Fig. 2Aii). Taken into 

consideration both the changes in ζ-potential and FI, the MOFHb/M-

NPs used in the next experiments were prepared by incubating a 

suspension of MOFHb/PDA-NPs (fabricated from 1 mg of MOF-NPs) 

with RBC-Ms extracted from 1000 µL of donor blood. Importantly, 

DIC microscopy images show a monodisperse suspension of 

MOFHb/M-NPs (Fig. 2Bi) with a spherical and homogenous 

morphology as shown by SEM (Fig. 2Bii) and TEM (Fig. 2BiiI).  

The optimized assembly was characterized by ζ-potential and size 

distribution measurements after each step. The empty MOF-NPs 

displayed a negative ζ-potential (-17.6 ± 2.0 mV) which we attribute 

to the presence of free unreacted carboxyl groups from H3TATB (Fig. 

3A).40 In agreement with previous results, upon loading with Hb, a 

charge reversal to a positive ζ-potential of 12.7 ± 0.6 mV was 

detected.11,35 This is due to the positive charge of Hb upon 

protonation at a pH below its isoelectric point (pI = 6.8). Following 

coating with PDA, another charge reversal to a negative ζ-potential 

of -19.8 ± 1.0 mV was detected, and as expected, the deposition of 

the RBC-Ms resulted in a further decrease to -25.4 ± 0.4 mV. Fig. 3B 

shows the size and PDI of the NPs at the different stages of the 

assembly. The empty MOF-NPs showed a hydrodynamic diameter of 

~330 nm and this size was preserved following encapsulation of Hb. 

While the PDA coating resulted in a slight increase in size (to ~340 

nm), the size of the NPs decreased again following coating with the 

RBC-Ms (to ~320 nm) by removing large aggregates in the extrusion 

process. Importantly, all the NPs suspensions showed PDI values 

below 0.2 thus making them suitable for pharmaceutical 

applications.41  

Since size stability over time is an important factor to consider 

when developing NPs for biomedical applications, the size and PDI of 

the different NPs were monitored following storage in HEPES buffer 

at 4 °C for up to 14 day s. As shown in Fig. 3C, for MOF-NPs, a slight 

increase in size (from ~330 nm to ~360 nm) and PDI (from ~0.16 to 

~0.2) can be detected following 14 days of storage. This increase in 

both size and PDI suggests potential formation of aggregates. While 

the same phenomenon was also observed for MOFHb-NPs (with an 

increase in size of ~20 nm and in PDI of ~0.03), the results were 

different for the PDA-coated MOFHb/PDA-NPs. In this case, the size 

remained at ~340 nm with a PDI value of ~0.20 for the whole time 

interval, thus indicating good colloidal stability. Following coating 

with the RBC-Ms, the suspensions of MOFHb/M-NPs experienced a 

slight decrease in size (from ~320 nm to ~300 nm) after 14 days. 

Additionally, the lowest PDI values (<0.2) were also observed for the 

MOFHb/M-NPs for all the studied time intervals. These results suggest 

that the RBC-M coating could further stabilize the NPs. Importantly, 

this results highlight that the as-prepared suspensions of NPs are 

stable when stored at 4 °C for 14 days. 

3.2. Evaluation of Hb’s structure and oxygen binding and releasing 

properties 

Hb has evolved to have optimal oxygen-binding and releasing 

properties, and the amount of oxygen bound to Hb at any time, is 

related to the pO2 to which Hb is exposed. In the capillaries of the 

alveoli, where the pO2 is high, the oxygen molecules readily bind to 

Fig. 1 Optimization of polydopamine (PDA) coating. A) Zeta (ζ)-potential measurements 

of MOFHb-NPs incubated with a dopamine solution for different time intervals to render 

PDA-coated MOFHb/PDA-NPs. B) Photographic images of MOF-NPs, free Hb, MOFHb-NPs 

and MOFHb/PDA-NPs. C) Scanning electron microscopy images of MOFHb-NPs (i) and 

MOFHb/PDA-NPs (ii). D) Transmission electron microscopy images of MOFHb-NPs (i) and 

MOFHb/PDA-NPs (ii). 

Fig. 2 Optimization of the coating with membranes derived from RBCs (RBC-Ms). A) Zeta 

(ζ)-potential (i) and fluorescence intensity (FI) (ii) readings of MOFHb/PDA-NPs coated 

with increasing amounts of fluorescently labelled RBC-Ms (RBC-MFs). RBC-Ms (or RBC-

MFs) only were used as controls. B) Differential interference contrast (i), scanning 

electron microscopy (ii) and transmission electron microscopy (iii) images of MOFHb/M-

NPs. 
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Hb and a change of conformation to form oxy-Hb takes place. Due to 

this induced conformational change, Hb's affinity for oxygen 

increases and promotes the binding of successive oxygen molecules. 

In contrast, as RBCs move to other body tissues with lower pO2, Hb 

releases the oxygen while changing its conformation again to 

deoxygenated-Hb (deoxy-Hb).4 This change in conformation results 

in further release of oxygen.4 Thus, when fabricating successful 

HBOCs, it is essential to preserve Hb’s functionality. Since protein 

structure plays a key role in its function, we evaluated the secondary 

structure of Hb after being loaded into the cages of the MOF-NPs by 

CD spectroscopy (Fig. 4A). As expected, free Hb displayed the typical 

absorption peaks of an α-helix structure with a maximum absorption 

band at 193 nm and double minima at 208 and 222 nm (red dashed 

line). Upon being loaded into the MOF-NPs rendering MOFHb-NPs, 

the intensity of the negative peak at 208 nm decreased and the peak  

at 222 nm experienced a red shift, which indicates a partial unfolding 

(solid red line). In agreement with prior reports of other MOF-

encapsulated proteins, we attribute this partial loss of structure to 

Hb’s large size.36,42 With a size of ~6 nm × 6 nm × 5 nm, Hb needs to 

go through certain conformational changes in order to enter into the 

MOF cages through access pores with sizes smaller than its molecular 

dimensions. Although the larger cages of PCN-333(Al) have a 

diameter of 5.5 nm, Hb is post-loaded into PCN-333(Al) through 

hexagonal windows of 3.0 nm in diameter.43 Following coating with 

PDA, a similar spectrum as for the MOFHb-NPs was obtained, since a 

red shift and a relative stronger peak at 222 nm than at 208 nm as 

compared to free Hb was also detected (dark grey line). Interestingly, 

upon adsorption of the RBC-Ms to render MOFHb/M-NPs, the 

characteristic α-helix peaks returned back to 208 nm and 222 nm 

(orange solid line). We speculate that such a change might be 

induced by the proteins on the membrane since 52% of the RBC-M 

dry weight content is constituted by proteins.44,45 The potential 

effect of the conformation changes on Hb’s ability to bind and 

release oxygen was evaluated next. Fig. 4B and 4C show the oxygen-

association and dissociation curves with the corresponding p50 and 

Hill-n for free Hb and Hb within MOFHb-NPs. The p50, which is the 

pO2 at which Hb is 50% saturated by oxygen, it is often used to assess 

Hb’s affinity for oxygen while the Hill-n indicates the cooperativity, 

which is a result of the interaction among the different subunits. The 

oxygen-association and dissociation curves showed the 

characteristic sigmoidal shape for both free Hb and MOFHb-NPs, 

indicating that the first binding of an oxygen molecule facilitates the 

successive bindings until saturation reached. However, for MOFHb-

NPs, the oxygen-association curve was slightly shifted to the right 

which resulted on a p50 value of 18.4 ± 0.1 mmHg (Fig. 4Ci). Such an 

increase in p50 as compared to free Hb (17.4 ± 0.3 mmHg), indicates 

a decreased affinity for oxygen. We hypothesize that the small cages 

of the MOF-NPs restrict the movement of Hb, hindering the 

conformational change from the deoxygenated to the oxygenated 

state. For the dissociation process, MOFHb-NPs displayed a similar 

shift to the right and the corresponding increase in p50 from 17.8 ± 

0.2 mmHg to 18.7 ± 0.5 mmHg (Fig. 4Cii). Nevertheless, for both 

association and dissociation processes, the decrease in p50 is very 

slight with values that are comparable to the p50 of human Hb (~18.6 

mmHg) and close to the value of human blood (~23.8 mmHg).46 This 

decreased affinity for oxygen as compared to human blood, suggests 

that MOFHb-NPs will be able to release oxygen faster than free Hb 

when they circulate from the lungs the peripheral tissues, where the 

Fig. 4 A) Circular dichroism spectra of the NPs at different stages of the assembly 

process. A free Hb solution and membranes derived from native RBCs (RBC-Ms) are used 

as controls. B) p50 (the oxygen partial pressure (pO2) at which 50% of Hb is saturated 

with oxygen) and Hill coefficient (Hill-n) values of free Hb and MOFHb-NPs. C) The 

corresponding oxygen association (i) and dissociation (ii) curves showing the 

relationship between the oxygen bound to Hb depending on the pO2 of the solution. 

Fig. 3 Characterization of the complete assembly of MOFHb/M-NPs. Zeta (ζ)-potential 

measurements (A), size and polydispersity index (PDI) (B) at the different stages of the 

assembly. C) Size and PDI measured at the different stages of the assembly upon storage 

at 4°C for up to 14 days. The different stages of the assembly include MOF-NPs, MOFHb-

NPs, MOFHb/PDA-NPs and MOFHb/M-NPs. 
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pO2 is lower. This feature could be advantageous in situation of 

severe hypoxia where a fast oxygen release would be desirable. The 

Hill-n values of the MOFHb-NPs for the oxygen association and 

dissociation processes were calculated as 2.84 and 2.35, respectively. 

Such values are lower than the ones for free Hb (3.26 and 2.40 for 

the association and dissociation curves, respectively). While these 

results indicate less cooperativity for MOFHb-NPs and thus a slower 

binding for the upcoming oxygen molecules, the values are 

reasonably close to the ones of free Hb and always higher than 1, 

which indicates that cooperativity among the four heme sites is 

maintained. 

3.3. Evaluation of the stealth coating 

3.3.1. Assessment of protein deposition. Surface modification of 

NPs with membrane derived from RBCs has been shown to render 

NPs with high biocompatibility, immune-evasion and long circulation 

in the vasculature.16,37 In our previous  study, we assessed the stealth 

properties of the MOFHb-NPs after coating with RBC-Ms in terms of 

inhibition of the adsorption of two model proteins (i.e., 

immunoglobulin G and bovine serum albumin which are the two 

most abundant proteins in blood).11 Herein, to better mimic the in 

vivo situation, we further evaluate the stealth properties as a result 

of the RBC-M-coating by using fresh plasma extracted from healthy 

donors. To do so, the NPs at different stages of the assembly process 

(MOF-NPs, MOFHb-NPs, MOFHb/PDA-NPs and MOFHb/M-NPs) were 

incubated in suspensions containing increasing amounts of human 

plasma (10, 20 and 50 µL) for 4 h at 37 °C . The amount of proteins 

bound to the NPs was quantified by means of a BCA assay (Fig. 5A). 

Upon encapsulating Hb to render MOFHb-NPs, a decrease in protein 

adsorption as compared to MOF-NPs was observed for all the studied 

plasma concentrations. We attribute this result to the fact that the 

plasma proteins could potentially diffuse into the large and empty 

cages of the MOF-NPs. For MOFHb-NPs, at least the large cages are 

already occupied by Hb. However, upon entrapping Hb, the MOFHb-

NPs experience a charge reversal towards positive ζ-potentials which 

attracts the adsorption of the plasma proteins which are negatively 

charged at pH 7.4.47 Following coating by PDA and RBC-Ms, a 

decrease in protein adsorption was detected. Such a decrease was 

especially pronounced for the lowest plasma concentration (10 µL) 

which resulted on a ~40% and a ~56% decrease of adsorbed proteins 

for the PDA and the RBC-Ms coating, respectively. We attribute the 

inhibition of protein adsorption by the PDA coating to charge 

repulsion since MOFHb/PDA-NPs also experience a charge reversal 

and display a negative ζ-potential (Fig. 3A). Upon increasing the initial 

amounts of plasma, the effects of the different coatings are less 

pronounced due to the heavily excessive amounts. Nonetheless, a 

similar trend is observed and, both the PDA and the RBC-M coating, 

resulted in a significant decrease on the amount of bound proteins. 

Importantly, and in agreement with our previous study, the largest 

decrease is promoted by the RBC-M coating thus highlighting its 

stealth properties.11  

3.3.2. Cell uptake/association studies. The stealth properties of 

the NPs resulting from the RBC-M coating were also assessed by their 

ability to avoid or minimize their uptake by RAW 264.7 and HUVEC 

cells. While RAW 264.7 cells were chosen as a model of a 

macrophage cell line and due to their central role in removing 

intruding pathogens; HUVEC cells are a model of the endothelial cells 

which are the cells lining our blood vessels. To do so, The CUE and 

nMFI of the cells after treatment with different amounts of 

fluorescently labelled NPs for 2 h were evaluated. Fig. 5B shows an 

obvious ascending celluar uptake/association upon increasing the 

amount of NPs for both cell lines. There was significant decrease in 

CUE with the addition of the PDA coating as compared to the 

uncoated NPs for both cell lines. Specifically, for RAW 264.7 cells, the 

CUE experienced a decrease of ~11% (50:1 NPs to cell ratio) and of 

~20% (10:1 NPs to cell ratio). For HUVEC cells the decrease in CUE 

was more pronounced since a decrease of ~12% (10:1, NPs to cell 

ratio) and of ~23% (50:1, NPs to cell ratio) was detected. These 

results are in agreement with the protein adsorption studies with 

showed a decrease in the amount of bound plasma proteins 

following coating by PDA. With the decoration of the RBC-Ms, a slight 

further decrease in CUE was observed for RAW 264.7 cells at all the 

studied ratios. Importantly, for HUVEC cells, a significant decrease of 

the CUE (~11%) was detected for the highest studied NP to cells ratio. 

Thus, these results are in agreement with the protein adsorption 

studies and show how, although slight, coating with RBC-M renders 

NPs with stealth properties. 

3.4. Evaluation of ROS scavenging properties 

Over time, Hb loses its oxygen-transporting ability due to its auto-

oxidation into non-functional metHb. Inside natural RBCs, Hb’s 

oxidation is prevented by antioxidant systems, including both 

Fig. 5 Evaluation of the stealth properties. Normalized percentage of adsorbed protein 

onto the NPs at different stages of the assembly process following incubation with 

different amounts of fresh human plasma (A). Cell uptake efficiency (CUE) of RAW 264.7 

(i) and HUVEC (ii) cells incubated with fluorescently labelled NPs (B). ***p ≤ 0.0005, 

**** p≤ 0.0001. 
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enzymatic and non-enzymatic mechanisms.18 In this work, the 

antioxidant ability of the PDA coating in terms of minimizing metHb 

conversion is evaluated. While the exact mechanism still remains a 

mystery, PDA has demonstrated excellent protection towards  

oxidation for a range of biomolecules including Hb.30,31,33,34 Since the 

antioxidant properties of PDA coatings are believed to occur by 

means of the free radical scavenging ability resulting from its 

catechol-quinone subunits (Scheme 2), we first evaluated the 

potential of the NPs to scavenge two important ROS (i.e., O2
•− and 

H2O2). For that, the kinetics of the O2
•− depletion by the NPs at the 

different stages of the assembly process (i.e., MOF-NPs, MOFHb-NPs, 

MOFHb/PDA-NPs and MOFHb/M-NPs) were monitored using the WST-

1 assay. With this method, the O2
•− generated from oxygen and 

xanthine in the presence of the enzyme XO oxidizes the WST-1 

reagent to the yellow formazan product which displays a 

characteristic absorbance peak at 438 nm (Fig. 6). Prior conducting 

the kinetics experiments, the concentrations of both XO and 

xanthine were evaluated in order to obtain an optimal Abs signal for 

the oxidized formazan product. Fig. S1A (Supporting Information) 

shows how the amount of XO at the studied range does not have a 

marked effect on the Abs readings. Therefore the lowest XO 

concentration (i.e., 0.05 U mL-1) was selected. In contrast, as shown 

by the Abs readings, xanthine concentration plays an important role 

in the generation of O2
•− (Fig. S1B). Since a concentration of 0.5 mM 

renders Abs readings larger than 1, a 0.1 mM concentration of 

xanthine was selected to evaluate the NPs. Fig. 6A shows the nAbs 

readings due to the formazan product following incubation of O2
•– 

with NPs at different stages of the assembly process for three 

different time intervals (i.e., 15, 30 and 60 min). As expected, bare 

MOF-NPs had no O2
•– scavenging activity as shown by the nAbs 

values of ~100% for the three studied time points. Upon loading Hb 

into the MOF-NPs rendering MOFHb-NPs, a ~32% decrease in nAbs is 

observed after only 15 min of incubation. Lower values of nAbs 

indicate a decreased amount of oxidized formazan, and thus, 

enhanced O2
•– scavenging. Such a decrease in nAbs by the MOFHb-

NPs is not surprising and we attribute it to Hb’s scavenging properties 

which result in its oxidation to metHb.27 Following coating by PDA, a 

further ~20% decrease in nAbs (to ~50%) could be for the three 

studied time intervals. This is in agreement with previous results 

shown by us, and others, where PDA displayed O2
•– scavenging 

properties.27,30,31,33–35,48 Although, due to PDA’s structural complexity, 

the exact mechanism still remains to be elucidated, its scavenging 

properties have been attributed to the ability of O2
•– to interact with 

the catechols and quinones present in PDA.49,50 Specifically, O2
•– is 

able to both reduce the quinones and oxidize the catechols 

generating in both cases semiquinones (Scheme 2B). Finally, upon 

coating with the RBC-Ms, a slight increase of ~10% and ~2% in nAbs 

as compared to MOFHb/PDA-NPs could be detected after 15 and 30 

min of incubation, respectively. However, the nAbs readings went 

back to ~47% after 60 min of incubation. This indicates that the RBC-

M-coating slightly delayed the O2
•– scavenging properties of PDA, but 

it did not compromise its scavenging abilities when given enough 

time to react. We also assessed whether the MOFHb/M-NPs were 

able to sustain multiple rounds of O2
•– scavenging activity. Since we 

expect HBOCs to circulate in the vasculature for long periods, having 

the ability to deplete ROS in a sustained manner would be highly 

beneficial. To evaluate such a feature, the NPs at different stages of 

the assembly process (i.e., MOF-NPs, MOFHb-NPs, MOFHb/PDA-NPs 

and MOFHb/M-NPs) were first incubated in the reaction mixture for 

30 min in Amicon® centrifugal filters, the filtrates were collected and 

the Abs readings due to the formazan product were measured. 

Following several washes, the same samples were incubated again 

with fresh reaction mixture and the Abs readings monitored again. 

This process was repeated for five continuous cycles. Since XO, due 

to its large size (270 kDa), cannot be separated from the reaction 

mixture (see section 2.6.1 for details) thus accumulating in the 

reaction container over the multiple cycles, we first assessed the 

influence of XO onto the Abs of the oxidized formazan product. Fig. 

S1A (Supporting Information) show how the presence of XO, even at 

concentrations that are 10-fold higher than the concentration in the 

first reaction cycle, has a negligible effect on the Abs signal of the 

formazan product. Fig. 6Bi shows the O2
•– scavenging abilities by the 

NPs over multiple cycles. After normalizing to the positive control 

group, the decrease in the nAbs readings indicated a reduction of the 

WST-1 formazan product, corresponding to the possible O2
•– 

scavenging. As expected and as shown in Fig. 6Ai, bare MOF-NPs did 

not promote a decrease in nAbs for the first and second reaction 
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cycles due to their lack of O2
•– scavenging properties. However, a 

nAbs reading of ~114% was detected in the third cycle followed by a 

continuous increase that resulted in a nAbs of ~125% in the last 

round. This indicates that, instead of being depleted, O2
•– was 

generated in the system. We hypothesize that non-coordinated Al3+ 

located in the edge of the MOF-NPs could coordinate with the free 

O2
•– in the system, stabilizing it and prolonging a lifetime which is 

otherwise extremely short in aqueous solution.51 Additionally, the 

non-coordinated sites within the MOF-NPs could also promote the 

transition of electrons accelerating the reduction rate of oxygen to 

produce O2
•–.52 Nevertheless, the reason for this ascending catalytic 

activity needs further exploration. Following encapsulation of Hb 

generating MOFHb-NPs, a ~60% decrease in nAbs was observed for 

the first cycle as a result of the O2
•– scavenging properties of oxy-Hb. 

However, these activity was lost in the second cycle followed by a 

dramatic increase in nAbs for the subsequent third (~150%), fourth 

(~233%) and fifth (~240%) cycles. We attribute this generation of O2
•– 

to the subsequent oxidation of Hb not only into metHb (Fe3+) but also 

into ferryl Hb (Fe4+).18,53 The protection of PDA resulted in a ~60% 

decrease in nAbs for the first cycle and this activity was almost 

completely lost in the second cycle with a ~93% in nAbs. However, 

the subsequent reaction cycles also resulted in an increase in the 

nAbs readings although to a lesser extent that for the uncoated 

MOFHb-NPs. Specifically, the nAbs readings for MOFHb/PDA-NPs were 

~123%, ~193% and ~212% for the third, fourth and fifth cycle, 

respectively. This indicates that PDA coating could accelerate the 

O2
•– scavenging activity, which could be observed after normalizing 

the Abs readings to the MOFHb-NPs group for each cycle (Fig. 6Bii). 

Next, following surface modification with RBC-Ms, MOFHb/M-NPs 

displayed a similar tendency and slightly enhanced O2
•– scavenging 

activity as compared to MOFHb/PDA-NPs, which could be attributed 

to the consumption of O2
•– for oxidization of proteins embedded 

within the RBC-Ms.54  

Since the depletion of O2
•– results in the production of H2O2, which 

is another harmful ROS, we next evaluated the NPs ability to 

decompose H2O2 into non-toxic oxygen and water. To do so, we 

employed the Amplex Red assay where H2O2 acts as a co-substrate 

for its oxidation into fluorescent resorufin in the presence of HRP (Fig. 

7). Fig. 7A shows the nMFI readings due to the resorufin product 

upon incubating the NPs at the different stages of the assembly 

process (i.e., MOF-NPs, MOFHb-NPs, MOFHb/PDA-NPs and MOFHb/M-

NPs) with H2O2, HRP and Amplex Red for three different time 

intervals (i.e., 15, 30 and 60 min). As expected, the bare MOF-NPs did 

not promote any decrease in nMFI while, following loading with Hb, 

a ~60% decrease in nMFI was observed after only 15 min of 

incubation. This shows how Hb can react with additional ROS such as 

H2O2. Such a reaction was time dependent since ~90% of the H2O2 

was depleted after 60 min. Following coating with PDA, the 

MOFHb/PDA-NPs exhibited stronger H2O2 scavenging properties and 

~96% H2O2 was already depleted after only 15 min, highlighting again 

its antioxidant properties. Finally, coating with RBC-Ms did not 

compromise the H2O2 scavenging ability of MOFHb/M-NPs, showing 

~98% H2O2 depletion for the three studied time intervals. We also 

assessed the ability of the NPs to deplete H2O2 over multiple cycles. 

Fig. 7B shows the results of five subsequent cycles of H2O2 

scavenging. Bare MOF-NPs, in agreement with Fig. 7A, exhibited no 

H2O2 scavenging ability with nMFI values of ~100% for the five 

different cycles. After encapsulating Hb, ~95% H2O2 was depleted by 

MOFHb-NPs already in the first cycle. However, a reduction in the 

MOFHb-NPs scavenging ability towards H2O2 was observed for the 

subsequent cycles with a ~42% reduction in nMFI after the five 

cycles. We attribute this decline in H2O2 scavenging ability to the 

oxidation of Hb into metHb thus leaving less active Hb able to react 

with H2O2 in the subsequent cycles. Importantly, after coating with 

PDA, the MOFHb/PDA-NPs displayed a similar H2O2 scavenging activity 

with ~92% H2O2 depletion for the five cycles. This highlights the 

potential of the PDA coating to deplete ROS in a sustained manner 
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and, importantly, the coating with RBC-Ms did not affect the 

scavenging properties of PDA towards H2O2. 

We next aimed at investigating whether the O2
•– and H2O2 

scavenging properties rendered by the PDA coating translated into 

antioxidant protection towards metHb conversion. For that, the 

characteristic Soret peak of oxy-Hb was monitored over time 

following incubation with the two studied ROS (i.e., O2
•– and H2O2) 

(Fig. 8A). Fig. 8Ai shows how Hb within MOFHb-NPs was quickly 

oxidized upon exposure to O2
•– since, a ~40% reduction in oxy-Hb 

content, was detected after only 1 min of incubation. A ~3% 

additional reduction was observed in the next 9 min. In contrast, for 

the MOFHb/PDA-NPs only a ~23% reduction in oxy-Hb could be 

detected after the 10 min incubation period thus indicating that the 

O2
•– scavenging properties rendered by the PDA coatings translated 

into antioxidant protection for the cargo (i.e., Hb). Upon coating with 

the RBC-Ms, the reduction in oxy-Hb content was even lower, with 

only a ~11% reduction after 10 min of incubation. We attribute this 

enhanced antioxidant protection by the RBC-Ms to the presence of 

antioxidants (e.g., catalase and glutathione peroxidase) associated 

with the membrane of native RBCs.55 Fig. 8Aii shows the antioxidant 

protection offered by PDA upon incubation in a solution of H2O2. In 

this case, the antioxidant protection offered by the PDA coating was 

stronger since, for MOFHb/PDA-NPs, only a ~6% reduction in oxy-Hb 

could be observed after 10 min of incubation. Interestingly, a ~14% 

reduction was detected for MOFHb/PDA-NPs after only 1 min 

incubation, after which the Soret peak of oxy-Hb started to return 

over time to only a ~6% reduction after the 10 min. This indicates 

that the oxidized metHb could be reduced back to oxy-Hb by PDA. In 

this case, however, no changes in oxy-Hb conversion could be 

observed following coating by RBC-Ms. Finally, we also evaluated by 

the same method the ability of the PDA coating to offer antioxidant 

protection after storage of the NPs at 4 °C  (Fig. 8B). A continuous 

decrease in the content of oxy-Hb was observed for the MOFHb-NPs 

with a total reduction of ~22% oxy-Hb detected after 14 days. 

Interestingly, following coating by PDA, only a ~4% reduction in oxy-

Hb content could be detected after 7 days of storage. At the end of 

the storage period, a ~9% reduction in oxy-Hb was detected. Upon 

coating with RBC-Ms, the resulting MOFHb/M-NPs showed a 

negligible decrease in oxy-Hb content for the whole study period 

which we also attribute to the natural antioxidant components 

present in RBCs that remained in the membranes following 

extraction. Thus, all in all, these results highlight how the ROS 

scavenging properties of PDA translate into antioxidant protection 

for the encapsulated cargo.  

3.5. Cell studies  

3.5.1. Cell viability. The biocompatibility of the NPs at different 

stages of the assembly process (i.e., MOF-NPs, MOFHb-NPs, 

MOFHb/PDA-NPs and MOFHb/M-NPs) was evaluated in terms of in 

vitro cell viability. Fig. 9 shows the nCV readings for the NPs at the 

different stages of the assembly process (i.e., MOF-NPs, MOFHb-NPs, 

MOFHb/PDA-NPs and MOFHb/M-NPs) incubated at increasing 

concentrations (expressed as NPs to cells ratios) for 4 h and for the 

two cell lines. For RAW 264.7 cells, no significant decrease in nCV 

could be detected for empty MOF-NPs at all the studied ratios. Upon  
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loading with Hb, a similar result was observed. An exception was Hb-

loaded MOFHb-NPs at the ratio of 50:1 (NPs:cells) where a significant 

decrease to ~92% in nCV was detected. However, increasing 

numbers of MOFHb-NPs (i.e., ratios of 100 and 500) did not result in 

a significant nCV reduction. With the addition of the PDA layer, an 

increase in nCV as compared to the MOF-NPs was observed for all 

the studied ratios. However, such an increase was only significant at 

the 500:1 ratio with a nCV of ~124%. This is not surprising since we, 

and others, have previously reported enhanced cell proliferation for 

PDA coatings.35,56–58 Such an effect was lost upon coating by the RBC-

Ms. Very similar results in nCV readings were also observed for 

HUVEC cells (Fig. 9B). No significant change in nCV could be detected 

after incubation of the NPs at the different stages of the assembly 

process for the different studied ratios. Enhanced nCV readings were 

also observed following coating with PDA, however in this case, such 

an increase was not significant.  

3.5.2. ROS scavenging properties in the presence of cells. Since 

HBOCs are envisioned to deplete the ROS in the body, we next 

evaluated the ability of the NPs to remove O2
•– and H2O2 in the 

presence of RAW 264.7 cells. Despite this being an important aspect, 

very few published reports have taken into consideration the   

biological milieu to assess the antioxidant properties of HBOCs.27 Fig. 

10 shows the O2
•– and H2O2 scavenging properties of the NPs at 

different stages of the assembly process (i.e., MOF-NPs, MOFHb-NPs, 

MOFHb/PDA-NPs and MOFHb/M-NPs) using the WST-1 and Amplex 

Red assays, respectively. For the O2
•– scavenging properties, the cells 

were incubated with a suspension of different NPs containing 

xanthine, XO and the WST-1 reagent. As shown in section 3.4, this 

assay relies on the production of O2
•– from O2 and xanthine in the 

presence of XO. The generated O2
•– has the ability to oxidize the 

WST-1 reagent into its formazan product which has a characteristic 

Abs at 438 nm. Fig. 10Ai shows how empty MOF-NPs showed barely 

any O2
•– depletion capacity since only a slight decrease in nAbs was 

detected. Upon loading with Hb, the resulting MOFHb-NPs promoted 

~35% decrease in nAbs which we attribute to the oxidation of Hb into 

metHb. Further coating with PDA did not promote an additional 

decrease in nAbs as it would have been expected from the results 

showed in Fig. 6A.  Within PDA, three species with different redox 

states co-exist, namely, PDA-catechol (reduced state), PDA-quinone 

(oxidized state) and PDA-semiquinone (intermediate state) (Scheme 

2A). 59 Both PDA-catechol and PDA-quinone can capture the O2
•– and 

form the intermediate PDA-semiquinone by reversible redox 

reactions, which indicates that PDA can act both as electron receptor 

and donor to eliminate the oxidant in the system.59 Thus we 

hypothesize that the comparable O2
•– depletion by MOFHb-NPs, 

MOFHb/PDA-NPs in the presence of cells may be due to a 

combination of potential ROS generated by the cells and the 

complicated counterbalance of oxidation and reduction of ROS by 

the PDA coating. Importantly, no reduction in nCV was detected after 

conducting the O2
•– scavenging reaction corroborating again the 

absence of inherent cytotoxicity for this new type of HBOCs (Fig. 

10Aii). The Amplex Red probe which can be oxidised into fluorescent 

Fig. 10. ROS scavenging in the presence of cells. A) The superoxide radical anion (O2
•–) 

which is able to oxidize the WST-1 reagent into the yellow formazan product, is 

generated by the xanthine/xanthine oxidase (XO) system. The NPs at the different 

stages of the assembly process can convert O2
•– into O2 and hydrogen peroxide (H2O2) 

which will result in a decrease of the normalized absorbance (nAbs) of the formazan 

product. i) nAbs readings of the different NPs incubated for 60 min in the presence of 

RAW 264.7 cells. ii) Normalized cell viability (nCV) readings of RAW 264.7 after the 

scavenging of O2
•–. B) H2O2, in the presence of the horseradish peroxidase (HRP) 

enzyme, has the ability to oxidize the Amplex Red probe into the fluorescent resorufin 

product. The NPs at the different stages of the assembly process can promote the 

disproportionation of H2O2 into O2 and H2O. i) Normalized mean fluorescence intensity 

(nMFI) readings of the different NPs incubated for 60 min in the presence of RAW 264.7 

cells. ii) Normalized cell viability (nCV) readings of RAW 264.7 after the scavenging of 

H2O2. Controls: positive (P)-control: cells treated H2O2 or O2
•– assay reagents; negative 

(N)-control: cells untreated with H2O2 or XO.  
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resorufin by H2O2 and HRP, was also used to assess the scavenging 

potential of the NPs towards H2O2 in the presence of cells (Fig. 10Bi). 

In this case, MOFHb-NPs, MOFHb/PDA-NPs and MOFHb/M-NPs showed 

an important H2O2 scavenging ability with ~90% reduction in nMFI. 

No differences in nMFI could be observed following coating by PDA 

which could be due to the absence of H2O2 since most of it had been 

already depleted by the MOFHb-NPs. Additionally, H2O2 can 

penetrate freely through cell membranes, meaning that less H2O2 

was available to react with the NPs.60 Importantly, negligible toxicity 

was detected following this ROS-scavenging study (Fig. 10Bii). Thus, 

all in all, these results combined show that the as-prepared 

MOFHb/M-NPs can successfully scavenge H2O2 and O2
•–

 in the 

presence of cells, without showing any consequential toxicity.  

4. Conclusion 

In this work, we have further optimized and characterized a novel 

type of HBOCs consisting of MOF-NPs loaded with Hb. The resulting 

MOFHb-NPs display similar oxygen-binding and releasing properties 

than free Hb. By means of a RBC-M-coating, the MOFHb/M-NPs had 

the ability to repel the adsorption of plasma proteins highlighting 

their stealth properties. Prior functionalization with the RBC-Ms, an 

antioxidant PDA layer was introduced. MOFHb/M-NPs were able to 

scavenge both O2
•– and H2O2 which are two prominent ROS. Such 

scavenging properties were demonstrated in a test tube but also in  

the presence of macrophages and endothelial cells, which are two 

cell lines relevant in this context. Finally, the antioxidant properties 

rendered by the PDA-coating translated in minimal conversion of Hb 

into non-functional metHb. Thus, with this thorough evaluation, our 

MOFHb/M-NPs are a step closer to clinical translation. 
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