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Abstract

Transfusion of donor red blood cells (RBCs) is a crucial methodology required for the treatment
of acute trauma, anaemia or for surgical procedures. Due to the many limitations of donor blood,
numerous strategies have been explored to develop haemoglobin (Hb)-based oxygen carriers to be
used as oxygen delivery systems. However, since free Hb suffers from a lack of stability and short
circulation times in blood, an encapsulation platform is needed. Herein, we entrap Hb within a
type of metal organic framework (MOF)-based nanoparticles (MOF-NPs). By doing so, Hb is
protected from misfolding and denaturation, which is a crucial aspect to preserve its excellent
oxygen binding and releasing properties. Furthermore, the porous structure of MOF-NPs allows
for the diffusion of small molecules (i.e., oxygen) in and out of the system. Our results show that
the Hb-loaded MOF-NPs (MOFH-NPs) are monodisperse and show a small hydrodynamic

diameter of ~220 nm. Importantly, the structure and functionality of encapsulated Hb are well
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preserved. To achieve long circulation in the blood stream, we functionalize MOFH*-NPs with
naturally derived RBC-membranes and compared the stealth properties of the membrane-coated
MOFHP-NPs to our previously reported PEGylation strategy. Protein adsorption and cell uptake
studies demonstrate that both coatings are able to significantly decrease the adsorption of proteins
and also diminish their uptake by macrophages and endothelial cells. Furthermore, both types of
coatings render MOFH"®-NPs with good biocompatibility and oxygen binding and releasing
properties. Overall, this study presents a novel oxygen carrier system which might find

applications as a blood surrogate.

1. Introduction

Transfusion of packed red blood cells (RBCs) is a crucial clinical procedure widely applied
during surgery, natural or man-made disasters (e.g., plane crashes, earthquakes) or battlefield
wounds.! Additionally, RBCs transfusions are also required for the treatment of anaemia,
haemoglobin (Hb) disorders or for patients receiving antitumor therapy.>® However, the
transfusion of donor RBCs often encounters several difficulties which include risk of bacterial or
virus transmission (e.g., HIV, hepatitis or malaria), severe shortage of blood inventory due to
RBCs short half-life or logistical constraints. Furthermore, despite rigorous typing and cross
matching, mismatched transfusions still occur. Therefore, the development of blood surrogates
free from the abovementioned risks has attracted a great deal of attention in the fields of

biotechnology and biomedicine.

Being Hb the main component of RBCs, accounting for their high oxygen-carrying capacity, a
lot of effort has been devoted to the development of Hb-based oxygen carriers (HBOCs). However,
despite Hb’s excellent ability to transport and transfer oxygen and re-stablish oxygen homeostasis
in tissues, free Hb molecules cannot be administered as blood substitutes. Outside RBCs, the Hb
tetramer breaks down into dimers, which results in short circulation times but also in severe

adverse effects including renal toxicity, vasoconstriction and haemorrhagic lesions.*>

Therefore, in recent years, several strategies for encapsulating Hb within different platforms
have been explored. Such approaches could provide a suitable environment to maintain Hb’s

functionality while, at the same time, preventing the dissociation of the Hb tetramer. Among
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others, Hb has been encapsulated within liposomes,®’ polymersomes® or polymer particles.®!°
However, despite the tremendous progress achieved, it is still a challenge to entrap Hb within a
well-defined structure preserving its secondary structure while also enabling the free diffusion of
small molecules (i.e., oxygen but also small reducing agents) in an out of the system. Furthermore,
difficulties in prolonging their circulation times in the bloodstream are also hampering the

transition of these Hb encapsulating platforms into the clinic.!!

Metal-organic frameworks (MOFs), which consist of metal ions or clusters connected by organic
linkers, are new type of self-assembled materials displaying several unique properties.'>"'4 They
feature well-defined, crystalline pore structures with large surface areas and structural flexibility,
since they can be fine-tuned by the right choice of organic linkers and metallic compounds.
Recently, MOF-based nanoparticles (MOF-NPs), have been widely employed for biomedical
applications!>~!7 as a result of their ability to encapsulate different types of biomolecules including
vaccines,'® enzymes!®? and DNA.?2! MOF-NPs are also particularly well suited to construct
HBOC:s. Due to their high void space, they make it possible to encapsulate large amounts of cargo
(i.e., Hb) which is required to fulfil the high demands of oxygen transport. Additionally, Hb’s
secondary structure will be preserved since, by matching the pore size, they allow to encapsulate
single Hb molecules within predefined cavities. This is an important aspect since, misfolding or

denaturation, will alter Hb’s excellent oxygen binding and releasing properties. Moreover, MOF-

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

NPs also facilitate the selective transport of small molecules (i.e., O, but also reducing agents
present in plasma) through the protective porous coating. Due to these advantages, Hb has been
recently conjugated onto the surface of MOF-NPs by post-modification?? and encapsulated within
the cages of the so-called zeolitic imidazole framework-8 MOF-NPs.!! Herein, we employ the
water-stable porous coordination network (PCN)-333(Al) MOF which is based on trivalent metal
species (i.e., AI*") and exhibits one of the highest void volumes and largest cages.?® Taking into
account Hb’s large size (6 x 6 x 5 nm),?* PCN-333(Al) is one of the few reported MOFs that can

act as single-molecule traps for Hb, thus minimizing Hb’s aggregation and leaching.?

Since biological RBCs can survive for up to 120 days within the blood stream,?’ achieving long
in vivo circulation times is another key feature when developing oxygen-carriers. Once in the
blood stream, uptake by the mononuclear phagocyte system (MPS) is one of the major hurdles that

almost all intravenously administered carriers need to overcome.?62” The functionalization of
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nanosized carriers with polyethylene glycol (PEG), is currently considered the gold standard
approach to extend their circulation lifetimes. However, PEG immunogenicity is an increasingly
recognized issue. The administration of PEGylated drugs or nanoparticles can lead to the
production of anti-PEG antibodies, their subsequent recognition by the MPS in the spleen and liver
and their following clearance from the circulation.?® Thus, alternatives to PEGylation to prolong

the nanocarriers circulation time are highly sought after.?8-2°

Biological RBCs are nature’s long-circulating vehicles, and their limited immune cell clearance
1s mainly governed by their cell membranes where a collection of “self-marker” biomolecules are
embedded into their lipid bilayer.3%3! Thus, a powerful emerging strategy to improve
biocompatibility by reducing immunogenicity, is the coating of the nanocarriers by cellular
membranes extracted from biological RBCs.3>33 Thus, in this work, we i) encapsulate Hb within
PCN-333(Al) MOF-based NPs and evaluate the preservation of Hb’s structure and functionality,
i1) camouflage the resulting Hb-loaded MOF-NPs with biomimetic and naturally derived RBC-
membranes (RBC-Ms), iii) evaluate the stealth properties of the RBC-M coating in terms of protein
adsorption and cell uptake studies, iv) compare the RBC-M coating to our previously reported
PEGylation strategy and, finally, v) confirm preservation oxygen-binding and releasing properties
of the coated Hb-loaded MOF-NPs. With such a study, we hope to provide a new kind of oxygen
carriers with a high Hb loading capacity and potential long in vivo circulation to fulfil the demand

of oxygen supply in biomedical applications.
2. Materials and methods
2.1. Materials

Fresh bovine blood (Product No. 77667) was obtained from SSI Diagnostica A/S (Hillerad,
Denmark). Human blood was withdrawn from healthy donors in DTU-Health Technology at
University of Denmark (Kongens Lyngby, Denmark). The blood withdrawing was performed in
accordance with the guidelines from the Regional Research Ethics Committees for the Capital

Region of Denmark. All donors provided their informed consent to participate prior collection of
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blood samples. All the operators received appropriate training before the handling of biological

materials used in this study.

Sodium chloride (NaCl), toluene, acetone, dopamine (DA), N,N’-Dimethylformamide (DMF),
aluminum chloride hexahydrate (AICl;6H,0), trifluoroacetic acid (TFA), poly-L-lysine (PLL)
(Mw 15 - 30 kDa), 4-(2-hydroxyethyl) piperazine-1-ethane-sulfonic acid (HEPES), HEPES buffer
solution (1M, isotonic), phosphate buffered saline (PBS), biotin-N-hydroxysuccinimide (biotin-
NHS), streptavidin, bovine serum albumin (BSA), fluorescein isothiocyanate (FITC), FITC-
labelled immunoglobulin G (IgG-FITC), sodium dithionite (SDT), Dulbecco’s Modified Eagle’s
Medium-high glucose (DMEM D5796), penicillin/streptomycin, fetal bovine serum (FBS), trypsin
and the human umbilical vein endothelial cell line (HUVEC) were purchased from Merck Life
Science A/S (Seborg, Denmark). Polycarbonate porous membrane (1 um) was purchased from GE
Healthcare Life Sciences (Brondby, Denmark).
1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD) was purchased from
Invitrogen A/S (Taastrup, Denmark). 4,4°,4°’-s-triazine-2,4,6-triyl-tribenzoic acid (H;TATB) was
purchased from ChemScene LLC (Monmouth Junction, NJ, USA). a-Methoxy-w-carboxylic acid
succinimidyl ester poly(ethylene glycol) (MeO-PEG-NHS, Mwpgg = 2000 Da) was purchased
from Iris Biotech GmbH (Marktredwitz, Germany). Endothelial Cell Medium (ECM) Kit
supplemented with 5% FBS and 1% endothelial cell growth supplements was purchased from

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

Innoprot (Derio-Biskaia, Spain). 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).

HEPES buffer is composed of 10 mM HEPES (pH 7.4 and pH 8.5) and was prepared with
ultrapure water (Milli-Q (MQ), gradient A 10 system, TOC < 4 ppb, resistance 18 MV cm, EMD
Millipore, USA). HEPES buffer at pH 7.4 was used in all the studies, unless otherwise clarified.
The prepared HEPES buffer solutions were used in all the studies except when working with cells

were an isotonic HEPES buffer solution from Merck Life Science was used.

BSA was fluorescently labelled with FITC (BSA-FITC) as previously reported.’® Briefly, a
FITC solution (3.7 mg in 300 uL DMSO) was added to a BSA solution (30 mg in 6 mL 0.05 M
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NaHCOs;, pH 10) in a dropwise fashion. After overnight incubation at room temperature (RT), the
excess of FITC was thoroughly removed by dialysis against MQ water for two days. The collected
solution was freeze-dried for future use. Hb was fluorescently labelled with FITC (Hb-FITC)

following the same aforementioned protocol.

Poly(L-lysine (15-30 kDa))-graft[2.0]-poly(ethylene glycol (2 kDa)) (PLL-g-PEG) was
synthetized following a reported procedure.’’ Briefly, a MeO-PEG-NHS solution (0.038 mmol in
4 mL cold HEPES) was added to a PLL solution (0.143 mmol in 500 pL cold HEPES). The
reaction was allowed to proceed for 4 h at 4 °C under constant stirring. Finally, the reaction mixture
was dialyzed for 2 days against MQ water followed by freeze-drying. The NMR analysis showed
a PEG grafting ratio of 50%, indicating that 50% of the lysine monomers were modified with PEG.
(Figure S1, Supporting Information).

2.2. Hb extraction from bovine blood

Hb was extracted from fresh bovine blood by hypotonic haemolysis following a previous
study.3® Briefly, bovine RBCs were washed with an isotonic saline solution, i.e., 0.9% NaCl (3 x,
15 min, 1500 g). Next, the bovine RBCs were mixed with MQ water and toluene at a 1:1:0.4 ratio.
Following thorough vortexing, the suspension was stored overnight at 4 °C. The suspension was
then spun down (20 min, 8000 g) and, following filtration through ash-free filtration paper, the

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

2.3. Preparation and characterization of Hb-loaded MOF-NPs (MOFHP-NPs)

2.3.1. Preparation of MOF-NPs. 12 mL of an AICl;'6H,0 solution (3 mg mL™! in DMF), 12 mL
of a H;TATB solution (1 mg mL™!' in DMF) and 40 uL. TFA (HPLC grade, purity > 99%), were
mixed and incubated at 95 °C for 24 h. The resulting MOF-NPs were collected and washed in
DMF (3 %, 20 min, 15 000 g), acetone (3 %, 20 min, 15 000 g) and dried in a vacuum oven for

future use.

2.3.2. Preparation of MOF"P-NPs. The extracted bovine Hb was dissolved in MQ water at a
concentration of 100 mg mL-!. Next, the MOF-NPs were re-suspended in MQ water at a
concentration of 1 mg mL!. Different amounts (i.e., 2, 5, 10, 20, 30, 40 and 60 uL) of Hb solutions

at the concentration of 100 mg mL-' were added to 1 mL of the MOF-NPs suspension under
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continuous magnetic stirring at 800 rpm for 2 h. Finally, the samples were collected and washed
in MQ water (3 %, 20 min, 15 000 g). The Hb entrapment efficiency (EE) and drug loading (DL)
were determined using a BCA assay. The EE was calculated as follows: % EE = (encapsulated Hb
amount / initial amount of Hb) x 100. The DL was calculated as follows: % DL = (encapsulated
Hb amount / total amount of MOFHP-NPs) x 100. The MOFHP-NPs with the optimal EE and DL

were chosen for the following studies.

2.3.3. Characterization of MOFHP-NPs. 2.3.3.1. Morphology and zeta ({)-potentials. The (-
potentials of the MOFH®-NPs prepared with different initial Hb amounts were determined using a

Zetasizer nano ZS instrument (Malvern Instruments Ltd., UK).

Scanning electron microscopy (SEM, Hitachi High-Tech HITACHI, USA) was employed to
evaluate the morphology of both MOF-NPs and MOFHP-NPs with the optimal EE and DL. A drop
of test sample was dried on a glass slide and mounted on a metal stub with double-sided adhesive
tape. Next, the samples were coated under vacuum with gold prior to observation (Sputter Coater

208 HR, Cressington Scientific, UK). The samples were imaged at an operating voltage of 15 keV.

2.3.3.2. Fourier-transform infrared (FTIR) spectroscopy. FTIR analysis was performed using a
Perkin Elmer Spectrum 100 FT-IR spectrometer (Perkin Elmer Inc., Wellesley, MA) under
ambient conditions. The spectra were collected with a resolution of 4 cm! within the wavelength

range of 400 to 4000 cm’!. Five scans per sample were measured.

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

2.3.3.3. UV-vis spectra of oxygenation and deoxygenation of Hb. The UV-Vis spectra of fresh Hb
and MOFHP-NPs dissolved/suspended in HEPES buffer were measured on a UV-2600 UV-vis
Spectrophotometer (Shimadzu, Japan) in the wavelength range of 350 - 650 nm. The deoxygenated
Hb (deoxy-Hb) was obtained by purging the test sample with nitrogen gas (N,) for 10 min followed
by recording the UV-vis spectrum.

2.4. Stability over time

The size stability of MOF-NPs and MOFHP-NPs stored at 4 °C was determined measuring the
hydrodynamic diameter by dynamic light scattering (DLS) using the Zetasizer nano ZS instrument
at pre-designed time intervals (i.e. 1, 3, 5, 7, 10 and 14 days). The release behaviour of Hb from
the MOFMP-NPs was also studied at 4 °C. For that, aliquots of 1 mg mL! suspensions of MOF*b-
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NPs were prepared and stored at 4 °C. At each pre-defined time point, 3 aliquots were taken out
and the released amount of Hb in the supernatant following centrifugation (10 min, 15 000 g) was

evaluated using a BCA assay.
2.5. Surface modification with stealth coatings

2.5.1. Polydopamine (PDA) coating. The as-prepared MOFH’-NPs (fabricated from 1 mg MOF-
NPs as starting material) were re-suspended in 0.5 mL HEPES buffer (pH 8.5) and mixed with 0.5
mL of a DA solution (10 mg mL-! in HEPES buffer, pH 8.5).3%4° The mixture was rotated for 4 h
at the speed of 40 rpm at RT followed by washing in MQ water (2 x, 10 min, 15 000 g) to obtain
PDA coated MOFHP-NPs (MOF'Y/PDA-NPs).

2.5.2. PEGylation. To obtain PEGylated carriers (MOFHY/PEG-NPs), MOF!H/PDA-NPs
(prepared from 1 mg of MOF-NPs as starting material) were re-suspended in 0.5 mL HEPES buffer
and mixed with 0.5 mL of a PLL-g-PEG solution (2 mg mL-! in HEPES buffer). The mixture was
rotated for 1 h at the speed of 40 rpm at RT followed by washing with HEPES buffer (2 x, 20 min,
15 000 g). The polydispersity index (PDI) and {-potentials of the different NPs (i.e., MOF-NPs,
MOFH-NPs, MOF!/PDA-NPs and MOFHY/PEG-NPs) were determined employing the Zetasizer

nano ZS instrument.

2.5.3. RBC-M coating. 2.5.3.1. Extraction of RBC-Ms from human blood. The RBC-M were
isolated from human blood according to a previous study.’> Whole human blood was freshly
collected from healthy donors. The whole blood was then spun down (10 min, 1500 g, 4 °C) to
remove the serum and the buffy coat and the resulting RBCs were then washed in ice-cold PBS (3
X, 15 min, 1500 g). The washed RBCs were then subjected to a hypotonic medium treatment
(PBS:MQ at a 1:4 v/v ratio on ice bath, 30 min) for haemolysis at a 1:10 volume ratio to remove
the intracellular contents. The supernatant was subsequently spun down (4 %, 20 min, 15 000 g at

4 °C) and the light-pink RBC ghost pellets were collected.

2.5.3.2. Coating with RBC-Ms. RBC-M-coated NPs (MOF"®/M-NPs) were prepared by mixing
either MOFH*-NPs or MOFH*/PDA-NPs (prepared from 1 mg of MOF-NPs as starting material
and suspended in 1 mL of HEPES buffer) with RBC-Ms extracted from 400 pL blood. The mixture

was sonicated for 10 s (70% amplitude, 1s/ 1s) on an ice bath followed by extrusion through 1 pm
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polycarbonate porous membrane to facilitate membrane fusion. An Avanti® Mini-Extruder
(Avanti Polar Lipids, Inc., AL, USA) was used. Finally, the coated MOFH°/M-NPs were washed
with HEPES buffer solution (3 %, 20 min, 15 000 g).

2.5.3.3. Evaluation of the RBC-M coating. The RBC-M coating of MOFH-NPs or MOF!b/PDA -
NPs was evaluated by fluorescence intensity measurements. To do that, the extracted RBC-Ms
were first labelled with a lipophilic far-red fluorescent dye DiD (excitation/emission = 644/665
nm) by adding 10 pL of the DiD fluorophore (1 mg mL-! in DMSO) to 1 mL of a RBC-M
suspension. The fluorescently labelled RBC-Ms (RBC-MF) were used to coat both MOFHP-NPs
and MOFHY/PDA-NPs following the same procedure as described in section 2.5.3.2. The samples
were next analysed by measuring the normalized mean fluorescence intensity (nMFI) by flow
cytometry (BD Biosciences, Sparks, MD, USA). While untreated MOF"*-NPs and MOF"°/PDA -
NPs were used as controls, the physical mixtures of MOF"°-NPs and MOF"/PDA-NPs with RBC-
MF, respectively, without sonication and extrusion treatment, were also evaluated by flow

cytometry. Each condition was evaluated in at least two independent experiments.

A RBC-M coverage assay was also conducted to identify the amount of RBC-M promoting full
coverage of the MOF"/PDA-NPs. For that, biotin (BT)-labelled MOF"/PDA-NPs (MOF""/BT-
NPs) were prepared. Specifically, 200 uL of biotin-NHS (BT-NHS, 20 mg mL-!' in DMSO) were
added to MOFH*/PDA-NPs (prepared from 12 mg of MOF-NPs as starting material re-suspended
in 12 mL of HEPES buffer). The BT-NHS esters reacted with amines on the PDA coating layer

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

forming amide bonds and releasing the NHS groups. After reaction for 1 h at RT, the un-bound
BT-NHS was removed by washing with HEPES buffer (3 x, 10 min, 15 000 g). Next, the BT-
labelled MOFHY/BT-NPs (prepared from 1 mg mL-' of MOF-NPs in HEPES as the starting
material) were incubated with varying amounts of RBC-Ms (i.e., extracted from 17, 25, 50, 100,
200 and 400 pL of whole blood). The RBC-M coverage depending on the amount of added RBC-
Ms, was evaluated by incubating 0.5 mL of coated MOFHY/BT/M-NPs (prepared from 1 mg mL"!
of MOF-NPs in HEPES as the starting material) with 4 pL of streptavidin (Strep) solution (1 mg
mL! in HEPES) for 30 min. Particle aggregation induced by Strep—BT interactions was monitored
by DLS using the Zetasizer nano ZS instrument. As controls, the corresponding RBC-M coated
MOFM/BT-NPs without Strep addition were considered. Each condition was evaluated in at least

two independent experiments.
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2.6. Evaluation of the stealth coatings

2.6.1. Protein adsorption studies. The stealth properties depending on the surface coatings (i.e.,
PDA, PEG and RBC-M) were assessed in terms of protein adsorption. Suspensions of
MOFHY/PDA-NPs, MOF"/PEG-NPs and MOF"/M-NPs displaying ~100 000 events uL! (as
measured by flow cytometry), were incubated in 200 puL of an IgG-FITC or BSA-FITC solution
(0.5 mg mL! in HEPES) at 37 °C for 4 h under constant shaking using a thermo-shaker (Grant
Bio PHMT-PSC18 thermo-shaker, Grant Instruments Ltd, United Kingdom) at the speed of 1400
rpm. After the incubation time, the samples were washed in HEPES (2 %, 5 min, 15 000 g) to
remove the unbound proteins. The MFI due to the adsorbed proteins onto the NPs was analysed
by flow cytometry (excitation/emission = 488/530 nm). At least 20 000 events were analysed in

two independent experiments.

2.6.2. Cell uptake studies. 2.6.2.1. Cell culture. DMEM cell culture medium supplemented with
10 % (v/v) FBS, 1 % (v/v) penicillin/streptomycin (10 000 U mL-! and 10 pg mL-!, respectively)
was used for culturing the mouse macrophage Raw 264.7 cell line. ECM cell culture medium
supplemented with 5 % (v/v) FBS, 1 % (v/v) penicillin/streptomycin (10 000 U mL-! and 10 pg
mL-!, respectively) and 1 % (v/v) endothelial cell growth supplements was used for culturing the
endothelial HUVEC cell line. All the cells were cultured in T75 flasks in a humidified incubator
with 5 % CO,; supply at 37 °C. The cell media was exchanged 2 - 3 times per week and the cells
were sub-cultured when reaching ~80% confluence. RAW 264.7 cells were detached from the
culture flask using a cell scraper while HUVEC cells were detached by treatment with trypsin.
Both RAW 264.7 and HUVEC cells were re-suspended in fresh cell media and added into new
T75 culture flasks with appropriate amounts (a subcultivation ratio of 1:5 was used for RAW 264.7
cells and a ratio of 1:3 was used for HUVEC cells). Only cells between passages 5 and 18 (for
RAW 264.7) and between passages 3 and 14 (for HUVEC) were used in all experiments.

2.6.2.2. Cell uptake/association. For cell uptake assays, 24-well plates were used and the RAW
264.7 and HUVEC cells were seeded in 1 mL of full cell media at a density of 180 000 and 100
000 cells per well, respectively, and allowed to attach for 24 h. Fluorescently labelled MOFHb-NPs
(MOFHb-FITC.NPs) were prepared using FITC-Hb instead of Hb following the same protocol as
described in section 2.3. Next, fluorescently labelled MOFHY-FITC.NPs MOFH>-FITC/PDA-NPs,

10
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MOFH>-FITC/PEG-NPs or MOFHb-FITC/M-NPs were added to the different wells for 4 h at 37 °C and
5% CO,. A ratio of 100:1 of NPs to cells was used. After incubation, the cells were washed in PBS
(2 %) and detached from the wells employing a cell scrapper (for RAW 264.7) or trypsin (for
HUVEC, 100 pL per well) and then collected by centrifugation (10 min, 300 g). The cell
uptake/association of the different NPs was evaluated by flow cytometry. The cellular uptake
efficiency (CUE), which is determined as the percentage of cells with a mean fluorescence
intensity higher than the auto fluorescence level of the cells, was assessed. Cells alone were used
as controls. At least 5000 events were analysed in each running and each condition was measured
in triplicate. The fluorescence intensity (FI) of the FITC-labelled NPs extracted from the same
amount of cells was measured using a TECAN Spark multimode plate reader (Tecan Group Ltd.,
Maennendorf, Switzerland). In brief, the cells were diluted to the same amounts and then sonicated
in an ice bath for 10 s (70%, 1 s /1 s). The resulting cell fragments were separated from the released
NPs by spinning down the suspension (5 min, 8000 g) at 4 °C. Finally, 200 pL of the supernatants
were transferred to a black 96-well plate and the FI was measured using the plate reader
(excitation/emission = 490 / 525 nm) and normalized (nFT) to the FI of the cells incubated with

MOFHP-FITC_NPs. Each condition was evaluated in at least three independent experiments.
2.7. Biocompatibility studies

2.7.1. Cell viability. The cell viability after the cell uptake study was evaluated in 96-well plates.
Cell densities of 30 000 and 15 000 cells per well for RAW 264.7 and HUVEC cells, respectively,
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in 200 pL of full cell media were employed. After attachment for 24 h, the cells were washed in
PBS (2 %, 200 uL) and 200 pL of the different NPs (i.e., MOF-NPs, MOFH-NPs, MOF!b/PDA -
NPs, MOFH/PEG-NPs and MOFHY/M-NPs) were added to the different wells at the same ratio
used for cell uptake study (i.e., ratio of 100:1 of NPs to cells). After 4 h incubation, the cells were
washed carefully in PBS (3 %, 200 pL) and 100 pL of PrestoBlue solution (10 % v/v in fresh full
cell media) was added to each well. Following incubation for 1 h at 37 °C and 5 % CO,, 95 pL of
each supernatant were transferred to a black 96-well plate and analysed using the plate reader
(excitation/emission = 535 / 615 nm). Cells only were used as the positive control and PrestoBlue
containing cell media only was used as the negative control. The cell viability was calculated as

follows: % cell viability = (experimental value — negative control value) / (positive control value
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— negative control value) x 100. Each condition was evaluated in triplicate in at least two

independent experiments.

2.7.2. Haemolysis rate. The blood compatibility of the NPs depending on the surface coating (i.e.,
MOF-NPs, MOFH-NPs, MOF!/PDA-NPs, MOFH/PEG-NPs and MOFHY/M-NPs) was evaluated
by conducting a haemolysis rate test. First, whole blood collected from healthy donors was washed
as described in section 2.5.3.1. Next, the blood cells collected from 1 mL of whole blood were
suspended in 10 mL isotonic HEPES buffer. Suspensions of the different NPs were incubated with
the diluted blood cells at a ratio of 100:1 (NPs : blood cells) using the thermo-shaker at 250 rpm
for 4 h at 37 °C. After incubation, 200 uL of the suspensions were spun-down (10 min, 1000 g)
and the pellet was collected for morphology observation. For that, the pellets were re-suspended
in isotonic HEPES buffer and imaged using an Axiovert 25 inverted microscope (Carl Zeiss A/S,
Birkered, Denmark). 200 puL of the suspensions were spun down (10 min, 15 000 g), the
supernatants were collected and the absorbance at 540 nm was measured using the plate reader.
Blood cells in MQ water or isotonic HEPES buffer were used as positive and negative controls,
respectively. The haemolysis rate was calculated as follows: % haemolysis rate = (experimental
value — negative control value) / (positive control value — negative control value) x 100. Each

condition was evaluated in at least three independent experiments.
2.8. Functional performance

The oxygenation and deoxygenation of Hb within the different MOF-NPs (i.e., MOFH-NPs,
MOFH/PDA, MOFH/PEG-NPs and MOF'/M-NPs) was evaluated by UV-vis spectroscopy
(using the 600 UV-vis Spectrophotometer) in the wavelength range of 350-650 nm. The NPs were
suspended in HEPES buffer and the UV-vis spectra were recorded. Then, N, was allowed to flow
over the samples containing a pinch of oxygen scavenger SDT for 10 min to obtain NPs loaded
with deoxy-Hb, followed by recording the UV-vis spectrum. Next, the NPs were purged with O,
for 10 min, and NPs loaded with oxy-Hb were obtained and their UV-vis spectra recorded.
Subsequently, the samples were purged with N, and O, and their UV-vis spectra were recorded

again. Samples from at least two independent batches have been measured.

2.9. Statistical analysis
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A Tukey’s multiple comparison test (*p < 0.05; **p < 0.001, ***p < 0.0005, **** p<0.0001) was
employed using GraphPad Prism (8.1.0 (325)) software to assess the statistical differences between
the different conditions. A one-way analysis of variance with a confidence level of 95% (o= 0.005)

was employed.
3. Results and discussion
3.1. Preparation and characterization of MOF-NPs and MOF""-NPs

Water-stable MOFs containing mesocages acting as single molecule traps, show enormous
potential to create HBOCs since they afford the encapsulation of single Hb molecules within
individual cages. Such an approach will avoid the dissociation of the Hb tetramer while also
eliminating Hb’s aggregation preventing it from misfolding and denaturation. This will, in turn,
preserve Hb’s excellent oxygen binding and releasing properties. In particular, PCN-333(Al)
exhibits large cages (5.5 nm) fitting the size of individual Hb molecules (6 x 6 x 5 nm), where the
macromolecules could enter the cages while undergoing a partial conformation change.?34!
Additionally, PCN-333(Al) also displays one of the highest void volumes among the reported
MOFs, which will allow for the encapsulation of the large amounts of Hb required to meet the
high oxygen demands of our body. What is more, PCN-333(Al) also exhibits smaller cages (i.e.,

medium-sized and small cages of 4.2 nm and of 1.1 nm, respectively), that will remain empty, thus
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allowing the diffusion of small compounds (i.e., oxygen but also reducing agents) in and out of

the system.

Nano-sized MOF-NPs with a PCN-333(Al) crystalline structure were prepared and Hb was
incorporated by post-encapsulation to render MOFHP-NPs.23 Bovine Hb, which only requires
chloride ion for native operation, was chosen. This will circumvent the complications of allosteric
effectors such as 2,3-diphosphoglycerate, which are required for the native operation of human
Hb.*?> In order to identify the optimal EE and DL, MOF-NPs were incubated with increasing
amounts of Hb. Figure 1A shows how the EE decreased upon increasing the initial Hb amounts,
ranging from 100% (when incubating 1 mg of MOF-NPs with 0.2 mg of Hb) to 16.3% (when
incubating 1 mg of MOF-NPs with 6 mg of Hb). In contrast, the DL increased upon increasing the
amount of Hb until reaching the maximum loading capacity of ~50% in DL when incubating 1 mg

of MOF-NPs with 2 mg of Hb. Therefore, this input amount was chosen for the preparation of
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MOFM-NPs in the subsequent studies. The {-potential of the MOFH*-NPs upon increasing the
amount of added Hb was also evaluated (Figure 1B). While empty MOF-NPs displayed a negative
{-potential (-10.4 + 0.1 mV) as a result of the unreacted carboxyl groups of H;TATB, an increase
in {-potential could be observed upon increasing the amount of added Hb. A plateau of a {-potential
of ~12.7 £ 0.6 mV was reached upon addition of 3 mg of Hb per 1 mg of MOF-NPs. Due to Hb’s
isoelectric point of 6.8, the Hb molecules are positively charged in a MOF-NPs solution (pH ~5.6,
Table S1 in Supporting Information) which results on positive {-potentials for MOF"-NPs with
a high DL. Both MOF-NPs and MOFHP-NPs at a DL of 50% were imaged by SEM in solution.
Figure 1C shows that both empty MOF-NPs and MOF"*-NPs are monodisperse when re-

suspended in MQ water.

Preservation of Hb’s structure is fundamental for oxygen transport. In this study, Hb was loaded
into MOF-NPs by post-encapsulation, and only mild stirring was used to assist with the loading.
The influence of the processing procedure on Hb’s chemical structure was analysed by FTIR
spectroscopy and, as expected, Figure 2A shows how the FTIR spectra of native Hb and MOF*H®-
NPs are almost identical. The two spectra displayed the characteristic peaks at 1650 cm! and 1534
cm’!, which represent the typical amide I and amide II bands of proteins and indicate that the
chemical structure of Hb was well preserved after being loaded into MOF-NPs. While the amide
I band dominated by the stretching vibrations of the C=0, shows the information of the backbone
conformation and hydrogen bonding; the amide II band derives from in-plane N-H bending and
C-N stretching vibrations. As expected, the amide I and amide II bands were not present in the

spectrum of empty MOF-NPs.

Preservation of Hb’s functionality following encapsulation to create MOFH*-NPs was
demonstrated by UV—vis spectroscopy (Figure 2B). After preparation, MOFH’-NPs exhibited three
main peaks at 414, 541, and 578 nm (solid red line), which are the characteristic absorption peaks
of oxygenated Hb (oxy-Hb) (dashed red line). After purging with N,, the Soret peak shifted from
414 nm to 428 nm, the two peaks at 541 and 578 nm disappeared while the appearance of peak at
564 nm (solid green line); which are the characteristic peaks for deoxy-Hb in its free form (dashed
green line). Such spectral changes following purging with N, confirm the MOF'-NPs ability to

bind and release oxygen, in a similar manner than native Hb.
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3.2. Stability over time

Size stability over prolonged periods of time is an important aspect to consider for storage
purposes when developing nanoparticles for biomedical applications, and it is also a central factor
related to their circulation behaviour in vivo. Therefore, the stability of MOFHP-NPs suspensions
in MQ water stored at 4 °C for up to 14 days was studied by measuring their hydrodynamic
diameter. Figure 3A shows how the size of empty MOF-NPs slightly increased from 170 nm to
200 nm after the whole storage period. In contrast, the size of the loaded MOFM-NPs did not
exhibit any substantial increase (~220 nm) after storage for 14 days. Additionally, both MOF-NPs
and MOFHP-NPs showed good monodispersity with PDI values smaller than 0.2 for the whole
studied period, while a PDI of 0.2 or below indicates acceptable monodisperse NPs for medical
applications.® Since the leakage of Hb from HBOCsS can lead to renal toxicity or vasoconstriction,
amongst others,* Hb’s cumulative release over time was also evaluated. Figure 3B shows an initial
burst release of ~3% of Hb at day 2 with no further release up to 14 days. A total cumulative
release of ~6% could be detected after the whole studied period of 28 days. We hypothesize that
the initial burst release could correspond to a small portion of Hb being physically attached onto
the surface of MOF!P-NPs, instead of being encapsulated. In contrast, we attribute the slower and
more sustained Hb cumulative release of ~3% over the last 14-day period to the dissociation of the

MOFHP-NPs porous structure, which is induced by the coordination between water molecules and
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the metal clusters which results in the distortion of the crystal lattices of the MOF structure.* Such
a slow leakage from the mesoporous MOF-NPs as compared to other reported HBOCs would
result on a pronounced advantage for their in vivo application. As an example, a ~20% Hb release
was detected in less than 8 days for the recently reported Hb-loaded mesoporous silica NPs.*¢
While, on a different study, a burst release ~10% Hb within only two days was recently reported

for a HBOCs consisting of co-precipitated microparticles of Hb and manganese carbonate.*’
3.3. Surface modification with stealth coatings

In order to fulfil the high oxygen demands of our body, successful HBOCs need to achieve long
circulation in the bloodstream. However, any intravenously administered nanocarrier will
unavoidably experience a highly complex environment inherently adept to recognize and eliminate

external elements. Currently, the coating of the nanocarriers with PEG is the gold standard to
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suppress their uptake by the MPS and prolong their blood circulation time.?® However, recent
observations of immunological responses resulting from the formation of anti-PEG antibodies,
have promoted the search for alternatives to PEG. As such, coating with the membranes of RBCs
has recently been proposed as a powerful alternative. By means of a surface makeup involving
“self-marker” proteins but also glycans and acidic sialyl moieties, biological RBCs avoid immune
responses.’'*® Thus, several drug-loaded nanocarriers have been successfully coated by RBC-M
demonstrating extended circulation times.**~>! To develop a long-circulating HBOCs, we coat the
as-prepared MOFH’-NPs with RBC-M and compare this stealth coating to our previously reported
PEGylation strategy.3¢-3

3.3.1. PEGylation. The surface modification of the MOFH’-NPs was assessed by (-potential
measurements. Figure 4 shows a negative (-potential of -17.6 £ 2.0 mV for MOF-NPs which
increased to 13.7 + 1.9 mV following Hb’s encapsulation. Prior functionalization with PLL-g-
PEG, a PDA coating was deposited. While PDA coatings have been previously employed for the
fabrication of several nanocarriers,>?* in this case, such a coating is introduced to facilitate the
incorporation of positively charged PLL-g-PEG by electrostatic interactions. Moreover, PDA has
barely any chemical reaction with Hb’s functional groups. Furthermore, we, and others, have
demonstrated how PDA can minimize Hb’s autoxidation into non-functional metHb.!40->5-58 The
MOFHP-NPs were incubated in a DA solution in basic conditions and, the deposition of PDA to
render MOFH/PDA-NPs, was confirmed by the decrease in {-potential to -20.6 = 0.5 mV. Finally,
incubation in a PLL-g-PEG solution resulted in a (-potential increase to 7.7 £ 0.3 mV thus
rendering PEGylated MOF"*/PEG-NPs. Importantly, no changes in PDI (below 0.2) could be
observed following the different coating steps, thus indicating good colloidal stability for the as-

prepared NPs.

3.3.2. RBC-M coating. Functionalization of nanocarriers with bio-membranes derived from
RBCs, endows the nanocarriers with high biocompatibility, immune-evasion and enables them to
avoid clearance by the MPS due to their native long circulation property.3*>® Thus, RBC-Ms were
extracted from fresh human blood from donors and fluorescently labelled by incubating them with
the lipophilic far-red fluorescent DiD dye. The resulting RBC-MFs were mixed with the MOF*Hb-
NPs followed by sonication and extrusion to obtain membrane-coated and fluorescent MOFH®/MF-

NPs. The association of the RBC-MFs with the MOFH*-NPs was first evaluated by flow cytometry.
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Since the surface charge of the nanocarriers affects the coating with RBC-Ms,® both uncoated
MOFHP-NPs (positively charged) and PDA-coated MOFHY/PDA-NPs (negatively charged) were
considered. As controls, physical mixtures of RBC-MF and the NPs (both MOFM-NPs and
MOFH/PDA-NPs) without sonication and extrusion were considered (Figure 5Ai). The MFI
readings due to the DiD-labelled RBC-Ms were normalized to uncoated MOFH*-NPs. Figure 5Aii
shows a ~56% increase in nMFTI (dark grey bars) when coating bare MOFH°-NPs with RBC-MF.
However, the results were different for PDA-coated MOFH/PDA-NPs, which experienced a
~244% increase in nMFI (dark purple bars) which indicates a positive interaction between the
RBC-MF and the NPs. This result is in agreement with previous reports demonstrating that a
negative surface charge is a major factor facilitating the coating by RBC-Ms.® Importantly, the
physical mixtures of the NPs and RBC-MF resulted on a barely noticeable increase in nMFL
Specifically, a ~20% and ~25% increase in nMFI was observed in the absence (MOF!P-NPs, light
grey bars) and presence (MOFHY/PDA-NPs, light purple bars) of a PDA layer. The MOFH/M-NPs
were also characterized by SEM. MOFH-NPs without a PDA layer shows large aggregates
following coating with RBC-Ms (Figure 5Aiii) as a result of the disturbed RBC-M interaction with
the NPs. In contrast, MOF"™/PDA-NPs coated by RBC-Ms yielded even, spherical and
monodisperse NPs (Figure SAiv). Thus, the flow cytometry results together with the SEM images
indicate that the extracted RBC-Ms can be used to successfully coat MOFHY/PDA-NPs.

Following on, the MOFHY/M-NPs were examined to assess the completeness of the membrane
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coverage by conducting an aggregation assay based on Strep-BT conjugation.®® In this study,
biotinylated NPs (MOF'/BT-NPs) which readily aggregate upon direct exposure to free Step in
solution were prepared (Figure 5Bi). In particular, PDA-coated MOF"*/PDA-NPs were
functionalized with BT-NHS since it reacts in a straight forward manner with the primary amines
of the PDA layer rendering biotinylated MOFH®/BT-NPs. Figure 5Bii shows how, in the absence
of RBC-M, the MOFH/BT-NPs displayed a hydrodynamic size of ~500 nm as shown by DLS
measurements. Upon incubation of MOFHY/BT-NPs with free Strep, the size increased up to ~900
nm, indicating aggregation of the system as a result of the NPs bridging mechanism of the BT-
Strep interaction. We would like to note that the quantitative change of hydrodynamic diameter
following PDA coating (i.e., a hydrodynamic size of ~220 nm and ~500 nm for uncoated MOF*P-
NPs and PDA-coated MOFHY/BT-NPs, respectively) could be misleading. As previously reported,
the black colour produced by PDA coating could adsorb the laser light, thus affecting the accuracy
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of the DLS measurements.®-%2 However, it is still nonetheless possible to qualitatively compare

the size of the different samples since they all have experienced the same PDA coating procedure.

Given that a uniform coating by the RBC-Ms will prevent surface-attached BT from interacting
with Strep, the completeness of RBC-M coating was evaluated using biotinylated MOF!b/BT-NPs
incubated with increasing amounts of RBC-M. Specifically, MOF"*/BT-NPs were mixed with
different amounts of RBC-Ms (i.e., extracted from 17 pL to 400 uL of whole blood per mg of
starting MOF-NPs) followed by sonication and extrusion. The resulting RBC-M-coated
MOFHY/BT/M-NPs where then incubated in a Strep solution and their aggregation (or the lack of)
was assessed by DLS. Figure 5B shows how, for low RBC-M amounts, significant aggregation
was detected (i.e., an increase in size from ~500 nm to ~850 nm for RBC-M extracted from only
17 uL of whole blood). In contrast, for RBC-M amounts extracted from 200 uL of whole blood or
higher, the addition of Strep failed to induce any considerable size increase among the
MOFHY/BT/M-NPs. This blockage of the Strep-induced aggregation indicates that the surfaces of
the MOFHY/BT/M-NPs were fully covered upon mixing with RBC-M extracted from at least 200
pL of blood.

3.3.3. Protein adsorption studies. Recognition and clearance by the MPS, takes place following
accumulation of opsonins onto the carriers surface.®® Thus, the stealth properties of the NPs as a
result of the PEG and RBC-M coatings were first assessed in terms of inhibition of protein
adsorption. IgG and BSA were selected as model proteins since they are two of the most abundant
proteins in blood. While IgG acts as a potent opsonin, albumin is believed to have a dysopsonic
effect. However, albumin can be easily replaced by opsonic proteins.®* The adsorption of
fluorescently labelled BSA-FITC and IgG-FITC onto the different NPs (i.e., MOFHP-NPs,
MOFHY/PDA-NPs, MOFHY/PEG-NPs and MOFHYM-NPs) following 4 h of incubation at 37 °C,
was evaluated by flow cytometry. The results, which were normalized to the MFI of MOFHP-NPs
incubated with BSA-FITC and IgG-FITC, are shown in Figure 6. While coating with PDA
resulted on a ~80% decrease in nMFI for BSA-FITC, only a ~25% decrease was observed for IgG-
FITC. This fact could be attributed to the negative charge rendered by the PDA coating, which
could repel the adsorption of the negatively charged BSA-FITC.% Following PEG coating, a ~80%
and ~79% decrease in nMFI was detected for MOFH®/PEG-NPs in the presence of BSA-FITC and

IgG-FITC, respectively. These results are in agreement with previously reported studies using the
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same PEG-based polymer,36-3%:40:66 confirming again the ability of PLL-g-PEG to act as a steric
barrier hindering the diffusion and adsorption of proteins onto the surface of the nanocarriers.
Coating with RBC-M displayed a similar effect than PEGylation for BSA-FITC since a ~80%
decrease in nMFI was also detected for MOFH*/M-NPs in the presence of that protein. The results
were slightly different for IgG-FITC and a higher decrease in nMFI as compared to the PEGylated
counterparts was observed (i.e., ~75 and 85% decrease in nMFI for MOFHY/PEG-NPs and
MOFH/M-NPs, respectively). Thus, all in all, these results indicate that coating with RBC-M,

results in equally good resistance to protein adsorption as compared to PEGylation.

3.3.4. Cell uptake/association studies. The stealth properties of the NPs depending on the
different terminating coatings were further evaluated by their ability in avoiding/minimizing cell
internalization. RAW 264.7 mice macrophages and HUVEC were the cells of choice. While
macrophages are phagocytic cells of the MPS, endothelial cells are the cells lining in our
vasculature and, therefore, any intravenously administered nanocarrier will get in contact with
them. To compare the cell uptake/association, the different NPs were fabricated employing
fluorescently labelled Hb-FITC. The different NPs (i.e., MOFH>-FITC.NPs, MOFH>-FITC/PDA-NPs,
MOFHb-FITC/PEG-NPs and MOF!Hb-FITC/M-NPs) were incubated at a 100:1 NPs-to-cell ratio for 4 h
at 37 °C. The CUE, which corresponds to the percentage of cells with a fluorescence intensity

higher than the autofluorescence level of the cells, was evaluated by flow cytometry for the two
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cell lines (Figure 7A). The results show how the three different coatings (i.e., PDA, PEG and
RBC-M) resulted on a significant decrease in CUE for both RAW 264.7 and HUVEC cells as
compared to the uncoated counterparts. However, while such a decrease in CUE was rather slight
for RAW 264.7 cells (~10-15% decrease for the three different coatings), it was quite pronounced
for HUVEC cells. Specifically, for HUVEC cells, a decrease in CUE of ~35% for PDA-coated
MOFHb-FITC/PD A-NPs and ~50% for both PEG- and RBC-M-coated NPs was observed. Figure 7B
shows the FI readings measured upon lysing the cells following 4 h incubation with the NPs at the
same NPs-to-cell ratio. The results, which have been normalized to the FI readings upon incubation
of the uncoated MOFHP-FITC_NPg (nFI), are in agreement with the CUE results. While only ~10-
20% decrease in nFI could be observed for RAW 264.7 cells for the three studied coatings, a
marked decrease in nFI was detected in HUVEC cells. In particular, PDA coating resulted in a
~55% decrease in nFI while both PEG- and RBC-M-coatings lead to ~70% reduction in nFI. Thus,
all in all, a limited effect both in CUE and nFI could be observed for RAW 264.7 cells for the three
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studied coatings. In contrast, the significant and similar blockage of the cell uptake for the two
stealth coatings detected for HUVEC cells is well in agreement with the protein adsorption studies.
Interestingly, PDA-coating also resulted in diminished cell uptake both in terms of CUE but also
when assessing the nFI of the internalized cells. We attribute these results to the fact that following
PDA coatings the charge of the NPs changes from positive ({ = 13.7 = 1.9 mV for MOFHb-FITC.
NPs) to negative ({ = -20.6 £ 0.5 mV for MOFH>-FITC/PDA-NPs), thus hampering the non-specific

interactions with cell binding sites and diminishing the cell-uptake efficiency.®’
3.4. Biocompatibility Studies

The biocompatibility of the NPs with the three different coatings was assessed in terms of cell

viability and hemocompatibility studies.

3.4.1. Cell viability. The in vitro cytotoxicity of MOF-NPs, MOFH-NPs, MOF"°/PDA-NPs,
MOFH/PEG-NPs and MOF"/M-NPs was assessed by conducting cell viability assays for the two
studied cell lines at a 100:1 NPs-to-cell ratio following 4 h of incubation at 37 °C. Figure 8A shows
no decrease in the normalized cell viability readings (nCV) for the three studied coatings and cell
lines. Interestingly, although not statistically significant, an increase of ~10% in nCV was observed
for RAW 264.7 cells incubated with PDA-coated MOFHY/PDA-NPs as compared to cells only.
This is not surprising since previous works have reported enhanced cell viability for PDA coatings

as a result of the large amount of amine and hydroxyl groups.40-68

3.4.2. Hemocompatibility. The evaluation of the impact of the NPs depending on the surface
coatings on human blood cells was evaluated by a haemolysis assay. The haemolysis rate following
incubation of the NPs with blood cells at a 100:1 of NPs-to-cell ratio, was evaluated by quantifying
the amount of free Hb in solution. Figure 8Bi shows that while uncoated MOFHP-NPs result on a
haemolysis rate of ~8%; the three different coatings (MOF"/PDA-NPs, MOF"/PEG-NPs and
MOFH?/M-NPs) promote a decrease in haemolysis rate well below 5%. This is an important fact
since, according to ISO/TR 7406, the biomaterials are considered non-hemolytic for haemolysis
rates lower than 5%.% The ~8% haemolysis rate induced by MOFH*-NPs can attributed to their
positive charge. The electrostatic interactions between cell membrane and NPs could promote the
disturbance of cell membrane and thus resulting in a higher haemolysis rate. Figure 8Bii shows

photographic images of the suspensions of the blood cells and the different NPs including a
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negative (isotonic HEPES buffer, 0% lysis) and a positive (MQ, 100% lysis) control group. As
expected by the haemolysis rate results, only the positive control group showed haemoglobin
leakage with obvious red colour. Interestingly, while bright red pellets can be observed for the
control groups and for MOF-NPs and MOFH’-NPs treated groups, dark pellets were collected for
the groups with NPs containing a PDA coating (i.e., MOF"/PDA-NPs but also MOFH*/PEG-NPs
and MOFHY/M-NPs which have an underlying PDA coating). Such a darker colour indirectly
indicates the successful modification by PDA. Additionally, the blood cells retained their shape
after incubation with the different NPs (Figure S2, Supporting Information).

3.5. Functional performance

The ability to carry oxygen is one of the most important functions of Hb. The oxygen binding
and releasing properties of the NPs depending on their surface coatings (i.e., MOFHP-NPs,
MOFH/PDA-NPs, MOF"/PEG-NPs and MOF"/M-NPs) were evaluated by UV-vis
spectroscopy following several O,/N, cycles. Figure 9 shows the initial characteristic peaks of
oxy-Hb for the first O, cycle at ~412 nm (Soret peak), ~541 and ~578 nm (red lines) for all the
studied samples independent of the surface coating. Importantly, following flowing with N, gas, a
shift in the wavelengths towards the characteristic deoxy-Hb peaks could also be observed for all
the different NPs. In particular, a red shift of the Soret peak to ~428 nm, the disappearance of the

peaks at ~541 and ~578 nm and appearance of the peak at ~564 nm (green lines) was detected

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

independently of the surface coating. This change in the wavelengths upon O, and N, gas treatment
was observed for two additional cycles thus highlighting the ability of the different NPs in binding
and releasing O, in a continuous manner over multiple rounds in a similar fashion as our biological

RBCs.

All in all, these results demonstrate that loading Hb into MOF-NPs, surface modification with
PDA and subsequent functionalization with PEG or RBC-M, did not hamper the O,-carrying
ability of Hb, which is the most important feature for HBOCs.

4. Conclusion

In this work, we have presented a novel biomimetic HBOC with a high Hb loading, stability and

preserved functionality. To do so, we have prepared mesoporous MOF-based NPs which are

21


https://doi.org/10.1039/D0BM01118E

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

Biomaterials Science Page 22 of 80
View Article Online
DOI: 10.1039/DOBM01118E

monodisperse and spherical with a diameter of around 220 nm, which could avoid extravasation
through the blood vessel wall and consequently circumvent vasoconstriction. Coating with RBC-
M endows MOF"-NPs with low-fouling properties in terms of decreased protein adsorption and
cell uptake, which are comparable to our previously reported PEGylation strategy. Moreover, the
RBC-M-coated MOFH*-NPs showed good biocompatibility and hemocompatibility while also
being able to reversibly bind and release oxygen, which is the most important feature for HBOCs.
In summary, this novel biomimetic HBOCs with high Hb content and stability can provide a safe
and efficient oxygen supply thus fulfilling the requirements for the next generation of blood

surrogates.
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Scheme 1 Illustration of the assembly process. A) Haemoglobin (Hb) is extracted from bovine red
blood cells (RBCs); B) Components and crystalline structure of the metal organic framework
(MOF) platform; C) Membrane of RBCs (RBC-M) is extracted from human RBCs; D) Hb is
loaded into empty MOF-based nanoparticles (MOF-NPs) by post-encapsulation rendering MOFH®-
NPs. MOFHP-NPs are endorsed with stealth layer employing PEGylation or RBC-M coating.
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Fig. 1 A) Entrapment efficiency (EE) and drug loading (DL) of haemoglobin (Hb) into metal
organic framework (MOF)-based nanoparticles (MOF-NPs) at various initial input amounts per
mg of MOF-NPs. B) Zeta-potential of Hb loaded MOF-NPs (MOF"P-NPs) for the different DLs.
C) Scanning electron microscopy images of empty MOF-NPs and MOFH-NPs in suspension (i

and ii).
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Fig. 2 A) Fourier-transform infrared (FTIR) spectra of empty metal organic framework (MOF)-
based nanoparticles (MOF-NPs) and haemoglobin (Hb)-loaded MOF-NPs (MOFHP-NPs) as
compared to native Hb. B) UV—vis absorption spectra of native Hb and MOFH-NPs before i) and
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Fig. 3 A) Size and polydispersity index (PDI) of empty metal organic framework (MOF)-based
nanoparticles (MOF-NPs) and haemoglobin (Hb)-loaded MOF-NPs (MOF!"b-NPs) stored at 4 °C
for 14 days; B) Cumulative release of Hb from MOFH-NPs stored at 4 °C for 28 days.

26


https://doi.org/10.1039/D0BM01118E

Page 27 of 80

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

{- Potential (mV)
- (=]

30+

20+

Biomaterials Science

View Article Online
DOI: 10.1039/DOBM01118E

405
1 U(-Potential | PDI

403

i
2 r‘—‘-o.w
2

4-0.1

—

4-03

-204

=

-30

T T 0.5
MOFAFS g AP N\GMDM"S NNMP%-‘“W"

Fig. 4 Zeta ({)-potential measurements and polydispersity index (PDI) of empty metal organic
framework (MOF)-based nanoparticles (MOF-NPs) and haemoglobin (Hb)-loaded MOF-NPs
(MOFHb-NPs) with a polydopamine (PDA) (MOF"*/PDA-NPs) or a PEG (MOF"Y/PEG-NPs)

coating layer.
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Fig. 5 A) 1) Red blood cells membranes (RBC-M) are extracted and fluorescently labelled to render
RBC-MF. Next, they are used to functionalize haemoglobin (Hb)-loaded metal organic framework
(MOF)-based nanoparticles (MOFH*-NPs). Both uncoated (MOF"-NPs) and polydopamine
(PDA) coated (MOF"/PDA-NPs) NPs are considered. ii) Normalized mean fluorescence intensity
(nMFTI) readings of the NPs with the different coatings: Hb-loaded MOFH*-NPs, RBC-MF-coated
MOFHY/MF-NPs and the physical mixture of MOF"*-NPs and RBC-MF. Scanning electron

28


https://doi.org/10.1039/D0BM01118E

Page 29 of 80

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

Biomaterials Science
View Article Online
DOI: 10.1039/DOBMO1118E

microscopy images of the physical mixture of MOFH"-NPs (iii) and RBC-M and the RBC-M-
coated MOFHY/M-NPs (iv). B) i) Streptavidin (Strep)-biotin (BT) conjugation results in the Strep-
BT complex. MOFH/PDA-NPs were functionalized with BT to render MOFH*/BT-NPs which
aggregate in the presence of Strep. MOFUY/BT-NPs are coated with RBC-M to render
MOFHY/BT/M-NPs which remain monodisperse in the presence of Strep. ii) Size distribution of
MOFHY/BT/M-NPs prepared with different amounts of RBC-M in the absence (grey bars) or

presence (blue bars) of Strep.
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Fig. 6 Normalized mean fluorescence intensity (nMFI) of haemoglobin (Hb)-loaded metal organic
framework (MOF)-based nanoparticles (MOF"P-NPs) incubated in the presence of fluorescently
labelled bovine serum albumin (BSA-FITC) or immunoglobulin G (IgG-FITC). Different types of
MOFH-NPs are considered: uncoated: MOFH*-NPs; polydopamine (PDA)-coated: MOFHb/PDA -
NPs; PEG-coated: MOF"*/PEG-NPs; or red blood cell-membrane (RBC-M) coated: MOF!Hb/M-
NPs. *p < 0.05; **** p<0.0001.
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Fig. 7 A) Cell uptake efficiency (CUE) and B) normalized fluorescence intensity (nFI) of RAW
264.7 (1) and HUVEC (ii) cells incubated with haemoglobin (Hb)-loaded metal organic framework
(MOF)-based nanoparticles (MOFH-NPs).
uncoated: MOFHP-NPs;

Different types of MOFH*-NPs are considered:
(PDA)-coated: MOFHY/PDA-NPs;
MOFH/PEG-NPs; or red blood cell-membrane coated: MOFHY/M-NPs. *p < 0.05; **p < 0.001,
#4%p < 0.0005, ¥+%% p< 0.0001.

PEG-coated:
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Fig. 8 A) Normalized cell viability (nCV) readings of RAW 264.7 (i) and HUVEC (ii) cells
following incubation for 4 h with empty metal organic framework (MOF)-based nanoparticles
(MOF-NPs) and haemoglobin (Hb)-loaded MOF-NPs (MOF"t-NPs). B) Haemolysis rate (i) and
photographic images (ii) of the of the negative control (-), positive control (+) and both MOF-NPs
and MOFH"°-NPs incubated with blood cells for 4 h. Different types of MOFH®-NPs are considered:
uncoated: MOFH-NPs; polydopamine (PDA)-coated: MOFH/PDA-NPs; PEG-coated:
MOFHY/PEG-NPs; or red blood cell-membrane coated: MOF°/M-NPs.
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Fig. 9 UV-vis absorption spectra of oxygenated (oxy-Hb) and deoxygenated (deoxy-Hb)
haemoglobin (Hb) after successively feeding with oxygen (O,) or nitrogen (N,) gas different types
of metal organic framework (MOF)-based nanoparticles (MOF-NPs): A) uncoated Hb-loaded
MOFHP-NPs, B) polydopamine (PDA)-coated MOFH/PDA-NPs, C) PEG-coated MOFHY/PEG-
NPs and D) red blood cell-membrane-coated MOFHY/M-NPs.
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Abstract

Transfusion of donor red blood cells (RBCs) is a crucial methodology required for the treatment
of acute trauma, anaemia or for surgical procedures. Due to the many limitations of donor blood,
numerous strategies have been explored to develop haemoglobin (Hb)-based oxygen carriers to be
used as oxygen delivery systems. However, since free Hb suffers from a lack of stability and short
circulation times in blood, an encapsulation platform is needed. Herein, we entrap Hb within a
type of metal organic framework (MOF)-based nanoparticles (MOF-NPs). By doing so, Hb is
protected from misfolding and denaturation, which is a crucial aspect to preserve its excellent
oxygen binding and releasing properties. Furthermore, the porous structure of MOF-NPs allows
for the diffusion of small molecules (i.e., oxygen) in and out of the system. Our results show that
the Hb-loaded MOF-NPs (MOFH-NPs) are monodisperse and show a small hydrodynamic

diameter of ~220 nm. Importantly, the structure and functionality of encapsulated Hb are well


https://doi.org/10.1039/D0BM01118E

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

Biomaterials Science

Page 42 of 80

View Article Online
DOI: 10.1039/DOBM01118E

preserved. To achieve long circulation in the blood stream, we functionalize MOFH*-NPs with
naturally derived RBC-membranes and compared the stealth properties of the membrane-coated
MOFHP-NPs to our previously reported PEGylation strategy. Protein adsorption and cell uptake
studies demonstrate that both coatings are able to significantly decrease the adsorption of proteins
and also diminish their uptake by macrophages and endothelial cells. Furthermore, both types of
coatings render MOFH"®-NPs with good biocompatibility and oxygen binding and releasing
properties. Overall, this study presents a novel oxygen carrier system which might find

applications as a blood surrogate.

1. Introduction

Transfusion of packed red blood cells (RBCs) is a crucial clinical procedure widely applied
during surgery, natural or man-made disasters (e.g., plane crashes, earthquakes) or battlefield
wounds.! Additionally, RBCs transfusions are also required for the treatment of anaemia,
haemoglobin (Hb) disorders or for patients receiving antitumor therapy.>® However, the
transfusion of donor RBCs often encounters several difficulties which include risk of bacterial or
virus transmission (e.g., HIV, hepatitis or malaria), severe shortage of blood inventory due to
RBCs short half-life or logistical constraints. Furthermore, despite rigorous typing and cross
matching, mismatched transfusions still occur. Therefore, the development of blood surrogates
free from the abovementioned risks has attracted a great deal of attention in the fields of

biotechnology and biomedicine.

Being Hb the main component of RBCs, accounting for their high oxygen-carrying capacity, a
lot of effort has been devoted to the development of Hb-based oxygen carriers (HBOCs). However,
despite Hb’s excellent ability to transport and transfer oxygen and re-stablish oxygen homeostasis
in tissues, free Hb molecules cannot be administered as blood substitutes. Outside RBCs, the Hb
tetramer breaks down into dimers, which results in short circulation times but also in severe

adverse effects including renal toxicity, vasoconstriction and haemorrhagic lesions.*>

Therefore, in recent years, several strategies for encapsulating Hb within different platforms
have been explored. Such approaches could provide a suitable environment to maintain Hb’s

functionality while, at the same time, preventing the dissociation of the Hb tetramer. Among
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others, Hb has been encapsulated within liposomes,®’ polymersomes® or polymer particles.®!°
However, despite the tremendous progress achieved, it is still a challenge to entrap Hb within a
well-defined structure preserving its secondary structure while also enabling the free diffusion of
small molecules (i.e., oxygen but also small reducing agents) in an out of the system. Furthermore,
difficulties in prolonging their circulation times in the bloodstream are also hampering the

transition of these Hb encapsulating platforms into the clinic.!!

Metal-organic frameworks (MOFs), which consist of metal ions or clusters connected by organic
linkers, are new type of self-assembled materials displaying several unique properties.'>"'4 They
feature well-defined, crystalline pore structures with large surface areas and structural flexibility,
since they can be fine-tuned by the right choice of organic linkers and metallic compounds.
Recently, MOF-based nanoparticles (MOF-NPs), have been widely employed for biomedical
applications!>~!7 as a result of their ability to encapsulate different types of biomolecules including
vaccines,'® enzymes!®? and DNA.?2! MOF-NPs are also particularly well suited to construct
HBOC:s. Due to their high void space, they make it possible to encapsulate large amounts of cargo
(i.e., Hb) which is required to fulfil the high demands of oxygen transport. Additionally, Hb’s
secondary structure will be preserved since, by matching the pore size, they allow to encapsulate
single Hb molecules within predefined cavities. This is an important aspect since, misfolding or

denaturation, will alter Hb’s excellent oxygen binding and releasing properties. Moreover, MOF-

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

NPs also facilitate the selective transport of small molecules (i.e., O, but also reducing agents
present in plasma) through the protective porous coating. Due to these advantages, Hb has been
recently conjugated onto the surface of MOF-NPs by post-modification?? and encapsulated within
the cages of the so-called zeolitic imidazole framework-8 MOF-NPs.!! Herein, we employ the
water-stable porous coordination network (PCN)-333(Al) MOF which is based on trivalent metal
species (i.e., AI*") and exhibits one of the highest void volumes and largest cages.?® Taking into
account Hb’s large size (6 x 6 x 5 nm),?* PCN-333(Al) is one of the few reported MOFs that can

act as single-molecule traps for Hb, thus minimizing Hb’s aggregation and leaching.?

Since biological RBCs can survive for up to 120 days within the blood stream,?’ achieving long
in vivo circulation times is another key feature when developing oxygen-carriers. Once in the
blood stream, uptake by the mononuclear phagocyte system (MPS) is one of the major hurdles that

almost all intravenously administered carriers need to overcome.?62” The functionalization of
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nanosized carriers with polyethylene glycol (PEG), is currently considered the gold standard
approach to extend their circulation lifetimes. However, PEG immunogenicity is an increasingly
recognized issue. The administration of PEGylated drugs or nanoparticles can lead to the
production of anti-PEG antibodies, their subsequent recognition by the MPS in the spleen and liver
and their following clearance from the circulation.?® Thus, alternatives to PEGylation to prolong

the nanocarriers circulation time are highly sought after.?8-2°

Biological RBCs are nature’s long-circulating vehicles, and their limited immune cell clearance
1s mainly governed by their cell membranes where a collection of “self-marker” biomolecules are
embedded into their lipid bilayer.3%3! Thus, a powerful emerging strategy to improve
biocompatibility by reducing immunogenicity, is the coating of the nanocarriers by cellular
membranes extracted from biological RBCs.3>33 Thus, in this work, we i) encapsulate Hb within
PCN-333(Al) MOF-based NPs and evaluate the preservation of Hb’s structure and functionality,
i1) camouflage the resulting Hb-loaded MOF-NPs with biomimetic and naturally derived RBC-
membranes (RBC-Ms), iii) evaluate the stealth properties of the RBC-M coating in terms of protein
adsorption and cell uptake studies, iv) compare the RBC-M coating to our previously reported
PEGylation strategy and, finally, v) confirm preservation oxygen-binding and releasing properties
of the coated Hb-loaded MOF-NPs. With such a study, we hope to provide a new kind of oxygen
carriers with a high Hb loading capacity and potential long in vivo circulation to fulfil the demand

of oxygen supply in biomedical applications.
2. Materials and methods
2.1. Materials

Fresh bovine blood (Product No. 77667) was obtained from SSI Diagnostica A/S (Hillerad,
Denmark). Human blood was withdrawn from healthy donors in DTU-Health Technology at
University of Denmark (Kongens Lyngby, Denmark). The blood withdrawing was performed
following approval and in accordance with the guidelines from the Regional Research Ethics

Committees for the Capital Region of Denmark. All donors provided their informed consent to
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participate prior collection of blood samples. All the operators received appropriate training before

the handling of biological materials used in this study.

Sodium chloride (NaCl), toluene, acetone, dopamine (DA), N,N’-Dimethylformamide (DMF),
aluminum chloride hexahydrate (AICl;6H,0), trifluoroacetic acid (TFA), poly-L-lysine (PLL)
(Mw 15 - 30 kDa), 4-(2-hydroxyethyl) piperazine-1-ethane-sulfonic acid (HEPES), HEPES buffer
solution (1M, isotonic), phosphate buffered saline (PBS), biotin-N-hydroxysuccinimide (biotin-
NHS), streptavidin, bovine serum albumin (BSA), fluorescein isothiocyanate (FITC), FITC-
labelled immunoglobulin G (IgG-FITC), sodium dithionite (SDT), Dulbecco’s Modified Eagle’s
Medium-high glucose (DMEM D5796), penicillin/streptomycin, fetal bovine serum (FBS), trypsin
and the human umbilical vein endothelial cell line (HUVEC) were purchased from Merck Life
Science A/S (Seborg, Denmark). Polycarbonate porous membrane (1 um) was purchased from GE
Healthcare Life Sciences (Brondby, Denmark).
1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD) was purchased from
Invitrogen A/S (Taastrup, Denmark). 4,4°,4°’-s-triazine-2,4,6-triyl-tribenzoic acid (H;TATB) was
purchased from ChemScene LLC (Monmouth Junction, NJ, USA). a-Methoxy-w-carboxylic acid
succinimidyl ester poly(ethylene glycol) (MeO-PEG-NHS, Mwpgg = 2000 Da) was purchased
from Iris Biotech GmbH (Marktredwitz, Germany). Endothelial Cell Medium (ECM) Kit
supplemented with 5% FBS and 1% endothelial cell growth supplements was purchased from

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

Innoprot (Derio-Biskaia, Spain). 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).

HEPES buffer is composed of 10 mM HEPES (pH 7.4 and pH 8.5) and was prepared with
ultrapure water (Milli-Q (MQ), gradient A 10 system, TOC < 4 ppb, resistance 18 MV cm, EMD
Millipore, USA). HEPES buffer at pH 7.4 was used in all the studies, unless otherwise clarified.
The prepared HEPES buffer solutions were used in all the studies except when working with cells

were an isotonic HEPES buffer solution from Merck Life Science was used.

BSA was fluorescently labelled with FITC (BSA-FITC) as previously reported.’® Briefly, a
FITC solution (3.7 mg in 300 uL DMSO) was added to a BSA solution (30 mg in 6 mL 0.05 M
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NaHCOs;, pH 10) in a dropwise fashion. After overnight incubation at room temperature (RT), the
excess of FITC was thoroughly removed by dialysis against MQ water for two days. The collected
solution was freeze-dried for future use. Hb was fluorescently labelled with FITC (Hb-FITC)

following the same aforementioned protocol.

Poly(L-lysine (15-30 kDa))-graft[2.0]-poly(ethylene glycol (2 kDa)) (PLL-g-PEG) was
synthetized following a reported procedure.’’ Briefly, a MeO-PEG-NHS solution (0.038 mmol in
4 mL cold HEPES) was added to a PLL solution (0.143 mmol in 500 pL cold HEPES). The
reaction was allowed to proceed for 4 h at 4 °C under constant stirring. Finally, the reaction mixture
was dialyzed for 2 days against MQ water followed by freeze-drying. The NMR analysis showed
a PEG grafting ratio of 50%, indicating that 50% of the lysine monomers were modified with PEG.
(Figure S1, Supporting Information).

2.2. Hb extraction from bovine blood

Hb was extracted from fresh bovine blood by hypotonic haemolysis following a previous
study.3® Briefly, bovine RBCs were washed with an isotonic saline solution, i.e., 0.9% NaCl (3 x,
15 min, 1500 g). Next, the bovine RBCs were mixed with MQ water and toluene at a 1:1:0.4 ratio.
Following thorough vortexing, the suspension was stored overnight at 4 °C. The suspension was
then spun down (20 min, 8000 g) and, following filtration through ash-free filtration paper, the

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

2.3. Preparation and characterization of Hb-loaded MOF-NPs (MOFHP-NPs)

2.3.1. Preparation of MOF-NPs. 12 mL of an AICl;'6H,0 solution (3 mg mL™! in DMF), 12 mL
of a H;TATB solution (1 mg mL™!' in DMF) and 40 uL. TFA (HPLC grade, purity > 99%), were
mixed and incubated at 95 °C for 24 h. The resulting MOF-NPs were collected and washed in
DMF (3 %, 20 min, 15 000 g), acetone (3 %, 20 min, 15 000 g) and dried in a vacuum oven for

future use.

2.3.2. Preparation of MOF"P-NPs. The extracted bovine Hb was dissolved in MQ water at a
concentration of 100 mg mL-!. Next, the MOF-NPs were re-suspended in MQ water at a
concentration of 1 mg mL!. Different amounts (i.e., 2, 5, 10, 20, 30, 40 and 60 uL) of Hb solutions

at the concentration of 100 mg mL-' were added to 1 mL of the MOF-NPs suspension under
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continuous magnetic stirring at 800 rpm for 2 h. Finally, the samples were collected and washed
in MQ water (3 %, 20 min, 15 000 g). The Hb entrapment efficiency (EE) and drug loading (DL)
were determined using a BCA assay. The EE was calculated as follows: % EE = (encapsulated Hb
amount / initial amount of Hb) x 100. The DL was calculated as follows: % DL = (encapsulated
Hb amount / total amount of MOFHP-NPs) x 100. The MOFHP-NPs with the optimal EE and DL

were chosen for the following studies.

2.3.3. Characterization of MOFHP-NPs. 2.3.3.1. Morphology and zeta ({)-potentials. The (-
potentials of the MOFH®-NPs prepared with different initial Hb amounts were determined using a

Zetasizer nano ZS instrument (Malvern Instruments Ltd., UK).

Scanning electron microscopy (SEM, Hitachi High-Tech HITACHI, USA) was employed to
evaluate the morphology of both MOF-NPs and MOFHP-NPs with the optimal EE and DL. A drop
of test sample was dried on a glass slide and mounted on a metal stub with double-sided adhesive
tape. Next, the samples were coated under vacuum with gold prior to observation (Sputter Coater

208 HR, Cressington Scientific, UK). The samples were imaged at an operating voltage of 15 keV.

2.3.3.2. Fourier-transform infrared (FTIR) spectroscopy. FTIR analysis was performed using a
Perkin Elmer Spectrum 100 FT-IR spectrometer (Perkin Elmer Inc., Wellesley, MA) under
ambient conditions. The spectra were collected with a resolution of 4 cm! within the wavelength

range of 400 to 4000 cm’!. Five scans per sample were measured.

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

2.3.3.3. UV-vis spectra of oxygenation and deoxygenation of Hb. The UV-Vis spectra of fresh Hb
and MOFHP-NPs dissolved/suspended in HEPES buffer were measured on a UV-2600 UV-vis
Spectrophotometer (Shimadzu, Japan) in the wavelength range of 350 - 650 nm. The deoxygenated
Hb (deoxy-Hb) was obtained by purging the test sample with nitrogen gas (N,) for 10 min followed
by recording the UV-vis spectrum.

2.4. Stability over time

The size stability of MOF-NPs and MOFHP-NPs stored at 4 °C was determined measuring the
hydrodynamic diameter by dynamic light scattering (DLS) using the Zetasizer nano ZS instrument
at pre-designed time intervals (i.e. 1, 3, 5, 7, 10 and 14 days). The release behaviour of Hb from
the MOFMP-NPs was also studied at 4 °C. For that, aliquots of 1 mg mL! suspensions of MOF*b-
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NPs were prepared and stored at 4 °C. At each pre-defined time point, 3 aliquots were taken out
and the released amount of Hb in the supernatant following centrifugation (10 min, 15 000 g) was

evaluated using a BCA assay.
2.5. Surface modification with stealth coatings

2.5.1. Polydopamine (PDA) coating. The as-prepared MOFH’-NPs (fabricated from 1 mg MOF-
NPs as starting material) were re-suspended in 0.5 mL HEPES buffer (pH 8.5) and mixed with 0.5
mL of a DA solution (10 mg mL-! in HEPES buffer, pH 8.5).3%4° The mixture was rotated for 4 h
at the speed of 40 rpm at RT followed by washing in MQ water (2 x, 10 min, 15 000 g) to obtain
PDA coated MOFHP-NPs (MOF'Y/PDA-NPs).

2.5.2. PEGylation. To obtain PEGylated carriers (MOFHY/PEG-NPs), MOF!H/PDA-NPs
(prepared from 1 mg of MOF-NPs as starting material) were re-suspended in 0.5 mL HEPES buffer
and mixed with 0.5 mL of a PLL-g-PEG solution (2 mg mL-! in HEPES buffer). The mixture was
rotated for 1 h at the speed of 40 rpm at RT followed by washing with HEPES buffer (2 x, 20 min,
15 000 g). The polydispersity index (PDI) and {-potentials of the different NPs (i.e., MOF-NPs,
MOFH-NPs, MOF!/PDA-NPs and MOFHY/PEG-NPs) were determined employing the Zetasizer

nano ZS instrument.

2.5.3. RBC-M coating. 2.5.3.1. Extraction of RBC-Ms from human blood. The RBC-M were
isolated from human blood according to a previous study.’> Whole human blood was freshly
collected from healthy donors. The whole blood was then spun down (10 min, 1500 g, 4 °C) to
remove the serum and the buffy coat and the resulting RBCs were then washed in ice-cold PBS (3
X, 15 min, 1500 g). The washed RBCs were then subjected to a hypotonic medium treatment
(PBS:MQ at a 1:4 v/v ratio on ice bath, 30 min) for haemolysis at a 1:10 volume ratio to remove
the intracellular contents. The supernatant was subsequently spun down (4 %, 20 min, 15 000 g at

4 °C) and the light-pink RBC ghost pellets were collected.

2.5.3.2. Coating with RBC-Ms. RBC-M-coated NPs (MOF"®/M-NPs) were prepared by mixing
either MOFH*-NPs or MOFH*/PDA-NPs (prepared from 1 mg of MOF-NPs as starting material
and suspended in 1 mL of HEPES buffer) with RBC-Ms extracted from 400 pL blood. The mixture

was sonicated for 10 s (70% amplitude, 1s/ 1s) on an ice bath followed by extrusion through 1 pm
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polycarbonate porous membrane to facilitate membrane fusion. An Avanti® Mini-Extruder
(Avanti Polar Lipids, Inc., AL, USA) was used. Finally, the coated MOFH°/M-NPs were washed
with HEPES buffer solution (3 %, 20 min, 15 000 g).

2.5.3.3. Evaluation of the RBC-M coating. The RBC-M coating of MOFH-NPs or MOF!b/PDA -
NPs was evaluated by fluorescence intensity measurements. To do that, the extracted RBC-Ms
were first labelled with a lipophilic far-red fluorescent dye DiD (excitation/emission = 644/665
nm) by adding 10 pL of the DiD fluorophore (1 mg mL-! in DMSO) to 1 mL of a RBC-M
suspension. The fluorescently labelled RBC-Ms (RBC-MF) were used to coat both MOFHP-NPs
and MOFHY/PDA-NPs following the same procedure as described in section 2.5.3.2. The samples
were next analysed by measuring the normalized mean fluorescence intensity (nMFI) by flow
cytometry (BD Biosciences, Sparks, MD, USA). While untreated MOF"*-NPs and MOF"°/PDA -
NPs were used as controls, the physical mixtures of MOF"°-NPs and MOF"/PDA-NPs with RBC-
MF, respectively, without sonication and extrusion treatment, were also evaluated by flow

cytometry. Each condition was evaluated in at least two independent experiments.

A RBC-M coverage assay was also conducted to identify the amount of RBC-M promoting full
coverage of the MOF"/PDA-NPs. For that, biotin (BT)-labelled MOF"/PDA-NPs (MOF""/BT-
NPs) were prepared. Specifically, 200 uL of biotin-NHS (BT-NHS, 20 mg mL-!' in DMSO) were
added to MOFH*/PDA-NPs (prepared from 12 mg of MOF-NPs as starting material re-suspended
in 12 mL of HEPES buffer). The BT-NHS esters reacted with amines on the PDA coating layer

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

forming amide bonds and releasing the NHS groups. After reaction for 1 h at RT, the un-bound
BT-NHS was removed by washing with HEPES buffer (3 x, 10 min, 15 000 g). Next, the BT-
labelled MOFHY/BT-NPs (prepared from 1 mg mL-' of MOF-NPs in HEPES as the starting
material) were incubated with varying amounts of RBC-Ms (i.e., extracted from 17, 25, 50, 100,
200 and 400 pL of whole blood). The RBC-M coverage depending on the amount of added RBC-
Ms, was evaluated by incubating 0.5 mL of coated MOFHY/BT/M-NPs (prepared from 1 mg mL"!
of MOF-NPs in HEPES as the starting material) with 4 pL of streptavidin (Strep) solution (1 mg
mL! in HEPES) for 30 min. Particle aggregation induced by Strep—BT interactions was monitored
by DLS using the Zetasizer nano ZS instrument. As controls, the corresponding RBC-M coated
MOFM/BT-NPs without Strep addition were considered. Each condition was evaluated in at least

two independent experiments.
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2.6. Evaluation of the stealth coatings

2.6.1. Protein adsorption studies. The stealth properties depending on the surface coatings (i.e.,
PDA, PEG and RBC-M) were assessed in terms of protein adsorption. Suspensions of
MOFHY/PDA-NPs, MOF"/PEG-NPs and MOF"/M-NPs displaying ~100 000 events uL! (as
measured by flow cytometry), were incubated in 200 puL of an IgG-FITC or BSA-FITC solution
(0.5 mg mL! in HEPES) at 37 °C for 4 h under constant shaking using a thermo-shaker (Grant
Bio PHMT-PSC18 thermo-shaker, Grant Instruments Ltd, United Kingdom) at the speed of 1400
rpm. After the incubation time, the samples were washed in HEPES (2 %, 5 min, 15 000 g) to
remove the unbound proteins. The MFI due to the adsorbed proteins onto the NPs was analysed
by flow cytometry (excitation/emission = 488/530 nm). At least 20 000 events were analysed in

two independent experiments.

2.6.2. Cell uptake studies. 2.6.2.1. Cell culture. DMEM cell culture medium supplemented with
10 % (v/v) FBS, 1 % (v/v) penicillin/streptomycin (10 000 U mL-! and 10 pg mL-!, respectively)
was used for culturing the mouse macrophage Raw 264.7 cell line. ECM cell culture medium
supplemented with 5 % (v/v) FBS, 1 % (v/v) penicillin/streptomycin (10 000 U mL-! and 10 pg
mL-!, respectively) and 1 % (v/v) endothelial cell growth supplements was used for culturing the
endothelial HUVEC cell line. All the cells were cultured in T75 flasks in a humidified incubator
with 5 % CO,; supply at 37 °C. The cell media was exchanged 2 - 3 times per week and the cells
were sub-cultured when reaching ~80% confluence. RAW 264.7 cells were detached from the
culture flask using a cell scraper while HUVEC cells were detached by treatment with trypsin.
Both RAW 264.7 and HUVEC cells were re-suspended in fresh cell media and added into new
T75 culture flasks with appropriate amounts (a subcultivation ratio of 1:5 was used for RAW 264.7
cells and a ratio of 1:3 was used for HUVEC cells). Only cells between passages 5 and 18 (for
RAW 264.7) and between passages 3 and 14 (for HUVEC) were used in all experiments.

2.6.2.2. Cell uptake/association. For cell uptake assays, 24-well plates were used and the RAW
264.7 and HUVEC cells were seeded in 1 mL of full cell media at a density of 180 000 and 100
000 cells per well, respectively, and allowed to attach for 24 h. Fluorescently labelled MOFHb-NPs
(MOFHb-FITC.NPs) were prepared using FITC-Hb instead of Hb following the same protocol as
described in section 2.3. Next, fluorescently labelled MOFHY-FITC.NPs MOFH>-FITC/PDA-NPs,
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MOFH>-FITC/PEG-NPs or MOFHb-FITC/M-NPs were added to the different wells for 4 h at 37 °C and
5% CO,. A ratio of 100:1 of NPs to cells was used. After incubation, the cells were washed in PBS
(2 %) and detached from the wells employing a cell scrapper (for RAW 264.7) or trypsin (for
HUVEC, 100 pL per well) and then collected by centrifugation (10 min, 300 g). The cell
uptake/association of the different NPs was evaluated by flow cytometry. The cellular uptake
efficiency (CUE), which is determined as the percentage of cells with a mean fluorescence
intensity higher than the auto fluorescence level of the cells, was assessed. Cells alone were used
as controls. At least 5000 events were analysed in each running and each condition was measured
in triplicate. The fluorescence intensity (FI) of the FITC-labelled NPs extracted from the same
amount of cells was measured using a TECAN Spark multimode plate reader (Tecan Group Ltd.,
Maennendorf, Switzerland). In brief, the cells were diluted to the same amounts and then sonicated
in an ice bath for 10 s (70%, 1 s /1 s). The resulting cell fragments were separated from the released
NPs by spinning down the suspension (5 min, 8000 g) at 4 °C. Finally, 200 pL of the supernatants
were transferred to a black 96-well plate and the FI was measured using the plate reader
(excitation/emission = 490 / 525 nm) and normalized (nFT) to the FI of the cells incubated with

MOFHP-FITC_NPs. Each condition was evaluated in at least three independent experiments.
2.7. Biocompatibility studies

2.7.1. Cell viability. The cell viability after the cell uptake study was evaluated in 96-well plates.
Cell densities of 30 000 and 15 000 cells per well for RAW 264.7 and HUVEC cells, respectively,
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in 200 pL of full cell media were employed. After attachment for 24 h, the cells were washed in
PBS (2 %, 200 uL) and 200 pL of the different NPs (i.e., MOF-NPs, MOFH-NPs, MOF!b/PDA -
NPs, MOFH/PEG-NPs and MOFHY/M-NPs) were added to the different wells at the same ratio
used for cell uptake study (i.e., ratio of 100:1 of NPs to cells). After 4 h incubation, the cells were
washed carefully in PBS (3 %, 200 pL) and 100 pL of PrestoBlue solution (10 % v/v in fresh full
cell media) was added to each well. Following incubation for 1 h at 37 °C and 5 % CO,, 95 pL of
each supernatant were transferred to a black 96-well plate and analysed using the plate reader
(excitation/emission = 535 / 615 nm). Cells only were used as the positive control and PrestoBlue
containing cell media only was used as the negative control. The cell viability was calculated as

follows: % cell viability = (experimental value — negative control value) / (positive control value
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— negative control value) x 100. Each condition was evaluated in triplicate in at least two

independent experiments.

2.7.2. Haemolysis rate. The blood compatibility of the NPs depending on the surface coating (i.e.,
MOF-NPs, MOFH-NPs, MOF!/PDA-NPs, MOFH/PEG-NPs and MOFHY/M-NPs) was evaluated
by conducting a haemolysis rate test. First, whole blood collected from healthy donors was washed
as described in section 2.5.3.1. Next, the blood cells collected from 1 mL of whole blood were
suspended in 10 mL isotonic HEPES buffer. Suspensions of the different NPs were incubated with
the diluted blood cells at a ratio of 100:1 (NPs : blood cells) using the thermo-shaker at 250 rpm
for 4 h at 37 °C. After incubation, 200 uL of the suspensions were spun-down (10 min, 1000 g)
and the pellet was collected for morphology observation. For that, the pellets were re-suspended
in isotonic HEPES buffer and imaged using an Axiovert 25 inverted microscope (Carl Zeiss A/S,
Birkered, Denmark). 200 puL of the suspensions were spun down (10 min, 15 000 g), the
supernatants were collected and the absorbance at 540 nm was measured using the plate reader.
Blood cells in MQ water or isotonic HEPES buffer were used as positive and negative controls,
respectively. The haemolysis rate was calculated as follows: % haemolysis rate = (experimental
value — negative control value) / (positive control value — negative control value) x 100. Each

condition was evaluated in at least three independent experiments.
2.8. Functional performance

The oxygenation and deoxygenation of Hb within the different MOF-NPs (i.e., MOFH-NPs,
MOFH/PDA, MOFH/PEG-NPs and MOF'/M-NPs) was evaluated by UV-vis spectroscopy
(using the 600 UV-vis Spectrophotometer) in the wavelength range of 350-650 nm. The NPs were
suspended in HEPES buffer and the UV-vis spectra were recorded. Then, N, was allowed to flow
over the samples containing a pinch of oxygen scavenger SDT for 10 min to obtain NPs loaded
with deoxy-Hb, followed by recording the UV-vis spectrum. Next, the NPs were purged with O,
for 10 min, and NPs loaded with oxy-Hb were obtained and their UV-vis spectra recorded.
Subsequently, the samples were purged with N, and O, and their UV-vis spectra were recorded

again. Samples from at least two independent batches have been measured.

2.9. Statistical analysis

12
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A Tukey’s multiple comparison test (*p < 0.05; **p < 0.001, ***p < 0.0005, **** p<0.0001) was
employed using GraphPad Prism (8.1.0 (325)) software to assess the statistical differences between
the different conditions. A one-way analysis of variance with a confidence level of 95% (o= 0.005)

was employed.
3. Results and discussion
3.1. Preparation and characterization of MOF-NPs and MOF""-NPs

Water-stable MOFs containing mesocages acting as single molecule traps, show enormous
potential to create HBOCs since they afford the encapsulation of single Hb molecules within
individual cages. Such an approach will avoid the dissociation of the Hb tetramer while also
eliminating Hb’s aggregation preventing it from misfolding and denaturation. This will, in turn,
preserve Hb’s excellent oxygen binding and releasing properties. In particular, PCN-333(Al)
exhibits large cages (5.5 nm) fitting the size of individual Hb molecules (6 x 6 x 5 nm), where the
macromolecules could enter the cages while undergoing a partial conformation change.?34!
Additionally, PCN-333(Al) also displays one of the highest void volumes among the reported
MOFs, which will allow for the encapsulation of the large amounts of Hb required to meet the
high oxygen demands of our body. What is more, PCN-333(Al) also exhibits smaller cages (i.e.,

medium-sized and small cages of 4.2 nm and of 1.1 nm, respectively), that will remain empty, thus
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allowing the diffusion of small compounds (i.e., oxygen but also reducing agents) in and out of

the system.

Nano-sized MOF-NPs with a PCN-333(Al) crystalline structure were prepared and Hb was
incorporated by post-encapsulation to render MOFHP-NPs.23 Bovine Hb, which only requires
chloride ion for native operation, was chosen. This will circumvent the complications of allosteric
effectors such as 2,3-diphosphoglycerate, which are required for the native operation of human
Hb.*?> In order to identify the optimal EE and DL, MOF-NPs were incubated with increasing
amounts of Hb. Figure 1A shows how the EE decreased upon increasing the initial Hb amounts,
ranging from 100% (when incubating 1 mg of MOF-NPs with 0.2 mg of Hb) to 16.3% (when
incubating 1 mg of MOF-NPs with 6 mg of Hb). In contrast, the DL increased upon increasing the
amount of Hb until reaching the maximum loading capacity of ~50% in DL when incubating 1 mg

of MOF-NPs with 2 mg of Hb. Therefore, this input amount was chosen for the preparation of
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MOFM-NPs in the subsequent studies. The {-potential of the MOFH*-NPs upon increasing the
amount of added Hb was also evaluated (Figure 1B). While empty MOF-NPs displayed a negative
{-potential (-10.4 + 0.1 mV) as a result of the unreacted carboxyl groups of H;TATB, an increase
in {-potential could be observed upon increasing the amount of added Hb. A plateau of a {-potential
of ~12.7 £ 0.6 mV was reached upon addition of 3 mg of Hb per 1 mg of MOF-NPs. Due to Hb’s
isoelectric point of 6.8, the Hb molecules are positively charged in a MOF-NPs solution (pH ~5.6,
Table S1 in Supporting Information) which results on positive {-potentials for MOF"-NPs with
a high DL. Both MOF-NPs and MOFHP-NPs at a DL of 50% were imaged by SEM in solution.
Figure 1C shows that both empty MOF-NPs and MOF"*-NPs are monodisperse when re-

suspended in MQ water.

Preservation of Hb’s structure is fundamental for oxygen transport. In this study, Hb was loaded
into MOF-NPs by post-encapsulation, and only mild stirring was used to assist with the loading.
The influence of the processing procedure on Hb’s chemical structure was analysed by FTIR
spectroscopy and, as expected, Figure 2A shows how the FTIR spectra of native Hb and MOF*H®-
NPs are almost identical. The two spectra displayed the characteristic peaks at 1650 cm! and 1534
cm’!, which represent the typical amide I and amide II bands of proteins and indicate that the
chemical structure of Hb was well preserved after being loaded into MOF-NPs. While the amide
I band dominated by the stretching vibrations of the C=0, shows the information of the backbone
conformation and hydrogen bonding; the amide II band derives from in-plane N-H bending and
C-N stretching vibrations. As expected, the amide I and amide II bands were not present in the

spectrum of empty MOF-NPs.

Preservation of Hb’s functionality following encapsulation to create MOFH*-NPs was
demonstrated by UV—vis spectroscopy (Figure 2B). After preparation, MOFH’-NPs exhibited three
main peaks at 414, 541, and 578 nm (solid red line), which are the characteristic absorption peaks
of oxygenated Hb (oxy-Hb) (dashed red line). After purging with N,, the Soret peak shifted from
414 nm to 428 nm, the two peaks at 541 and 578 nm disappeared while the appearance of peak at
564 nm (solid green line); which are the characteristic peaks for deoxy-Hb in its free form (dashed
green line). Such spectral changes following purging with N, confirm the MOF'-NPs ability to

bind and release oxygen, in a similar manner than native Hb.
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3.2. Stability over time

Size stability over prolonged periods of time is an important aspect to consider for storage
purposes when developing nanoparticles for biomedical applications, and it is also a central factor
related to their circulation behaviour in vivo. Therefore, the stability of MOFHP-NPs suspensions
in MQ water stored at 4 °C for up to 14 days was studied by measuring their hydrodynamic
diameter. Figure 3A shows how the size of empty MOF-NPs slightly increased from 170 nm to
200 nm after the whole storage period. In contrast, the size of the loaded MOFM-NPs did not
exhibit any substantial increase (~220 nm) after storage for 14 days. Additionally, both MOF-NPs
and MOFHP-NPs showed good monodispersity with PDI values smaller than 0.2 for the whole
studied period, while a PDI of 0.2 or below indicates acceptable monodisperse NPs for medical
applications.® Since the leakage of Hb from HBOCsS can lead to renal toxicity or vasoconstriction,
amongst others,* Hb’s cumulative release over time was also evaluated. Figure 3B shows an initial
burst release of ~3% of Hb at day 2 with no further release up to 14 days. A total cumulative
release of ~6% could be detected after the whole studied period of 28 days. We hypothesize that
the initial burst release could correspond to a small portion of Hb being physically attached onto
the surface of MOF!P-NPs, instead of being encapsulated. In contrast, we attribute the slower and
more sustained Hb cumulative release of ~3% over the last 14-day period to the dissociation of the

MOFHP-NPs porous structure, which is induced by the coordination between water molecules and
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the metal clusters which results in the distortion of the crystal lattices of the MOF structure.* Such
a slow leakage from the mesoporous MOF-NPs as compared to other reported HBOCs would
result on a pronounced advantage for their in vivo application. As an example, a ~20% Hb release
was detected in less than 8 days for the recently reported Hb-loaded mesoporous silica NPs.*¢
While, on a different study, a burst release ~10% Hb within only two days was recently reported

for a HBOCs consisting of co-precipitated microparticles of Hb and manganese carbonate.*’
3.3. Surface modification with stealth coatings

In order to fulfil the high oxygen demands of our body, successful HBOCs need to achieve long
circulation in the bloodstream. However, any intravenously administered nanocarrier will
unavoidably experience a highly complex environment inherently adept to recognize and eliminate

external elements. Currently, the coating of the nanocarriers with PEG is the gold standard to
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suppress their uptake by the MPS and prolong their blood circulation time.?® However, recent
observations of immunological responses resulting from the formation of anti-PEG antibodies,
have promoted the search for alternatives to PEG. As such, coating with the membranes of RBCs
has recently been proposed as a powerful alternative. By means of a surface makeup involving
“self-marker” proteins but also glycans and acidic sialyl moieties, biological RBCs avoid immune
responses.’'*® Thus, several drug-loaded nanocarriers have been successfully coated by RBC-M
demonstrating extended circulation times.**~>! To develop a long-circulating HBOCs, we coat the
as-prepared MOFH’-NPs with RBC-M and compare this stealth coating to our previously reported
PEGylation strategy.3¢-3

3.3.1. PEGylation. The surface modification of the MOFH’-NPs was assessed by (-potential
measurements. Figure 4 shows a negative (-potential of -17.6 £ 2.0 mV for MOF-NPs which
increased to 13.7 + 1.9 mV following Hb’s encapsulation. Prior functionalization with PLL-g-
PEG, a PDA coating was deposited. While PDA coatings have been previously employed for the
fabrication of several nanocarriers,>?* in this case, such a coating is introduced to facilitate the
incorporation of positively charged PLL-g-PEG by electrostatic interactions. Moreover, PDA has
barely any chemical reaction with Hb’s functional groups. Furthermore, we, and others, have
demonstrated how PDA can minimize Hb’s autoxidation into non-functional metHb.!40->5-58 The
MOFHP-NPs were incubated in a DA solution in basic conditions and, the deposition of PDA to
render MOFH/PDA-NPs, was confirmed by the decrease in {-potential to -20.6 = 0.5 mV. Finally,
incubation in a PLL-g-PEG solution resulted in a (-potential increase to 7.7 £ 0.3 mV thus
rendering PEGylated MOF"*/PEG-NPs. Importantly, no changes in PDI (below 0.2) could be
observed following the different coating steps, thus indicating good colloidal stability for the as-

prepared NPs.

3.3.2. RBC-M coating. Functionalization of nanocarriers with bio-membranes derived from
RBCs, endows the nanocarriers with high biocompatibility, immune-evasion and enables them to
avoid clearance by the MPS due to their native long circulation property.3*>® Thus, RBC-Ms were
extracted from fresh human blood from donors and fluorescently labelled by incubating them with
the lipophilic far-red fluorescent DiD dye. The resulting RBC-MFs were mixed with the MOF*Hb-
NPs followed by sonication and extrusion to obtain membrane-coated and fluorescent MOFH®/MF-

NPs. The association of the RBC-MFs with the MOFH*-NPs was first evaluated by flow cytometry.
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Since the surface charge of the nanocarriers affects the coating with RBC-Ms,® both uncoated
MOFHP-NPs (positively charged) and PDA-coated MOFHY/PDA-NPs (negatively charged) were
considered. As controls, physical mixtures of RBC-MF and the NPs (both MOFM-NPs and
MOFH/PDA-NPs) without sonication and extrusion were considered (Figure 5Ai). The MFI
readings due to the DiD-labelled RBC-Ms were normalized to uncoated MOFH*-NPs. Figure 5Aii
shows a ~56% increase in nMFTI (dark grey bars) when coating bare MOFH°-NPs with RBC-MF.
However, the results were different for PDA-coated MOFH/PDA-NPs, which experienced a
~244% increase in nMFI (dark purple bars) which indicates a positive interaction between the
RBC-MF and the NPs. This result is in agreement with previous reports demonstrating that a
negative surface charge is a major factor facilitating the coating by RBC-Ms.® Importantly, the
physical mixtures of the NPs and RBC-MF resulted on a barely noticeable increase in nMFL
Specifically, a ~20% and ~25% increase in nMFI was observed in the absence (MOF!P-NPs, light
grey bars) and presence (MOFHY/PDA-NPs, light purple bars) of a PDA layer. The MOFH/M-NPs
were also characterized by SEM. MOFH-NPs without a PDA layer shows large aggregates
following coating with RBC-Ms (Figure 5Aiii) as a result of the disturbed RBC-M interaction with
the NPs. In contrast, MOF"™/PDA-NPs coated by RBC-Ms yielded even, spherical and
monodisperse NPs (Figure SAiv). Thus, the flow cytometry results together with the SEM images
indicate that the extracted RBC-Ms can be used to successfully coat MOFHY/PDA-NPs.

Following on, the MOFHY/M-NPs were examined to assess the completeness of the membrane
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coverage by conducting an aggregation assay based on Strep-BT conjugation.®® In this study,
biotinylated NPs (MOF'/BT-NPs) which readily aggregate upon direct exposure to free Step in
solution were prepared (Figure 5Bi). In particular, PDA-coated MOF"*/PDA-NPs were
functionalized with BT-NHS since it reacts in a straight forward manner with the primary amines
of the PDA layer rendering biotinylated MOFH®/BT-NPs. Figure 5Bii shows how, in the absence
of RBC-M, the MOFH/BT-NPs displayed a hydrodynamic size of ~500 nm as shown by DLS
measurements. Upon incubation of MOFHY/BT-NPs with free Strep, the size increased up to ~900
nm, indicating aggregation of the system as a result of the NPs bridging mechanism of the BT-
Strep interaction. We would like to note that the quantitative change of hydrodynamic diameter
following PDA coating (i.e., a hydrodynamic size of ~220 nm and ~500 nm for uncoated MOF*P-
NPs and PDA-coated MOFHY/BT-NPs, respectively) could be misleading. As previously reported,
the black colour produced by PDA coating could adsorb the laser light, thus affecting the accuracy
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of the DLS measurements.®-%2 However, it is still nonetheless possible to qualitatively compare

the size of the different samples since they all have experienced the same PDA coating procedure.

Given that a uniform coating by the RBC-Ms will prevent surface-attached BT from interacting
with Strep, the completeness of RBC-M coating was evaluated using biotinylated MOF!b/BT-NPs
incubated with increasing amounts of RBC-M. Specifically, MOF"*/BT-NPs were mixed with
different amounts of RBC-Ms (i.e., extracted from 17 pL to 400 uL of whole blood per mg of
starting MOF-NPs) followed by sonication and extrusion. The resulting RBC-M-coated
MOFHY/BT/M-NPs where then incubated in a Strep solution and their aggregation (or the lack of)
was assessed by DLS. Figure 5B shows how, for low RBC-M amounts, significant aggregation
was detected (i.e., an increase in size from ~500 nm to ~850 nm for RBC-M extracted from only
17 uL of whole blood). In contrast, for RBC-M amounts extracted from 200 uL of whole blood or
higher, the addition of Strep failed to induce any considerable size increase among the
MOFHY/BT/M-NPs. This blockage of the Strep-induced aggregation indicates that the surfaces of
the MOFHY/BT/M-NPs were fully covered upon mixing with RBC-M extracted from at least 200
pL of blood.

3.3.3. Protein adsorption studies. Recognition and clearance by the MPS, takes place following
accumulation of opsonins onto the carriers surface.®® Thus, the stealth properties of the NPs as a
result of the PEG and RBC-M coatings were first assessed in terms of inhibition of protein
adsorption. IgG and BSA were selected as model proteins since they are two of the most abundant
proteins in blood. While IgG acts as a potent opsonin, albumin is believed to have a dysopsonic
effect. However, albumin can be easily replaced by opsonic proteins.®* The adsorption of
fluorescently labelled BSA-FITC and IgG-FITC onto the different NPs (i.e., MOFHP-NPs,
MOFHY/PDA-NPs, MOFHY/PEG-NPs and MOFHYM-NPs) following 4 h of incubation at 37 °C,
was evaluated by flow cytometry. The results, which were normalized to the MFI of MOFHP-NPs
incubated with BSA-FITC and IgG-FITC, are shown in Figure 6. While coating with PDA
resulted on a ~80% decrease in nMFI for BSA-FITC, only a ~25% decrease was observed for IgG-
FITC. This fact could be attributed to the negative charge rendered by the PDA coating, which
could repel the adsorption of the negatively charged BSA-FITC.% Following PEG coating, a ~80%
and ~79% decrease in nMFI was detected for MOFH®/PEG-NPs in the presence of BSA-FITC and

IgG-FITC, respectively. These results are in agreement with previously reported studies using the
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same PEG-based polymer,36-3%:40:66 confirming again the ability of PLL-g-PEG to act as a steric
barrier hindering the diffusion and adsorption of proteins onto the surface of the nanocarriers.
Coating with RBC-M displayed a similar effect than PEGylation for BSA-FITC since a ~80%
decrease in nMFI was also detected for MOFH*/M-NPs in the presence of that protein. The results
were slightly different for IgG-FITC and a higher decrease in nMFI as compared to the PEGylated
counterparts was observed (i.e., ~75 and 85% decrease in nMFI for MOFHY/PEG-NPs and
MOFH/M-NPs, respectively). Thus, all in all, these results indicate that coating with RBC-M,

results in equally good resistance to protein adsorption as compared to PEGylation.

3.3.4. Cell uptake/association studies. The stealth properties of the NPs depending on the
different terminating coatings were further evaluated by their ability in avoiding/minimizing cell
internalization. RAW 264.7 mice macrophages and HUVEC were the cells of choice. While
macrophages are phagocytic cells of the MPS, endothelial cells are the cells lining in our
vasculature and, therefore, any intravenously administered nanocarrier will get in contact with
them. To compare the cell uptake/association, the different NPs were fabricated employing
fluorescently labelled Hb-FITC. The different NPs (i.e., MOFH>-FITC.NPs, MOFH>-FITC/PDA-NPs,
MOFHb-FITC/PEG-NPs and MOF!Hb-FITC/M-NPs) were incubated at a 100:1 NPs-to-cell ratio for 4 h
at 37 °C. The CUE, which corresponds to the percentage of cells with a fluorescence intensity

higher than the autofluorescence level of the cells, was evaluated by flow cytometry for the two
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cell lines (Figure 7A). The results show how the three different coatings (i.e., PDA, PEG and
RBC-M) resulted on a significant decrease in CUE for both RAW 264.7 and HUVEC cells as
compared to the uncoated counterparts. However, while such a decrease in CUE was rather slight
for RAW 264.7 cells (~10-15% decrease for the three different coatings), it was quite pronounced
for HUVEC cells. Specifically, for HUVEC cells, a decrease in CUE of ~35% for PDA-coated
MOFHb-FITC/PD A-NPs and ~50% for both PEG- and RBC-M-coated NPs was observed. Figure 7B
shows the FI readings measured upon lysing the cells following 4 h incubation with the NPs at the
same NPs-to-cell ratio. The results, which have been normalized to the FI readings upon incubation
of the uncoated MOFHP-FITC_NPg (nFI), are in agreement with the CUE results. While only ~10-
20% decrease in nFI could be observed for RAW 264.7 cells for the three studied coatings, a
marked decrease in nFI was detected in HUVEC cells. In particular, PDA coating resulted in a
~55% decrease in nFI while both PEG- and RBC-M-coatings lead to ~70% reduction in nFI. Thus,
all in all, a limited effect both in CUE and nFI could be observed for RAW 264.7 cells for the three
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studied coatings. In contrast, the significant and similar blockage of the cell uptake for the two
stealth coatings detected for HUVEC cells is well in agreement with the protein adsorption studies.
Interestingly, PDA-coating also resulted in diminished cell uptake both in terms of CUE but also
when assessing the nFI of the internalized cells. We attribute these results to the fact that following
PDA coatings the charge of the NPs changes from positive ({ = 13.7 = 1.9 mV for MOFHb-FITC.
NPs) to negative ({ = -20.6 £ 0.5 mV for MOFH>-FITC/PDA-NPs), thus hampering the non-specific

interactions with cell binding sites and diminishing the cell-uptake efficiency.®’
3.4. Biocompatibility Studies

The biocompatibility of the NPs with the three different coatings was assessed in terms of cell

viability and hemocompatibility studies.

3.4.1. Cell viability. The in vitro cytotoxicity of MOF-NPs, MOFH-NPs, MOF"°/PDA-NPs,
MOFH/PEG-NPs and MOF"/M-NPs was assessed by conducting cell viability assays for the two
studied cell lines at a 100:1 NPs-to-cell ratio following 4 h of incubation at 37 °C. Figure 8A shows
no decrease in the normalized cell viability readings (nCV) for the three studied coatings and cell
lines. Interestingly, although not statistically significant, an increase of ~10% in nCV was observed
for RAW 264.7 cells incubated with PDA-coated MOFHY/PDA-NPs as compared to cells only.
This is not surprising since previous works have reported enhanced cell viability for PDA coatings

as a result of the large amount of amine and hydroxyl groups.40-68

3.4.2. Hemocompatibility. The evaluation of the impact of the NPs depending on the surface
coatings on human blood cells was evaluated by a haemolysis assay. The haemolysis rate following
incubation of the NPs with blood cells at a 100:1 of NPs-to-cell ratio, was evaluated by quantifying
the amount of free Hb in solution. Figure 8Bi shows that while uncoated MOFHP-NPs result on a
haemolysis rate of ~8%; the three different coatings (MOF"/PDA-NPs, MOF"/PEG-NPs and
MOFH?/M-NPs) promote a decrease in haemolysis rate well below 5%. This is an important fact
since, according to ISO/TR 7406, the biomaterials are considered non-hemolytic for haemolysis
rates lower than 5%.% The ~8% haemolysis rate induced by MOFH*-NPs can attributed to their
positive charge. The electrostatic interactions between cell membrane and NPs could promote the
disturbance of cell membrane and thus resulting in a higher haemolysis rate. Figure 8Bii shows

photographic images of the suspensions of the blood cells and the different NPs including a
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negative (isotonic HEPES buffer, 0% lysis) and a positive (MQ, 100% lysis) control group. As
expected by the haemolysis rate results, only the positive control group showed haemoglobin
leakage with obvious red colour. Interestingly, while bright red pellets can be observed for the
control groups and for MOF-NPs and MOFH’-NPs treated groups, dark pellets were collected for
the groups with NPs containing a PDA coating (i.e., MOF"/PDA-NPs but also MOFH*/PEG-NPs
and MOFHY/M-NPs which have an underlying PDA coating). Such a darker colour indirectly
indicates the successful modification by PDA. Additionally, the blood cells retained their shape
after incubation with the different NPs (Figure S2, Supporting Information).

3.5. Functional performance

The ability to carry oxygen is one of the most important functions of Hb. The oxygen binding
and releasing properties of the NPs depending on their surface coatings (i.e., MOFHP-NPs,
MOFH/PDA-NPs, MOF"/PEG-NPs and MOF"/M-NPs) were evaluated by UV-vis
spectroscopy following several O,/N, cycles. Figure 9 shows the initial characteristic peaks of
oxy-Hb for the first O, cycle at ~412 nm (Soret peak), ~541 and ~578 nm (red lines) for all the
studied samples independent of the surface coating. Importantly, following flowing with N, gas, a
shift in the wavelengths towards the characteristic deoxy-Hb peaks could also be observed for all
the different NPs. In particular, a red shift of the Soret peak to ~428 nm, the disappearance of the

peaks at ~541 and ~578 nm and appearance of the peak at ~564 nm (green lines) was detected

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

independently of the surface coating. This change in the wavelengths upon O, and N, gas treatment
was observed for two additional cycles thus highlighting the ability of the different NPs in binding
and releasing O, in a continuous manner over multiple rounds in a similar fashion as our biological

RBCs.

All in all, these results demonstrate that loading Hb into MOF-NPs, surface modification with
PDA and subsequent functionalization with PEG or RBC-M, did not hamper the O,-carrying
ability of Hb, which is the most important feature for HBOCs.

4. Conclusion

In this work, we have presented a novel biomimetic HBOC with a high Hb loading, stability and

preserved functionality. To do so, we have prepared mesoporous MOF-based NPs which are
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monodisperse and spherical with a diameter of around 220 nm, which could avoid extravasation
through the blood vessel wall and consequently circumvent vasoconstriction. Coating with RBC-
M endows MOF"-NPs with low-fouling properties in terms of decreased protein adsorption and
cell uptake, which are comparable to our previously reported PEGylation strategy. Moreover, the
RBC-M-coated MOFH*-NPs showed good biocompatibility and hemocompatibility while also
being able to reversibly bind and release oxygen, which is the most important feature for HBOCs.
In summary, this novel biomimetic HBOCs with high Hb content and stability can provide a safe
and efficient oxygen supply thus fulfilling the requirements for the next generation of blood

surrogates.
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FIGURES

Scheme 1 Illustration of the assembly process. A) Haemoglobin (Hb) is extracted from bovine red
blood cells (RBCs); B) Components and crystalline structure of the metal organic framework
(MOF) platform; C) Membrane of RBCs (RBC-M) is extracted from human RBCs; D) Hb is
loaded into empty MOF-based nanoparticles (MOF-NPs) by post-encapsulation rendering MOFH®-
NPs. MOFHP-NPs are endorsed with stealth layer employing PEGylation or RBC-M coating.
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Fig. 1 A) Entrapment efficiency (EE) and drug loading (DL) of haemoglobin (Hb) into metal
organic framework (MOF)-based nanoparticles (MOF-NPs) at various initial input amounts per
mg of MOF-NPs. B) Zeta-potential of Hb loaded MOF-NPs (MOF!-NPs) for the different DLs.
C) Scanning electron microscopy images of empty MOF-NPs and MOFH-NPs in suspension (i

and ii).
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Fig. 2 A) Fourier-transform infrared (FTIR) spectra of empty metal organic framework (MOF)-
based nanoparticles (MOF-NPs) and haemoglobin (Hb)-loaded MOF-NPs (MOFHP-NPs) as
compared to native Hb. B) UV—vis absorption spectra of native Hb and MOFH-NPs before i) and

after purging with nitrogen gas ii).
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Fig. 3 A) Size and polydispersity index (PDI) of empty metal organic framework (MOF)-based
nanoparticles (MOF-NPs) and haemoglobin (Hb)-loaded MOF-NPs (MOF!"b-NPs) stored at 4 °C
for 14 days; B) Cumulative release of Hb from MOFH-NPs stored at 4 °C for 28 days.
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Fig. 4 Zeta ({)-potential measurements and polydispersity index (PDI) of empty metal organic
framework (MOF)-based nanoparticles (MOF-NPs) and haemoglobin (Hb)-loaded MOF-NPs
(MOFHb-NPs) with a polydopamine (PDA) (MOF"*/PDA-NPs) or a PEG (MOF"Y/PEG-NPs)

coating layer.
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Fig. 5 A) 1) Red blood cells membranes (RBC-M) are extracted and fluorescently labelled to render
RBC-MF. Next, they are used to functionalize haemoglobin (Hb)-loaded metal organic framework
(MOF)-based nanoparticles (MOFH*-NPs). Both uncoated (MOF"-NPs) and polydopamine
(PDA) coated (MOFH/PDA-NPs) NPs are considered. ii) Normalized mean fluorescence intensity
(nMFT) readings of the NPs with the different coatings: Hb-loaded MOFH-NPs, RBC-MF-coated
MOFH/MF-NPs and the physical mixture of MOFH*-NPs and RBC-MF. Scanning electron
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microscopy images of the physical mixture of MOFH"-NPs (iii) and RBC-M and the RBC-M-
coated MOFHY/M-NPs (iv). B) i) Streptavidin (Strep)-biotin (BT) conjugation results in the Strep-
BT complex. MOFH/PDA-NPs were functionalized with BT to render MOFH*/BT-NPs which
aggregate in the presence of Strep. MOFUY/BT-NPs are coated with RBC-M to render
MOFHY/BT/M-NPs which remain monodisperse in the presence of Strep. ii) Size distribution of
MOFHY/BT/M-NPs prepared with different amounts of RBC-M in the absence (grey bars) or

presence (blue bars) of Strep.
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Fig. 6 Normalized mean fluorescence intensity (nMFI) of haemoglobin (Hb)-loaded metal organic
framework (MOF)-based nanoparticles (MOF"P-NPs) incubated in the presence of fluorescently
labelled bovine serum albumin (BSA-FITC) or immunoglobulin G (IgG-FITC). Different types of
MOFH-NPs are considered: uncoated: MOFH*-NPs; polydopamine (PDA)-coated: MOFHb/PDA -
NPs; PEG-coated: MOF"*/PEG-NPs; or red blood cell-membrane (RBC-M) coated: MOF!Hb/M-
NPs. *p < 0.05; **** p<0.0001.
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Fig. 7 A) Cell uptake efficiency (CUE) and B) normalized fluorescence intensity (nFI) of RAW
264.7 (1) and HUVEC (ii) cells incubated with haemoglobin (Hb)-loaded metal organic framework
(MOF)-based nanoparticles (MOFH*-NPs). Different types of MOFHP-NPs are considered:
uncoated: MOFH-NPs; polydopamine (PDA)-coated: MOFHY/PDA-NPs; PEG-coated:
MOFH/PEG-NPs; or red blood cell-membrane coated: MOFHY/M-NPs. *p < 0.05; **p < 0.001,
*HEp < 0.0005, #*#* p<0.0001.
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Fig. 8 A) Normalized cell viability (nCV) readings of RAW 264.7 (i) and HUVEC (ii) cells
following incubation for 4 h with empty metal organic framework (MOF)-based nanoparticles
(MOF-NPs) and haemoglobin (Hb)-loaded MOF-NPs (MOF"t-NPs). B) Haemolysis rate (i) and
photographic images (ii) of the of the negative control (-), positive control (+) and both MOF-NPs
and MOFH"°-NPs incubated with blood cells for 4 h. Different types of MOFH®-NPs are considered:
uncoated: MOFH-NPs; polydopamine (PDA)-coated: MOFH/PDA-NPs; PEG-coated:
MOFHY/PEG-NPs; or red blood cell-membrane coated: MOF°/M-NPs.

32


https://doi.org/10.1039/D0BM01118E

Page 73 of 80

Published on 21 August 2020. Downloaded by DTU Library on 8/24/2020 1:27:15 PM.

Biomaterials Science

View Article Online
DOI: 10.1039/DOBM01118E

Fig. 9 UV-vis absorption spectra of oxygenated (oxy-Hb) and deoxygenated (deoxy-Hb)
haemoglobin (Hb) after successively feeding with oxygen (O,) or nitrogen (N,) gas different types
of metal organic framework (MOF)-based nanoparticles (MOF-NPs): A) uncoated Hb-loaded
MOFHP-NPs, B) polydopamine (PDA)-coated MOFH/PDA-NPs, C) PEG-coated MOFHY/PEG-
NPs and D) red blood cell-membrane-coated MOFHY/M-NPs.
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