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ABSTRACT 
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Timely blood transfusion is critical for preventing hypoxia and organ failure in cases of acute 

severe blood loss, yet the current blood supply system faces limitations in availability, storage, 

and compatibility. To address these challenges, synthetic hemoglobin (Hb)-based oxygen 

carriers (HBOCs) have emerged as promising substitutes for donor red blood cells (RBCs). 

However, effective encapsulation strategies that maintain Hb stability, oxygen-binding 

capacity, and circulation longevity remain a significant hurdle. In this study, we present a novel 

approach utilizing hierarchically porous UiO-66 metal-organic framework nanoparticles (HP-

UiO-66 NPs) to encapsulate Hb, achieving physiologically stable, biocompatible, and 

functionally efficient synthetic HBOCs. By introducing mesopores within UiO-66 NPs, we 

enable efficient Hb loading while maintaining micropores for oxygen diffusion. To enhance 

physiological stability, we employ a catalyst-free click-chemistry surface modification with 

polyethylene glycol (PEG). The resulting Hb-loaded and PEGylated HP-UiO-66 NPs 

demonstrate preserved oxygen-binding functionality, excellent colloidal stability in 

physiological media, and promising biocompatibility in vitro and in vivo. Pharmacokinetic and 

biodistribution studies confirm prolonged circulation and favorable organ accumulation. These 

findings establish HP-UiO-66 NPs as a versatile platform for RBC substitutes, advancing the 

potential biomedical application of metal-organic frameworks for oxygen delivery in critical 

care settings.  

1. INTRODUCTION 

Timely transfusion of whole blood or red blood cells (RBCs) is essential for preventing hypoxia 

and subsequent organ failure in patients suffering from acute severe blood loss. However, the 

current blood supply system is fraught with challenges—time-consuming matching processes, 

strict storage requirements, and limited availability—that hinder its effective use in critical 

scenarios.[1,2] In response to these barriers, researchers have devoted significant efforts to 

developing synthetic oxygen (O2) carriers as promising substitutes for RBCs. Among these, 
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incorporating hemoglobin (Hb), the primary O2-carrying protein in blood, within delivery 

vehicles has emerged as a potential solution.[3,4] These so-called Hb-based O2 carriers (HBOCs) 

are designed to leverage the O2-transporting power of Hb while overcoming the toxicity of free 

Hb, ultimately mimicking the O2-carrying function of RBCs.[5] 

To this end, various strategies have been developed to encapsulate Hb within different carriers 

such as liposomes,[6] polymersomes,[7] and polymer particles.[8–11] These approaches aim to 

prevent the dissociation of the Hb tetramer while providing a suitable environment to maintain 

Hb’s functionality. However, despite significant advancements, challenges remain in 

encapsulating Hb within well-defined structures that preserve its secondary structure and allow 

for the free diffusion of small molecules, such as O2 and reducing agents, in and out of the 

system. Additionally, difficulties in extending the circulation time of these Hb-encapsulating 

platforms in the bloodstream continue to hinder their clinical translation.[12] 

Amidst these challenges, metal-organic frameworks (MOFs), which consist of metal ions 

connected by organic linkers, have emerged as a promising class of self-assembled materials 

with remarkable potential for drug delivery and personalized medicine.[13] Thus, MOF 

nanoparticles (MOF NPs) which feature well-defined, crystalline pore structures with large 

surface areas have been employed to encapsulate a wide range of therapeutic compounds.[14] 

However, the vast majority of the approximately 99.000 MOFs discovered to date, feature 

small micropores (<2 nm), which impede the post-encapsulation of biomacromolecules such 

as enzymes,[15,16] nucleic acids[17,18] and also Hb.[19,20] While, theoretically, enlarging MOFs 

pore cages could be achieved by selecting and designing large metal clusters and/or long 

ligands, the extremely complicated organic synthesis and the lack of structural stability of the 

resulting MOF NPs restrict their practical utility.[21] Another strategy to bypass MOFs small 

pore size is by an in situ encapsulation approach in which the biomolecules to be encapsulated 

act as heterogeneous nucleation seeds and trigger MOF formation.[22] Although the pore size 
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becomes irrelevant with this method, such strategy is only applicable to the very limited 

number of MOFs that can be fabricated in biofriendly conditions which mainly include the 

zeolitic imidazolate framework (ZIF) series, such as ZIF-8 and ZIF-90.[23–29] However, this 

MOFs subclass is prone to decomposition in physiological conditions leading to the premature 

rapid release of the encapsulated cargo. 

Recently, a defect formation strategy to create MOF NPs with larger pores has been 

reported.[30] The method involves using UiO-66, a MOF constituted by Zr4+ and 1,4-benzene-

dicarboxylate (BDC) as the organic ligand, that exhibits a crystalline structure with 

microporous cages.[31] The fabrication of UiO-66 containing not only micropores but also 

mesopores (2-50 nm in size), involves the self-assembly of Zr4+ and insufficient amounts of 

the BDC ligand using an alkyl monocarboxylic acid as modulator.[30] The resulting 

hierarchically porous (HP) UiO-66 NPs (HP-UiO-66 NPs) are obtained following removal of 

the modulator by acidic treatment, which results in additional pore space. Importantly, the 

diameter of these new mesopores can be systematically adjusted by varying the length and 

concentration of the modulator. However, an important limitation of the reported HP-UiO-66 

NPs is their inherent instability in physiologically relevant buffers, probably due to the 

undesired coordination of the phosphates (present in phosphate buffer saline (PBS), cell media 

or blood) with Zr nodes.  

In this work, we present, for the first time, a HP MOF NP based on UiO-66 that is stable in 

physiological media and thus is well suited for biomedical applications (Schematic 1a). The 

potential of this platform is thoroughly evaluated in vitro and in vivo as a substitute for RBCs. 

Such an ambitious goal is achieved by encapsulating Hb withing azide-functional HP-UiO-66 

NPs followed by surface-modification with polyethylene glycol (PEG) to enhance stability and 

biocompatibility (Schematic 1b). To prevent the loss of pre-encapsulated Hb during 

modification, we employ a catalyst-free click-chemistry reaction — strain-promoted alkyne 
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azido cycloaddition (SPAAC) — which enables highly-specific conjugation between 

dibenzylcycloocyne (DBCO) and the azide groups in a very mild synthesis process (Schematic 

1c).[32]   

The development of physiologically stable HP MOF NPs represents a significant step forward 

in the design of synthetic RBC substitutes. By overcoming critical barriers related to stability 

and encapsulation, this work provides a versatile platform for O2 delivery and opens new 

avenues for the biomedical application of MOFs. 

2. MATERIALS AND METHODS 

2.1. Materials 

All purchased chemical reagents and solvents were used without further purification. 

Zirconium chloride (ZrCl4), 2-amino-1,4-benzenedicarboxylate (DBC-NH2), dodecanoic acid 

(DA), N,N′-dimethylformamide (DMF), hydrochloric acid (HCl), ethanol (EtOH), potassium 

hexacyanoferrate (K3[Fe(CN)6]), tert-butyl nitrite (tBuONO), azidotrimethylsilane (TMSN3), 

tetrahydrofuran (THF), acetone, phosphate buffer saline, 4-(2-hydroxyethyl) piperazine-1-

ethane-sulfonic acid (HEPES), sodium dithionite (SDT), sodium lauryl sulphate (SLS), sodium 

chloride (NaCl), potassium hydroxide (KOH), potassium chloride (KCl), deuterium oxide 

(D2O), toluene, Dulbecco’s modified eagle’s medium-high glucose (DMEM), bicinchoninic 

acid (BCA) assay, fetal bovine serum (FBS) and penicillin/streptomycin were purchased from 

Merck Life Science A/S (Søborg, DK). CellTiter-Glo has been purchased from Promega 

Biotech AB (Stockholm, SE). Dibenzocyclooctyne-polyethylene glycol with Mw 2000 

(DBCO-PEG) and Cyanine 7 (Cy7) monosuccinimidyl ester (Cy7-monoNHS ester) were 

brought from BroadPharm (San Diego, US). Mouse serum from CD-1 mice was obtained from 

Innovative Research (Novi, MI, US). Activated partial thromboplastin time (aPTT) reagent 

STA®-PTT automate 5 and prothrombin time (PT) reagent STA®-NeoPTimal with an 

international sensitivity index value of 1.0 were both purchased from Diagnostica Stago 
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(Asnières, FR). Human complement component C5a DuoSet ELISA was brought from R&D 

Systems (Minneapolis, US). The RAW 264.7 cell line was obtained from the European 

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

Hb was extracted from bovine blood bought from SSI Diagnostica A/S (Hillerød, DK). Human 

blood was withdrawn from healthy donors at DTU-Health Technology at the Technical 

University of Denmark (Lyngby, DK) and the withdrawal procedure was performed following 

approval and in accordance with the guidelines from the Regional Research Ethics Committees 

of Denmark. Human blood plasma was collected from the supernatant of donor blood.  

PBS buffer (pH 7.4) consisted of 10 mM phosphate buffer, 140 mM NaCl and 3 mM KCl 

dissolved in ultrapure Mili-Q water (MQ); HEPES buffer (pH 7.4) is composed of 20 mM 

HEPES in MQ; saline is made of a 0.9% NaCl aqueous solution.  

2.2. Hb Extraction 

The extraction of Hb was conducted following our previously reported protocol.[4] Briefly, the 

bovine blood was mixed gently with an equivalent volume of saline and centrifuged (1500g, 

20 min). The supernatant was discarded and the pellet containing the RBCs was thoroughly 

washed by repeating this procedure two times. The pellet was then suspended in toluene and 

MQ at volume ratio of 1:0.4:1 and placed into a tapping separatory funnel overnight at 4 °C to 

allow for the separation of the two phases. The bottom phase containing a clear stroma-free Hb 

was collected and spun down (8000g, 20 min) and the resulting supernatant containing Hb was 

filtered with disposable polyethylene frits and a diatomaceous earth filter funnel (Chemglass 

Life Sciences, US) with a vacuum pump. The Hb-containing filtrate was stored in the freezer 

at −80 °C for further use. The Hb concentration was quantified by a BCA assay.   
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2.3. Fabrication of UiO-66-based NPs 

2.3.1. Synthesis of amino-modified UiO-66 NPs (UiO-66-NH2 NPs). UiO-66-NH2 NPs were 

fabricated following a previous report with minor modifications.[30] Typically, ZrCl4 (160 mg, 

0.678 mmol) and BDC-NH2 (124 mg, 0.686 mmol) were ultrasonically dissolved in DMF (30 

mL) using a Pyrex tube. The resulting yellow mixture was then heated in an oven at 120 °C. 

After 24 h of reaction, the UiO-66-NH2 NPs were harvested by centrifugation (11 000g, 10 

min) and successively washed with DMF, acetone and EtOH (3×, 11 000g, 10 min) followed 

by vacuum drying. This procedure typically yielded ~275 mg UiO-66-NH2 NPs. The successful 

synthesis was confirmed by the crystal pattern aligning with the simulated one of UiO-66 

(Figure S1, Supporting Information). 

2.3.2. Synthesis of hierarchically porous UiO-66-NH2 NPs (HP-UiO-66-NH2 NPs). HP-

UiO-66-NH2 NPs were prepared following a previous report with some modifications.[33] 

Specifically, a mixture of ZrCl4 (400 mg, 1.715 mmol) and excess DA (12 g, 60 mmol) was 

ultrasonically dissolved in DMF (100 mL) for 30 min followed by the addition of DBC-NH2 

(150 mg, 0.8574 mmol). The mixture was further sonicated for 30 min to form a yellow uniform 

solution, which was heated in an oven at 120 °C for 24 h. Next, the pellet was collected by 

centrifugation and washed with DMF (3×, 11 000g, 5 min). DA was removed by immersing 

the obtained yellow pellet in DMF (100 mL) containing HCl (0.5 mL, 37%) at 90 °C for 12 h. 

Next, the pellet was spun down (11 000g, 5 min), the supernatant was discarded and the HCl 

treatment was repeated. The product was collected by centrifugation (11 000g, 5 min) and 

washed sequentially with DMF, acetone and EtOH (3×, 11 000g, 5 min). After overnight 

vacuum drying, ~428 mg of yellow powder of HP-UiO-66-NH2 NPs was obtained.   

2.3.3. Synthesis of azido-modified HP-UiO-66 NPs (HP-UiO-66-N3 NPs). HP-UiO-66-NH2 

NPs (50 mg) were placed in a 25 mL round-bottom flask and ultrasonically dispersed in THF 

(10 mL). Next, a mixture of tBuONO (0.4 mL) and TMSN3 (0.35 mL) was added dropwise 
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within 5 min. The flask was then placed in an ice bath for overnight stirring with a speed of 

400 rpm. After centrifugation, the obtained solid was subsequently washed with THF (10 mL, 

3×, 11 000g, 5 min) and acetone (10 mL, 3×, 11 000g, 5 min). After overnight vacuum drying, 

~45 mg of HP-UiO-66-N3 NPs were obtained.  

2.3.4. Pore activation of UiO-66-based NPs. To exchange the residual solvent in the pores of 

the as-prepared UiO-66-based NPs (i.e., UiO-66-NH2, HP-UiO-66-NH2 and HP-UiO-66-N3 

NPs), ~150 mg was soaked sequentially in EtOH (100 mL) and acetone (100 mL) at 50 °C for 

48 h each. Next, the NPs were spun down (11 000g, 5 min) and placed in uncovered glass vials 

after discarding the supernatants. The NPs were heated overnight at 140 °C in an oven under 

vacuum, the glass vials were then tightly closed and cooled down at ambient conditions.  

2.3.5.  Hb loading and quantification. Activated HP-UiO-66-NH2 or HP-UiO-66-N3 NPs (5 

mg) were incubated with Hb solutions (0.5 mL, 1, 2, 4, 6, 8, 10, 14 and 20 mg mL−1 in HEPES 

buffer) under continuous shaking at 1000 rpm for 2 h. Next, the NPs were collected by spinning 

down and washed in MQ (13 500g, 5 min). The resulting Hb-loaded HP-UiO-66-NH2 NPs 

(Hb@HP-UiO-66-NH2 NPs) or HP-UiO-66-N3 NPs (Hb@HP-UiO-66-N3 NPs) were dispersed 

in MQ for further studies. The amount of non-entrapped Hb was assessed using a previously 

reported SLS-Hb assay.[34] In brief, the supernatants (10 μL) after the first spinning cycle were 

mixed with SLS (100 μL, 0.6 mg mL-1 in MQ) in a 96-well plate (NunclonTM Delta Surface). 

In parallel, different dilutions of the Hb stock obtained from bovine blood were prepared in 

HEPES to serve as standards. The plate was covered with aluminum foil and incubated on a 

plate shaker for 5 min and the absorbance (Abs) at 412 nm was recorded using a Nanodrop 

2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, US). The Abs readings 

were conducted in triplicate. The standard curve was created by plotting the average reading 

of each Hb standard versus the concentration in mg mL-1.  
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The concentration of Hb present in the supernatants (unentrapped Hb) was determined by 

interpolation into the standard curve. The amount of encapsulated Hb was quantified by 

subtracting the amount of non-entrapped Hb from the known initial amount. The Hb 

entrapment efficiency (EE) and loading content (LC) were calculated using the following 

formulas:  

EE = (encapsulated Hb amount/initial amount of Hb) × 100 

LC = (encapsulated Hb amount/total amount of final sample) × 100 

2.3.6. Synthesis of PEGylated Hb@UiO-66-N3 NPs (Hb@HP-UiO-66-PEG NPs). DBCO-

PEG (20 mg in 0.5 mL MQ) was added to Hb@HP-UiO-66-N3 NPs (10 mg in 0.5 mL MQ) 

placed in a 2 mL Eppendorf tube and the resulting mixture was incubated in a thermoshaker at 

room temperature (1000 rpm, 1 h) and kept in a refrigerator for overnight. The suspension was 

spun down (12 000g, 5 min) and washed with MQ (2 mL, 3×, 12 000g, 5 min). The resulting 

Hb@HP-UiO-66-PEG NPs were dispersed in MQ for further studies.  

2.4. Physiochemical Characterization 

2.4.1. NMR. 1H-NMR spectra were recorded on a Bruker Avance spectrometer (Bruker, 

Billerica, US) with a prodigy cryoprobe operating at 400 MHz. The NPs were placed in 2 mL 

glass vials and dried in a vacuum oven at 50 °C overnight. The resulting powder (~10 mg) was 

dissolved in KOH (2 M in 0.5 mL D2O) and heated at 80 °C for 1-2 h to digest the NPs. 

Afterwards, the suspensions were spun down (12 000g, 10 min) and the supernatants containing 

the organic components of the NPs were transferred to an NMR tube for NMR monitoring. 

2.4.2. Powder X-ray diffraction (PXRD). The PXRD spectra were collected using a benchtop 

diffractometer (Malvern Panalytical Ltd., Malvern, UK) with a 2θ range from 4 to 50° at 298 

K using Cu radiation. The simulated PXRD pattern of UiO-66 was generated with the Mercury 

program based on the reported crystal information.[35] 
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2.4.3. Fourier transform infrared (FTIR) spectroscopy. FTIR spectroscopy analysis was 

performed using an ALPHA-P spectrometer (Bruker, Billerica, US) with a spectral resolution 

of 2 cm˗1. Prior to the measurement, the NPs were dried at 50 °C in a vacuum oven and gently 

pressed into fine powder using a sample spoon. The powdered NPs were then placed at the 

center of an FTIR sample stage to cover the crystal detector and the measurement was 

performed at ambient conditions. Background calibration was conducted for each analysis. 

2.4.4. Scanning electron microscopy (SEM). SEM micrographs were obtained using a 

Quanta 200 field emission gun scanning electron microscopy (FEI Company, Hillsboro, US). 

The droplet containing the NPs suspension was mounted onto the conductive silicon wafer on 

the top of sample holder for ambient drying. The SEM micrographs were taken under vacuum 

using an accelerated electron beam with a voltage of 10-20 kV. The images were further 

analyzed using the ImageJ software. 

2.4.5. Gas uptake. Nitrogen (N2) sorption isotherm and pore size distribution measurements 

were performed on a Micromeritics Tristar Surface Area and Pore Size Analyzer at 77 K. Prior 

to measurements, NPs (~100 mg) were soaked in EtOH and acetone for 48 h each followed by 

overnight drying using a vacuum over. Then the dried NPs powders were thoroughly activated 

to remove residual solvents using a Micromeritics Smart VacPrep system at 140 °C under 

vacuum for 24 hours (or overnight) while purging with ultra-high-purity N2. Once activated, 

the sample was immediately transferred to the analysis system to prevent exposure to 

atmospheric contaminants. The adsorption isotherms were collected within a relative pressure 

range (P/P₀) of up to 1 bar, gradually introducing in controlled increments while allowing 

equilibrium to be reached at each step. The calculation of pore size distribution uses the 

nonlocal density functional theory (NLDFT) implemented in the Micromeritics software. The 

Brunauer–Emmett–Teller (BET) areas were calculated using BETSI based on the extended 

Rouquerol criteria.[36] 
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2.4.6. Zeta (ζ)-potential, hydrodynamic size and polydispersity index (PDI). The ζ-

potentials, hydrodynamic size and PDI of free Hb and the different UiO-66-based NPs were 

obtained using a Zetasizer nano ZS instrument (Malvern Instruments Ltd., Malvern, UK) under 

ambient conditions. Free Hb and the different NPs were adequately dispersed with a 100× 

dilution in MQ for size and PDI analysis and in HEPES buffer for ζ-potential measurement. 

Each measurement was conducted in triplicate and the results are expressed as mean ± SD. 

2.4.7. Transmission electronic microscope (TEM). TEM imaging was conducted using a 

Tecnai T20 G2 (FEI Company, Hillsboro, US) equipped with a high-tension voltage of 200 

keV under vacuum. A droplet containing the NPs suspension was applied onto the glow 

discharged lacey carbon film Cu TEM grid (300 Mesh) and dried at ambient conditions. The 

grid was then loaded on the single Tilt holder to collect the TEM images in bright field. The 

images were further analyzed using the ImageJ software. 

2.5. O2-Transporting Properties 

2.5.1. Reversible O2-binding and release. The ability of free Hb and NPs to reversibly bind 

and release O2 was evaluated by UV-vis spectroscopy. For that, free Hb and the NPs (i.e., 

Hb@HP-UiO-66-NH2 NPs) were suspended in MQ and the UV-vis spectra in the wavelength 

range of 350−600 nm was recorded using a UV-2600 UV−vis spectrophotometer (Shimadzu, 

Kyoto, JP). To obtain deoxygenated Hb (deoxy-Hb), a pinch of the O2 scavenger SDT was 

added, and the suspensions were purged with N2 for 10 min followed by recording the UV-vis 

spectra. Next, the suspensions were purged with an air flow for 10 min to obtain oxygenated 

Hb (oxy-Hb) and the corresponding UV-vis spectra was recorded.  

2.5.2. Quantification of released O2. The amount of O2 released by the different NPs was 

evaluated using a needle-type O2 meter (PreSens, Regensburg, DE). For that, free Hb (1 mg in 

600 µL MQ) and the different NPs (i.e., Hb@HP-UiO-66-NH2, Hb@HP-UiO-66-N3 and 

Hb@HP-UiO-66-PEG NPs) (their tested amounts were adjusted relative to 1 mg of Hb, 600 
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µL MQ) were placed into a glass vial tightly sealed with a rubber cap. The needle probe was 

inserted into the rubber cap and the release of O2 from oxy-Hb was forced by the addition of a 

solution of K3[Fe(CN)6] (100 µL, 10 wt%). The amount of released O2 was determined by 

subtracting the maximum value observed after the addition of K3[Fe(CN)6] from the value 

measured before the K3[Fe(CN)6] solution was added. The data was then normalized to the O2 

released from the same amount of free Hb. 

2.6. Assessment of NPs Stability 

The NPs (i.e., Hb@HP-UiO-66-NH2 and Hb@HP-UiO-66-PEG NPs) (~5 mg) were incubated 

in different biologically relevant fluids (2 mL of saline, HEPES, mouse serum, human blood 

plasma, DMEM and PBS) at 1000 rpm and 37 °C using a thermoshaker. NPs in MQ incubated 

without shaking at room temperature was used as the negative control. At predefined time 

intervals, the NPs suspension was diluted 20× with the corresponding buffer for hydrodynamic 

size measurement and with MQ for SEM analysis. Diluting the NPs suspension in MQ is 

crucial for SEM analysis because it can alleviate the background interference caused by buffer 

components and facilitate the NPs imaging. For PXRD analysis, the NPs were spun down (12 

000g, 10 min), washed with MQ (1×, 2 mL, 12 000g, 10 min) and freeze-dried. 

2.7. Biocompatibility 

2.7.1. Cell Culture. RAW 264.7 cells were cultured in DMEM supplemented with 10% (v/v) 

FBS and 1% penicillin/streptomycin mixture at 37 °C with 5% CO2. The cells were harvested 

prior to reaching 80–90% confluence. 

2.7.2. Cell Viability (CV). CV was assessed using the CellTiter-Glo assay after 24 h of 

treatment with Hb@HP-UiO-66-PEG NPs. Briefly, RAW 264.7 cells were seeded in a 96-well 

plate at a density of 3 × 104 cells per well and incubated for 24 h at 37 °C with 5% CO2 in a 

humidified atmosphere. The cells were then washed with PBS (1×) and exposed to Hb@HP-

UiO-66-PEG NPs at concentrations ranging from 0.01 to 1 mg mL-1. After 24 h of treatment, 
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the cell media was replaced with 100 µL of a mixture of fresh cell media and CellTiter-Glo 

reagent at 1:1 volume ratio. The well plate was then covered with aluminum foil, shaken for 5 

min, and incubated at room temperature for 10 min. After incubation, 95 µL from each well 

was transferred to a white 96-well plate (Nunclon™ Delta Surface Flat White) and the 

luminescence was measured using a Tecan Spark microplate reader (Tecan Group Ltd, 

Männedorf, CH) with and integration time of 0.25–1 sec per well. Untreated cells and cell 

media only served as positive and negative controls, respectively. The results are expressed as 

normalized CV (nCV), representing the relative percentage of viable cells compared to 

untreated controls. The calculation using the following formulas:  

nCV (%) = (Abs experimental value – Abs negative control)/(Abs positive control – Abs 

negative control) × 100 

2.7.3. Hemolysis rate. Human whole blood, which was collected in heparin-coated tubes, was 

centrifuged to precipitate the RBCs and washed with pre-cold PBS (3×, 1000g, 15 min, 4 °C). 

Next, the resulting pellets containing the RBCs (1 mL) were diluted with PBS (49 mL) in a 50 

mL falcon tube. The diluted RBCs suspension (200 µL) was incubated with the different NPs 

(0.001, 0.01, 0.05, 0.1, 0.25, 0.5, 1 mg mL−1 in 300 µL PBS) using a Thermoshaker (1000 rpm, 

3 h, 37 °C). The diluted RBC suspension incubated with PBS (300 µL) and MQ (300 µL) only 

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

removed by spinning down (1000g, 10 min) and the RBCs-containing supernatants were 

collected and spun down again at a higher speed (12 000g, 10 min). These new supernatants 

containing any potential released Hb were transferred to a 96-well plate and the Abs signal at 

540 nm was recorded using a multimode plate reader (Tecan Spark, Tecan Group Ltd, 

Männedorf, CH). The hemolysis rate was calculated with the following equation:  

Hemolysis rate (%) = (Abs of samples – Abs negative control)/(Abs positive control – Abs 

negative control) × 100.  
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Meanwhile, the RBCs-containing pellet after the first centrifugate cycle was resuspended in 

PBS and the RBCs morphology was assessed using an Axiovert 25 inverted microscope (Carl 

Zeiss A/S, Birkerød, DK) with a 32× magnification. 

2.7.4. Plasma Coagulation. The effect of Hb@HP-UiO-66-PEG NPs on the extrinsic and 

intrinsic blood coagulation pathways was estimated by PT and aPTT assay, respectively.[37]  

Human whole blood was spun down (1500g, 15 min) and the supernatant was collected to 

afford platelet-poor plasma (PPP). Then the NPs were mixed with the obtained PPP at volume 

ratio of 1:9, resulting in the final concentrations ranging between 0.04 and 1 mg mL-1, and 

incubated at 37 °C for 30 min. The PPP incubated with PBS (pH 7.4) only was employed as 

negative control. Subsequently, Merlin MC1 coagulometer (Merlin Medical, ABW Medizin 

und Technik, Lemgo, DE) was used to assess the PT and aPTT and the reagents from supplier 

(Diagnostica Stago, Asnières, FR) to induce the extrinsic and intrinsic coagulation cascades 

were used for PT and aPTT, respectively.  

2.7.5. Complement Activation. Complement activation was evaluated following a reported 

protocol.[38] Complement protein C5a level was assessed employing the human complement 

component C5a DuoSet ELISA assay. In brief, Hb@HP-UiO-66-PEG NPs (6 mg mL-1 in 50 

µL PBS) were gently mixed with human blood plasma (250 µL) and incubated using a 

thermoshaker (37 °C, 30 min). After spinning down the NPs (4000g, 5 min, 4 °C), the Abs at 

450 nm of the collected supernatants were recorded using the plate reader (Tecan Spark, Tecan 

Group Ltd, Männedorf, CH). The standards from the suppliers were used to create a standard 

curve. In addition, plasma with PBS only (pH 7.4) and complement activator zymosan (0.2 mg 

mL-1 in blood plasma) served as background and positive control, respectively. 

2.8. In Vivo Studies 

2.8.1. Hb labelling with Cy7. Hb (50 mg) was dissolved in NaHCO3 (0.1 M in 10 mL MQ, 

pH 9) followed by the dropwise addition of Cy7 (5 mg dissolved in 500 µL DMSO). The 
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mixture was gently stirred using a magnetic stirrer (300 rpm, 4 h) in the dark. Next, unreacted 

Cy7 was eliminated by filtering the solution with a 30 kDa Amicon Ultra filter. The green pellet 

containing Cy7-labelled Hb (HbCy7) was harvested by washing with MQ (3×, 5000g, 5 min) 

and the concentration was quantified by SLS assay as described in section 2.3.5.   

2.8.2. Fabrication of HbCy7-loaded HP-UiO-66-PEG NPs (HbCy7@HP-UiO-66-PEG NPs). 

10 mg of activated HP-UiO-66-N3 NPs were immersed in a HbCy7 solution (10 mg mL-1 in 1 

mL MQ) and incubated using a thermoshaker (1000 rpm, 2 h). The resulting green pellet 

containing HbCy7-loaded HP-UiO-66-N3 NPs (HbCy7@HP-UiO-66-N3 NPs) was collected by 

spinning down and washed in MQ (3×, 12 000g, 5 min). Next, the pellet was suspended in MQ 

(0.5 mL) and PEGylation was conducted by adding DBCO-PEG (20 mg in 0.5 mL MQ) 

followed by continuous shaking using the thermoshaker (1000 rpm, 1 h). The resulting 

HbCy7@HP-UiO-66-PEG NPs were harvested by spinning down and washed with MQ (2 mL, 

3×, 12 000g, 5 min). 

2.8.3. Animal Model. Healthy male CD-1 mice (6-8 weeks old, body weight 35-40 g) 

purchased from Charles River Laboratory (Sulzfeld, DE) were used for animal studies. The 

mice were housed in polypropylene cages within an air-conditioned animal facility, where the 

temperature was set at 23 ± 3 °C, the relative humidity to 40-70% and 12 h light/dark cycle 

with ad libitum access for feed. All animal experimental procedures were approved by the 

Danish National Animal Experiment Inspectorate.  

2.8.4. Pharmacokinetics. To assess the blood clearance profile, the pharmacokinetic (PK) 

parameters of HbCy7@HP-UiO-66-PEG NPs after animal injection were evaluated. For that, 

the NPs (100 µL) were intravenously injected into the lateral tail vein of mice at a single dose 

of 10 mg kg-1 and sterile PBS (100 µL, pH 7.4) was used as a control (n = 3 per group, per time 

point). Next, blood samples were collected from the opposite lateral tail vein at different time 

intervals (0.5, 1, 4, 6, 8, 10, 12, and 24 h) and centrifuged (2000g, 10 min, 4 °C) to collect the 
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supernatant-containing plasma. The fluorescence intensity (FI) of the supernatant was assessed 

(λex/λem = 750/790 nm) using the plate reader and correlated to the NPs standard curve. The 

theoretical administered concentration was estimated using the total blood volume per mouse 

which was estimated to be 7.5% of body weight. The PK parameters were estimated by 

noncompartmental analysis using MATLAB Simbiology version 6.4.1. 

2.8.5. Biodistribution studies. Fluorescently labeled HbCy7@HP-UiO-66-PEG NPs were 

intravenously injected into the lateral tail vein of CD-1 mice (n = 3 per group, per time point) 

at a single dose of 10 mg kg-1 in a total volume of 100 µL. Control mice (n = 3) received the 

same volume of sterile PBS (pH 7.4). At designated time points (0.5, 1, 4, 8, and 24 h), mice 

were anesthetized with intraperitoneal injections of Midazolam (50 mg kg-1; Hameln, Glostrup, 

DK). The liver, brain, intestines, spleen, heart, lungs, and kidneys were then collected and 

imaged using a fluorescence molecular tomography device (U-CT OI, MILabs B.V., Utrecht, 

NL) in 2D reflectance imaging mode (λex/λem = 710/785 nm). The fluorescence signal from 

manually defined regions of interest was quantified using MILabs OI Post Processing v2.4.1 

software (MILabs B.V., Utrecht, NL). The data was reported as mean ± SD, with all organs 

imaged under consistent instrument settings. 

2.9. Statistics 

Statistical analyses were performed using one-way ANOVA (95% confidence level, α =0.05) 

in GraphPad Prism (10.0.2) followed by the Kruskal-Wallis multiple comparison test (*p<0.05, 

**p<0.005, ***p<0.001, ****p<0.0001). 

3. RESULTS AND DISCUSSION 

3.1. Fabrication of HP-UiO-66-NH2 NPs 

MOF NPs hold great promise to serve as delivery vehicles for small molecule drugs thanks to 

their tunable chemical properties and intrinsic porosity.[39,40] However, the vast majority of 
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MOFs display cages within the microporous regime which significantly limits their ability to 

load large biomolecules.[41] Consequently, despite their potential, only a solitary example of 

Hb encapsulation within pre-synthesized MOF NPs has been reported.[42] In particular, our 

group pioneered the use of the so-called porous coordination network (PCN)-333(Al), which 

is based on trivalent aluminum ions. PCN-333(Al) exhibits one of the highest void volumes 

and largest cages among MOFs, enabling Hb encapsulation.[12,42,43] However, a notable 

limitation of PCN-333(Al) is the limited stability in aqueous solvents and the potential toxicity 

of the aluminum component, posing challenges for its clinical translation.[44,45] 

MOF structural defect engineering is an emerging promising strategy to overcome these 

limitations by creating hierarchically porous structures. These structures facilitate the 

encapsulation of macromolecular compounds, such as Hb, within newly formed mesopores 

while preserving the inherent micropores for O2 diffusion in and out of the system. Schematic 

1a depicts the synthesis of amino-modified HP-UiO-66-NH2 NPs. To generate mesopores, DA 

was introduced as a competitive ligand for the partial coordination of Zr4+ prior to the 

solvothermal synthesis of UiO-66-NH2 NPs with DBC-NH2.
2

 The resulting DA-containing 

UiO-66-NH2 NPs (DA-UiO-66-NH2 NPs) were treated with HCl to remove the modulator, 

yielding HP-UiO-66-NH2 NPs displaying both meso- and micropores. 1H-NMR spectroscopy 

was employed to monitor the synthesis process (Figure 1a). DA-UiO-66-NH2 NPs exhibited 

characteristic 1H-NMR peaks of DA (2.1, 1.4, 1.2 and 0.75 ppm, Figure S2, Supporting 

Information) and DBC-NH2 (in the range of 6-8 ppm, Figures S3-S5, Supporting Information). 

Following HCl treatment, the disappearance of DA’s characteristic peaks confirmed its 

successful removal. PXRD patterns for both DA-UiO-66-NH2 and HP-UiO-66-NH2 NPs 

exhibited peaks at 2θ = 7.3, 8.4 and 25.7°, corresponding to the (111), (222) and (600) crystal 

planes, respectively (Figure 1b). These patterns aligned perfectly with the simulated UiO-66 

structure, confirming that the crystal phase purity and topological structure remained intact 
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despite the incorporation and removal of DA. SEM micrographs revealed that both DA-UiO-

66-NH2 and HP-UiO-66-NH2 NPs displayed spherical morphologies with a uniform size 

distribution of ~100 nm, making them well-suited for intravenous applications (Figure 1c, S6 

and S7, Supporting Information).[46,47] TEM analysis showed bright, spot-like pores distributed 

throughout both types of NPs, which is consistent with their porous structures (Figure 1d). 

Interestingly, TEM imaging also revealed rougher edges on HP-UiO-66-NH2 NPs compared 

to the smooth edges of DA-UiO-66-NH2 NPs. We attribute this roughness to structural defects 

resulting from DA removal.  

The formation of mesopores within the as-prepared HP-UiO-66-NH2 NPs was next verified 

through N2 adsorption-desorption isotherms (Figure 2a). Pristine UiO-66-NH2 NPs displayed 

a typical Type I sorption curve, characterized by high N2 adsorption near saturation at relatively 

low pressure, consistent with their predominantly microporous structure. Pore size distribution 

analysis revealed pore sizes ranging from 0.5 to 1.6 nm, aligning with expectations for 

microporous UiO-66-NH2 NPs (Figure 2b). In contrast, HP-UiO-66-NH2 NPs exhibited a 

sorption curve that combined Type I and Type IV patterns, along with a significantly higher 

sorption capacity. The presence of a hysteresis loop in the desorption branch at relative 

pressures of 0.8–1.0 further confirmed the introduction of mesopores (Figure 2a). Pore size 

distribution analysis clearly demonstrated the presence of mesopores ranging from 2 to 20 nm, 

in addition to the inherent micropores (Figure 2b). Furthermore, a slight increase in the BET 

area was observed when comparing HP-UiO-66-NH2 NPs (1069 m2 g-1, Figure S8 and S9, 

Supporting Information) with UiO-66-NH2 NPs (964 m2 g-1, Figure S10 and S11, Supporting 

Information), aligning with the formation of mesopores. Overall, these results unequivocally 

validate the successful creation of mesopores within HP-UiO-66-NH2 NPs, highlighting their 

potential to overcome pore size limitations and enable the efficient encapsulation of Hb. 
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3.2. Hb Encapsulation and O2 Transporting Ability  

Next, Hb-loaded NPs,  Hb@HP-UiO-66-NH2 NPs, were fabricated by incubating Hb with HP-

UiO-66-NH2 NPs (Figure 3a). The successful encapsulation was visually confirmed by a color 

change from yellow (for HP-UiO-66-NH2 NPs) to red, a characteristic hue of Hb. EE and LC 

evaluation revealing the expected decrease in EE and an increase in LC with higher Hb 

concentrations, reaching a plateau of ~20% LC at an input Hb concentration of 10 mg mL-1 

(Figure 3b). Based on these findings, this concentration was chosen for the next experiments. 

N2 adsorption-desorption isotherms revealed a significant reduction in N2 uptake for Hb@HP-

UiO-66-NH2 NPs, while the position of the isothermal knee at relative low pressure remained 

largely unchanged (Figure 3c). This suggests that, as expected due to its size (~5 nm), Hb 

primarily fills the mesopores rather than the micropores. Pore size distribution analysis further 

corroborated this, showing a notable reduction in mesopore volume (Figure S12, Supporting 

Information). While HP-UiO-66-NH2 NPs displayed a BET area of 1069 m2 g-1 (Figure S8 and 

S9, Supporting Information),  Hb@HP-UiO-66-NH2 NPs showed a lower BET area of 860 m2 

g-1 m (Figure S13 and S14, Supporting Information), also confirming the successful Hb 

encapsulation. These results validate the creation of mesopores within HP-UiO-66-NH2 NPs 

as an effective strategy for Hb entrapment. 

The physiochemical properties of Hb@HP-UiO-66-NH2 NPs were further characterized. ζ-

potential measurements demonstrated a shift from +48.7 mV for HP-UiO-66-NH2 NPs to +35.6 

mV for Hb@HP-UiO-66-NH2 NPs upon encapsulation of negatively charged Hb (-36.7 mV) 

(Figure 3d), suggesting charge complementarity contributed to loading alongside pore size 

selection.[48] SEM micrographs confirmed that Hb@HP-UiO-66-NH2 NPs retained their 

spherical morphology and uniform size (~100 nm) (Figure 3e and S15, Supporting 

Information), while TEM analysis revealed smoother edges compared to HP-UiO-66-NH2 NPs, 

potentially due to mesopore filling (Figure 3f and S16, Supporting Information). PXRD 
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patterns confirmed that the crystal structure remained intact(Figure 3g), demonstrating 

excellent structural stability throughout the encapsulation process. 

Maintaining the O2-carrying functionality of Hb is essential for designing HBOCs. As 

illustrated in Figure 3h, free Hb exhibited reversible spectral shifts during O2 release and 

binding cycles, as shown by UV-vis spectroscopy. The Soret peak (~412 nm) and Q-band peaks 

(541 and 577 nm) indicated oxy-Hb, while deoxygenation (with the addition of an O2 scavenger) 

shifted the Soret peak to ~430 nm and merged the Q-bands into a single peak at 557 nm, 

indicating the formation of deoxy-Hb. Next, the UV-vis spectrum returned to its initial 

oxygenated state after additional air purging. These spectral changes were reversible upon 

reoxygenation. Similarly, Hb@HP-UiO-66-NH2 NPs displayed the Soret peak characteristic of 

oxy-Hb (Figure 3i), with reversible spectral shifts confirming preserved O2-binding 

functionality (Figure 3j). Quantification using an O2 electrode demonstrated an increase of 

~15.1 Torr in O2 levels upon the addition of K3[Fe(CN)6], indicating O2 release from the 

encapsulated Hb (Figure 3k). This indicates that approximately 55% of the encapsulated Hb 

remained functional for O2 binding, compared to free Hb (Figure S17, Supporting Information). 

These findings collectively demonstrate the capability of Hb@HP-UiO-66-NH2 NPs to serve 

as effective O2 carriers. 

3.3. Phosphate Ions Destabilize Hb@HP-UiO-66-NH2 NPs in Physiologically Relevant 

Media 

To evaluate the colloidal stability of Hb@HP-UiO-66-NH2 NPs, we assessed their structural 

integrity under physiologically relevant conditions. Stability in such environments is crucial 

for the effective delivery and therapeutic efficacy of newly developed HBOCs. Thus, as a first 

step, we screened the effect of different physiologically relevant solutions (i.e., PBS, DMEM, 

HEPES and saline) on the crystallinity of Hb@HP-UiO-66-NH2 NPs after incubation for 24 h 

at 37 °C (Figure 4a). When compared to MQ water, which served as a negative control, the 
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PXRD patterns demonstrated that the crystal structure remained intact in saline and HEPES 

buffer. However, the results were different for Hb@HP-UiO-66-NH2 NPs incubated in DMEM 

and PBS where the diffractograms display broad halos instead of sharp, well-defined peaks, 

indicating loss of crystallinity and the development of an amorphous phase. We attribute this 

instability to the presence of phosphate ions in both DMEM and PBS, which likely coordinate 

the Zr clusters of UiO-66 —a well-documented phenomenon observed in other MOFs[49–51] —

leading to Hb@HP-UiO-66-NH2 NPs decomposition. Next, the impact of the phosphate ions 

on the colloidal stability and morphology of Hb@HP-UiO-66-NH2 NPs was evaluated by DLS 

and SEM, respectively. Time-resolved DLS measurements revealed a rapid increase in NP size 

after only 5 min of PBS incubation, followed by continued growth over 1 h while, at 12 h of 

incubation, the size distribution peak becomes significantly broader and multiple peaks emerge 

indicating NP aggregation or fusion (Figure 4b). SEM imaging further confirmed these 

observations, showing pronounced morphological changes after 2 h of PBS exposure, 

including significant edge etching and an overall increase in NP size (Figure 4c) compared to 

those in MQ (Figure 3e). Collectively, these findings indicate that while Hb@HP-UiO-66-NH2 

NPs exhibit good stability in saline and HEPES, they undergo rapid degradation in DMEM and 

PBS due to phosphate-induced structural breakdown. This highlights the need for further 

modifications to enhance their stability in physiologically relevant conditions. 

3.4. Surface Functionalization with PEG  

The inherent instability of Hb@HP-UiO-66-NH2 NPs in phosphate-containing media impedes 

their in vivo applicability. In addition to being colloidally stable, nanoparticulated HBOCs 

should also display biocompatibility and extended circulation times once administered in the 

body. Thus, we next decided to surface functionalize Hb@HP-UiO-66-NH2 NPs with PEG in 

an attempt to protect them from phosphate degradation but also to minimize the adsorption of 

plasma proteins (opsonization), which typically mark foreign NPs for immune clearance. The 
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stealth effect promoted by PEG reduces immune recognition and enhances circulation time 

without triggering an inflammatory response.[52,53] 

To generate PEGylated Hb@HP-UiO-66-NH2 NPs, a facile click-chemistry reaction was 

adopted to avoid chemical modification of the encapsulated Hb which will result in 

compromised functionality (i.e., altered O2 binding and releasing properties) (Figure 5a). 

Specifically, in the presence of t-butyl nitrite and trimethylsilyl azide, the primary amines in 

HP-UiO-66-NH2 NPs were converted to azide groups, resulting in HP-UiO-66-N3 NPs 

(Schematic 1b). Following loading with Hb to form Hb@HP-UiO-66-N3 NPs, surface 

PEGylation was achieved via SPAAC employing DBCO-modified PEG, which is a copper-

free process that can be conducted in aqueous solvent and at mild temperature (Schematic 1c). 

The formation of PEGylated Hb@HP-UiO-66-PEG NPs was verified using FTIR and NMR. 

The successful conversion of amines to azide groups in HP-UiO-66-N3 NPs was confirmed by 

FTIR as shown in Figure 5b by the peak at 2122 cm⁻¹ which is characteristic of asymmetric 

azide stretching and was not present within the precursor HP-UiO-66-NH2 NPs. Importantly, 

this azide peak persisted after Hb encapsulation but disappeared post-PEGylation. This result 

confirms the successful PEGylation via azide−DBCO conjugation. Additionally, the FTIR 

spectrum of Hb@HP-UiO-66-PEG NPs revealed methylene (-CH2-) and ether bone (-O-) 

signals at 2883 and 1097 cm⁻¹, respectively, which can be attributed to DBCO-PEG. 

Comparative 1H NMR spectra provided further evidence, with a distinct signal at 3.53 ppm, 

corresponding to PEG's oxyethylene groups, present only in Hb@HP-UiO-66-PEG NPs 

(Figure 5c). 

Mesopores within HP-UiO-66-N3 NPS were confirmed using N2 adsorption-desorption 

isotherms and pore size distribution analysis, showing minimal impact from azide modification 

(Figure S18 and S19, Supporting Information). Similar EE and DL values were obtained when 

Hb was loaded to create Hb@HP-UiO-66-N3 NPs as compared to the precursor Hb@HP-UiO 
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-66-NH2 NPs, indicating that azide modification did not compromise Hb encapsulation. The 

Hb loading is also evidenced by the reduction in both N2 uptake (Figure S20, Supporting 

Information) and BET area (Figure S21-S24, Supporting Information) when comparing 

Hb@HP-UiO-66-N3 with HP-UiO-66-N3 NPs. Electrostatic interactions between negatively 

charged Hb and positively charged Hb@HP-UiO-66-N3 NPs drove encapsulation, as evidenced 

by reduction in ζ-potential (Figure 5e). PEGylation caused only a minor ζ-potential shift, 

reflecting minimal impact on surface charge. Consistent PXRD diffractograms indicated that 

crystalline was maintained throughout synthesis, demonstrating structural stability (Figure S25, 

Supporting Information). Hydrodynamic size measurements by DLS showed monodisperse 

distributions, with negligible size changes following Hb encapsulation (i.e., 109.9 ± 5.0 and 

114.9 ± 1.8 nm and PDIs of 0.135 and 0.086 for HP-UiO-66-N3 and Hb@HP-UiO-66-N3 NPs, 

respectively). A slight size increase after PEGylation (i.e., 140.8 ± 8.3 nm, PDI of 0.167), 

indicating successful surface modification (Figure 5f). SEM images confirmed a uniform 

spherical morphology for Hb@HP-UiO-66-PEG NPs with increased size (Figure 5g, S26 and 

S27, Supporting Information) while TEM analysis revealed the deposition of a thin layer (up 

to ~12 nm thick) around the NPs, further confirming successful PEGylation (Figure 5 h). 

Importantly, this catalyst-free SPAAC approach avoids harsh conditions and byproducts that 

could compromise the functionality of pre-encapsulated Hb. Therefore, we assessed the O2 

releasing capacity of Hb@HP-UiO-66-N3 and Hb@HP-UiO-66-PEG NPs using free Hb as the 

positive control (Figure 5i). The results demonstrated that approximately 60% of encapsulated 

Hb remained functional within Hb@HP-UiO-66-N3 NPs, which is slightly higher than the 55% 

observed in Hb@HP-UiO-66-NH2 NPs (Figure S17, Supporting Information). One possible 

explanation for slight improvement is the weaker electron-donating ability of the azide group 

within Hb@HP-UiO-66-N3 NPs compared to the amine group in Hb@HP-UiO-66-NH2 NPs, 

leading to reduced interactions with Fe2+ in Hb and thereby better preserving its O2-binding 
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capacity. Notably, no significant difference was observed between Hb@HP-UiO-66-N3 and 

Hb@HP-UiO-66-PEG NPs, indicating that SPAAC-mediated PEGylation efficiently prevents 

functional loss of Hb during the post-PEGylation of HBOCs. Additionally, the N2 and BET 

area decreased after surface PEGylation (Figure S20, S28 and S29, Supporting Information) 

while the pore size distribution (Figure S30, Supporting Information) confirms that Hb@HP-

UiO-66-PEG NPs retained their porous nature. This suggests that PEGylation has a minimal 

impact on the pores, which preserve the pathways for O2 diffusion. These collectively 

underscores that mild PEGylation preserves Hb’s O2-binding capacity. 

In summary, PEGylation effectively modified the surface properties of the NPs without 

compromising structural integrity or functionality, supporting its utility in Hb carrier design. 

3.5. Enhanced Stability of Hb@HP-UiO-66-PEG NPs in Physiologically Relevant 

Solvents 

To investigate whether surface PEGylation enhances the stability of the as-prepared Hb@HP-

UiO-66-PEG NPs, we evaluated the effect of different physiologically relevant solutions (i.e., 

PBS, DMEM, human plasma, mouse serum, HEPES and saline) on their crystallinity after 

incubation for 3 and 7 days at 37 °C (Figure 6a). Remarkably, when compared to MQ water, 

which served as a negative control, the PXRD patterns of the Hb@HP-UiO-66-PEG NPs 

remained intact in all studied solvents after 3 days of exposure (Figure 6ai). Even after 7 days, 

only very slight amorphousness could be observed for NPs incubated in PBS and DMEM 

(Figure 6aii). The colloidal stability and morphology of Hb@HP-UiO-66-PEG NPs in 

phosphate-containing solutions (i.e., PBS and DMEM) was further investigated by DLS and 

SEM, respectively. Time-resolved DLS analysis confirmed the excellent colloidal stability of 

Hb@HP-UiO-66-PEG NPs in both buffers (Figure 6b), as their hydrodynamic diameters 

remained unchanged over the 7-day period (see Table S1, Supporting Information for the exact 

values). Only a slight aggregation (~2.2% proportion) could be detected in PBS. The PDI also 
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remained remarkably low in both PBS and DMEM, with values below 0.2 after 2 days and 

around 0.2 after 7 days, indicating a narrow size distribution (Table S1, Supporting 

Information). SEM micrographs showed that the Hb@HP-UiO-66-PEG NPs retained their 

spherical morphology and size in PBS after 2 days, with no visible structural damage (Figure 

6c). Similar morphological stability was observed in DMEM, although the images were less 

distinct due to interference from DMEM components (Figure S31, Supporting Information).  

Compared to their non-PEGylated counterparts (Hb@HP-UiO-66-NH2 NPs), Hb@HP-UiO-

66-PEG NPs exhibited significantly enhanced stability across all tested solutions. Such an 

improvement is attributed to the chemical robustness and shielding effect provided by the 

surface-conjugated PEG layer.[54,55] While approaches to enhance the colloidal stability of 

MOF-based NPs have been described,[56–59] to the best of our knowledge, this study presents 

the first successful application of SPAAC-based surface modification to achieve long-term 

colloidal stability in hierarchically porous MOFs.  

3.6. Biocompatibility Assessment of Hb@HP-UiO-66-PEG NPs 

Demonstrating biocompatibility is a key factor in HBOCs development for biomedical 

applications. To assess the biocompatibility of Hb@HP-UiO-66-PEG NPs, we conducted both 

cytotoxicity and hemocompatibility evaluations. Since macrophages play a crucial role as the 

body’s first line of defense against foreign substances, the RAW 264.7 macrophage cell line 

was chosen as a model to examine potential cytotoxic effects. These cells were exposed to 

increasing Hb@HP-UiO-66-PEG NPs concentrations for 24 h at 37 °C, and the nCV was 

measured in relation to a control group treated with PBS. As illustrated in Figure 7a, no 

significant decrease in nCV was observed at concentrations up to 0.1 mg mL-1. A gradual, 

concentration-dependent decline became evident as the concentration increased from 0.1 to 1 

mg mL-1. Notably, nCV remained above 70% at concentrations up to 0.5 mg mL-1, a threshold 

commonly regarded as indicative of cytocompatibility according to ISO Standard 10993-5.[60] 



Page 26 of 52   

Similar concentration-dependent reductions in cell viability have been reported for other 

MOFs-based HBOCs. For instance, Pan at el., demonstrated that treatment with Hb-loaded 

ZIF-90-based NPs led to a gradual decline in the viability of human umbilical vein endothelial 

cells (HUVECs) and b.End3 cells, reaching a nCV of approximately 70% at concentrations of 

3 and 0.064 mg mL-1, respectively.[61] These findings highlight the importance of cell line 

selection in cytotoxicity assessments, as reflected by a more than 40-fold difference in 

sensitivity. Similarly, Gu at el. reported that Hb-loaded ZIF-8-based NPs decreased HUVECs 

viability to only ~40% with a concentration of just 0.2 mg mL-1 and caused near-complete cell 

death at 0.5 mg mL-1.[62] In contrast, our previous work showed that Hb-loaded ZIF-8 NPs were 

non-cytotoxic to RAW 264.7 macrophages at concentrations as high as 2 mg mL-1.[63] This 

enhanced cytocompatibility is likely due to the negative surface charge of the ZIF-8 NPs, which 

may reduce interactions with cell membranes. Given the simplicity and versatility of the 

surface covalent PEGylation strategy used in this study, future work could focus on optimizing 

the PEG architecture and tuning surface charge to further improve cytocompatibility. 

Nevertheless, Hb@HP-UiO-66-PEG NPs already demonstrate superior performance compared 

to PCN-333(Al) NPs the only other reported MOF-based NPs where Hb is entrapped by a 

similar post-encapsulation approach. Hb-loaded PCN-333(Al) NPs—the only other reported 

MOF-based system using a similar post-encapsulation method for Hb loading. Specifically, 

Hb-loaded PCN-333(Al) NPs exhibited a maximum non-toxic concentration of just 0.125 mg 

mL-1 in  RAW 264.7 cells,[43] which is significantly lower than the 0.5 mg mL-1 achieved with 

of Hb@HP-UiO-66-PEG NPs (0.5 mg mL-1).  

To assess hemocompatibility—an essential criterion for intravenously administered 

materials—the interaction of Hb@HP-UiO-66-PEG NPs with human RBCs was examined, 

alongside their effects on plasma coagulation and complement activation. Hemolysis, 

quantified by measuring the release of Hb from potentially lysed RBCs after 3 h incubation 
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with varying Hb@HP-UiO-66-PEG NPs concentrations at 37 °C, remained below 2% for all 

tested concentrations (up to 1 mg mL-1) (Figure 7b). This is also a critical finding as 

biomaterials are classified as hemolytic if their hemolysis rate exceeds 5%.[64,65] This result 

was corroborated by visual inspection of the supernatants, which showed no color change 

indicative of Hb release except in the positive control (Figure 7c). Bright field microscopy 

further supported hemocompatibility, as RBC morphology remained intact following 

incubation with NPs, consistent with the negative control (Figure S32, Supporting 

Information). Next, the impact of Hb@HP-UiO-66-PEG NPs on blood coagulation was 

evaluated using PT and aPTT assays. An increase in PT could indicate interference with 

clotting factors involved in the extrinsic and common pathways, potentially heightening 

bleeding risk, whereas a PT reduction might suggest prothrombotic tendencies. As depicted in 

Figure 7d, NP exposure induced a slight PT prolongation at all tested concentrations compared 

to the negative control. However, the changes remained within the acceptable reference range 

(STA®-NeoPTimal, 12.3–15.1 s),  except for a minor increase observed at the highest 

concentration of 1 mg mL-1 (15.4 ± 0.7 s). Similarly, aPTT values remained within the normal 

range (STA®-PPT Automate 5, 29.1–41.9 s) at all concentrations, except at the highest 

concentration, where a slight elevation was observed (Figure 7e). Despite these modest shifts, 

Hb@HP-UiO-66-PEG NPs did not significantly disrupt coagulation at the tested 

concentrations. We attribute this favorable profile to the PEGylated surface of the NPs, which 

likely forms a hydrophilic barrier that minimizes interactions with blood components involved 

in initiating coagulation cascades.[66] Supporting this hypothesis, our previous work showed 

that PEG-coated Hb-loaded ZIF-8 NPs maintained PT and aPTT values within physiological 

ranges at concentrations up to 2  mg mL-1, whereas their non-PEGylated counterparts caused 

significant aPTT prolongation even at just 0.2  mg mL-1.[37] Building on these findings, we 

conclude that Hb@HP-UiO-66-PEG NPs display a favorable hemocompatibility profile, 
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causing minimal with plasma clotting mechanisms due to their stable, covalently shell formed 

via SPAAC chemistry. 

Approximately 7% of individuals are susceptible to complement-mediated reactions to 

nanomedicines, with an estimated 0.3% risk of fatality.[38] Thus, due to its potential to trigger 

immune responses, assessing undesired complement activation is a key consideration for 

intravenously administered nanomaterials. Complement activation occurs via three primary 

pathways: the classical (antigen-antibody complex-mediated), alternative (pathogen-

mediated), and mannose-binding lectin pathways, all of which produce C5a—key mediator of 

complement-induced immune responses.[38] For that, we examined whether Hb@HP-UiO-66-

PEG NPs at a concentration of 1 mg mL-1 stimulated protein C5a expression in human 

plasma.[67,68] Plasma treated with zymosan (0.2 mg mL-1), a known complement activator, 

served as a positive control, while PBS-treated plasma functioned as a negative control. As 

illustrated in Figure 7f, C5a expression showed a slight but statistically insignificant increase 

following NP exposure, in stark contrast to the pronounced activation seen with zymosan. This 

suggests that Hb@HP-UiO-66-PEG NPs do not substantially trigger complement activation or 

provoke immune responses. These findings are consistent with the favorable hemolysis and 

coagulation profiles observed earlier, as both parameters are closely linked to complement 

activation.[69,70] Moreover, the minimal immune activation aligns with the known ability of 

PEGylated NPs to suppress inflammatory responses commonly associated with the injection 

of foreign materials,[71] further supporting the rational design of Hb@HP-UiO-66-PEG NPs for 

intravenous applications.  

In summary, these results demonstrate that Hb@HP-UiO-66-PEG NPs exhibit strong 

biocompatibility, reinforcing their potential for further in vivo studies. 
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3.7. Pharmacokinetics and Biodistribution Studies  

Understanding the PK and biodistribution of Hb-loaded NPs after  i.v. administration is critical 

for evaluating their therapeutic potential and efficacy as HBOCs. Free Hb exhibits significant 

limitations as an HBOC due to its rapid clearance from the bloodstream, where it binds 

haptoglobin to form a complex that is quickly recognized and cleared by Kupffer cells in the 

liver via the CD163 scavenger receptor.[72] Additionally, tetrameric Hb dissociates into smaller 

dimers and monomers, which are readily filtered by renal glomeruli and excreted in the urine.[2] 

These challenges limit the efficacy of free Hb in therapeutic applications.  

In contrast, nanoparticulated HBOCs offer several advantages, including enhanced circulation 

times. Encapsulation of Hb within NPs prevents its dissociation into smaller subunits, thereby 

reducing renal clearance and prolonging its presence in the bloodstream.[72] This encapsulation 

also enhances therapeutic efficacy by ensuring sustained Hb availability in circulation.  

Thus, we next evaluated the in vivo performance of Hb@HP-UiO-66-PEG NPs and their 

potential as HBOCs by investigating their PK profile and organ distribution. To this end, 

fluorescently labeled HbCy7 was encapsulated into HP-UiO-66-N3 NPs to form HbCy7@HP-

UiO-66-N3 NPs (Figure S33, Supporting Information), followed by surface PEGylation to yield 

HbCy7@HP-UiO-66-PEG NPs. These NPs were administered intravenously to healthy CD-1 

mice at a dose of 10 mg/kg (based on total NP weight). Plasma FI was measured at various 

time points and correlated with a standard curve to determine plasma concentrations of 

HbCy7@HP-UiO-66-PEG NPs (Figure S34, Supporting Information). The resulting plasma 

concentration–time profile, including blood circulation half-life and overall drug exposure, is 

shown in Figure 8. Pharmacokinetic parameters were determined using noncompartmental 

analysis and are summarized in Table S2 (Supporting Information). As illustrated in Figure 

8a, the PK profile of HbCy7@HP-UiO-66-PEG NPs exhibited a biphasic clearance pattern, 

characterized by an initial rapid elimination phase within the first 6 h, followed by a slower, 
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sustained clearance phase. The calculated elimination half-life (t₁/₂β) was 9.22 ± 1.92 h. This is 

comparable to previously reported data for free HbCy7 in the same mouse model, which also 

followed a biphasic clearance pattern but with a shorter t₁/₂β of 7.65 ± 0.97 h.[37] 

These results are in line with other studies on MOF-based HBOCs. For instance, Peng et al., 

reported that free Hb exhibited a t₁/₂β of only 5.1 h, whereas encapsulation within ZIF-8 NPs 

extended the circulation half-life to 13.9 h.[19] This is foundational study demonstrated for the 

first time that MOFs can effectively improve the blood retention of Hb. More recently, our 

group showed that PEGylation further enhances circulation time: PEG-coated Hb-loaded ZIF-

8 NPs achieved a prolonged t₁/₂β of 14.8 h, nearly doubling that of free Hb.[37] The critical role 

of PEG density in determining circulation time has also been highlighted by Xu et al., who 

reported a strong positive correlation between PEG content and half-life for Hb-loaded 

poly(lactic acid) NPs.[73] Specifically, increasing PEG content from 5 to 20 wt% extended the 

half-life from 0.32 to 34.3 h. Taken together, these findings suggest that both Hb encapsulation 

within nanoscale UiO-66 and subsequent PEGylation act synergistically to enhance blood 

retention. 

To investigate the organ clearance of produced NPs, we assessed the biodistribution of 

fluorescently labeled HbCy7@HP-UiO-66-PEG NPs following i.v. administration in healthy 

CD-1 mice at a dose of 10 mg kg-1. As shown in Figure 8b and 8c, the fluorescence signals (e-

/s/sr) revealed the accumulation of NPs in key organs, including the liver, kidneys, brain, heart, 

lungs, spleen, and intestines, at various time points (0.5, 1, 4, 8, and 24 h). Upon injection, the 

NPs predominantly accumulated in the liver and, to a lesser extent, in the kidneys, suggesting 

that hepatic routes and renal filtration are the primary pathways for their clearance. These 

results were in line that observed for free HbCy7. It is also well-established that NPs, following 

i.v. administration, are often sequestered by organs of the mononuclear phagocyte system, such 

as the liver and spleen, due to interactions with opsonins, which promote subsequent 
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endocytosis by phagocytic cells.[72] Notably, our results also showed an increase in renal 

sequestration of HbCy7@HP-UiO-66-PEG NPs at later time points. This is likely due to the 

degradation of NPs into smaller fragments, which are then cleared via urinary excretion during 

prolonged circulation, consistent with findings reported for other NP systems.[73]  

These findings highlight the potential advantages of nanoparticulated HBOCs, particularly in 

overcoming the rapid clearance and renal filtration limitations associated with free Hb. The 

prolonged blood retention of Hb@HP-UiO-66-PEG NPs suggests enhanced therapeutic 

potential, as it may improve circulation time and increase efficacy in O2 delivery. Overall, these 

results underscore the importance of continued research into the safety and functional 

performance of Hb@HP-UiO-66-PEG NPs in vivo, which could significantly advance the 

development of these Hb-NPs as effective HBOCs. 

4. CONCLUSIONS 

In this work, we successfully engineered a physiologically stable, biocompatible, and 

functionally efficient HBOC using hierarchically porous UiO-66 NPs. The incorporation of 

mesopores was achieved through a controlled self-assembly process involving Zr4+, a limited 

supply of BDC ligand and a sacrificial alkyl monocarboxylic acid. This hierarchical porosity 

facilitated efficient Hb encapsulation while preserving its O2-carrying capacity. To further 

enhance physiological stability and biocompatibility, we employed a catalyst-free click-

chemistry surface modification approach for PEGylation. This strategy significantly improved 

colloidal stability in physiological media, reduced immune recognition—as indicated by the 

absence of complement activation—and ensured excellent hemocompatibility and cell 

viability. In vivo pharmacokinetic and biodistribution analyses demonstrated extended blood 

retention and favorable organ accumulation patterns for Hb@HP-UiO-66-PEG NPs compared 

to free Hb. These findings mark a significant step toward overcoming the limitations of existing 

HBOCs and highlight the potential of HP-UiO-66 NPs as synthetic RBC substitutes for 
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therapeutic O2 delivery. Future research will focus on optimizing these nanocarriers for clinical 

applications, ensuring their safety and efficacy in transfusion medicine and critical care. 
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FIGURES 

 

Schematic 1. a) DA-UiO-66-NH2 NPs are fabricated by the solvothermal reaction of DBC-

NH2, DA and Zr4+ in DMF at 120 °C. HP-UiO-66-NH2 NPs are obtained after DA removal by 

acidic treatment. b) HP-UiO-66-NH2 NPs are reacted with tBuONO and TMSN3 rendering 

azide-modified HP-UiO-66-N3 NPs. After Hb encapsulation, the resulting Hb@HP-UiO-66-N3 

NPs are surface PEGylated. c) PEGylated Hb@HP-UiO-66-PEG NPs is achieved by SPAAC, 

which can be conducted with PEG-modified DBCO-PEG under ambient conditions. 
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Figure 1. a) 1H NMR spectra of DA, DA-UiO-66-NH2 and HP-UiO-66-NH2 NPs. b) Simulated 

diffractogram of UiO-66 and PXRD patterns of DA-UiO-66-NH2 and HP-UiO-66-NH2 NPs. 

c) SEM images of DA-UiO-66-NH2 and HP-UiO-66-NH2 NPs. d) TEM images of i) DA-UiO-

66-NH2 and ii) HP-UiO-66-NH2 NPs.  
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Figure 2. a) N2 adsorption-desorption isotherms and b) the corresponding pore size 

distributions of UiO-66-NH2 and HP-UiO-66-NH2 NPs.  
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Figure 3. a) Schematic illustration of Hb encapsulation into HP-UiO-66-NH2 NPs to render 

Hb@HP-UiO-66-NH2 NPs including photographs of the NPs powder before and after 

encapsulation; b) EE and LC of Hb encapsulation to render Hb@HP-UiO-66-NH2 NPs; c) N2 

adsorption-desorption isotherms of HP-UiO-66-NH2 and Hb@HP-UiO-66-NH2 NPs; d) ζ-

potential of free Hb, HP-UiO-66-NH2 and Hb@HP-UiO-66-NH2 NPs; e) SEM and f) TEM of 

Hb@HP-UiO-66-NH2 NPs; g) PXRD of simulated UiO-66, HP-UiO-66-NH2 and Hb@HP-

UiO-66-NH2 NPs;  h) UV-vis spectra of free Hb following purging with N2 and compressed 

for several cycles; i) UV-vis spectra of free Hb, HP-UiO-66-NH2 and Hb@HP-UiO-66-NH2 

NPs; j) UV-vis spectra of Hb@HP-UiO-66-NH2 NPs following purging with N2 and 

compressed air for several cycles; k) O2 released from Hb@HP-UiO-66-NH2 NPs.  
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Figure 4. a) PXRD of Hb@HP-UiO-66-NH2 NPs after incubation in various physiologically 

relevant solvents for 24 h at 37 °C; b) Time-solved DLS of Hb@HP-UiO-66-NH2 NPs in PBS; 

c) SEM images of Hb@HP-UiO-66-NH2 NPs after 2 h exposure PBS incubation.  
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Figure 5. a) Schematic illustration of the fabrication of Hb@HP-UiO-66-PEG NPs, including 

azide modification, Hb encapsulation and PEGylation;  b) FTIR of NPs at each synthesis step,  

free Hb and DBCO-PEG reagent;  c) 1H NMR spectra of DBCO-PEG, Hb@HP-UiO-66-N3 

and Hb@HP-UiO-66-PEG NPs; d) EE and LC of Hb encapsulation for Hb@HP-UiO-66-N3 

NPs; e) ζ-potential and f) DLS of HP-UiO-66-N3, Hb@HP-UiO-66-N3 and Hb@HP-UiO-66-

PEG NPs; g) SEM and h) TEM images of Hb@HP-UiO-66-PEG NPs (yellow arow indicating 
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the PEG layer surrounding the NPs); i) O2 released by Hb@HP-UiO-66-N3 and Hb@HP-UiO-

66-PEG NPs relative to free Hb.   
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Figure 6. a) PXRD of Hb@HP-UiO-66-PEG NPs after incubation in various physiologically 

relevant solvents at 37 °C for  i) 3 and ii) 7 days; b) DLS of Hb@HP-UiO-66-PEG NPs after 

incubation in i) PBS and ii) DMEM for up to 7 days; c) SEM image of Hb@HP-UiO-66-PEG 

NPs after 48 h PBS incubation at 37 °C.  
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Figure 7. a) nCV of RAW 264.7 cells after 24 h incubation with increasing concentrations of 

Hb@HP-UiO-66-PEG NPs. The grey dashed line indicates 70% nCV. b) Hemolysis rate of 

RBC after being incubated for 3 h with increasing concentrations of Hb@HP-UiO-66-PEG 

NPs and c) the corresponding photographic images. RBCs incubated with MQ and PBS only 

were used as positive (+) and negative (−) controls, respectively. Effect Hb@HP-UiO-66-PEG 

NPs on d) PT and e) aPTT. Plasma incubated with PBS serves as a control. The grey dashed 

lines represent the corresponding STA ® -NeoPTimal reference intervals: 12.3 – 15.1 s for PT 

and 29.1 – 41.9 s for aPTT. f) Effect of Hb@HP-UiO-66-PEG NPs at a concentration of 1 mg 

mL-1 on the soluble complement marker C5a compared to control (PBS). Zymosan at a 

concentration of 0.2 mg mL-1 was used as positive control. Statistical significance was 

determined by one-way ANOVA using GraphPad Prism 10 followed by the Kruskal-Wallis 

multiple comparison tests test (*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001).  
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Figure 8. a) Blood circulation profiles of free Hb and PEGylated NPs Hb@HP-UiO-66-PEG 

NPs after intravenous administration at dose of 10 mg kg-1 to healthy CD-1 mice (n = 3 per 

group); b) biodistribution of intravenously injected of Hb@HP-UiO-66-PEG NPs in healthy 

CD-1 mice determined by ex vivo imaging using a fluorescence molecular tomography device. 

The accumulation of NPs was determined by the fluorescent quantification in organs (liver, 

kidneys, brain, heart, lungs, spleen, and intestines) at different post-injection times (n = 3 per 

group and per time point). Data expressed as of averaged signals (e-/s/sr) and presented as 

mean ± SD; c) the corresponding images of organs with fluorescent intensity to show the ex 

vivo distribution of the Hb@HP-UiO-66-PEG NPs.  
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Graphic abstract 

 

Timely blood transfusion is critical for preventing hypoxia, yet it faces limitations in 

availability, storage, and compatibility. Herein hierarchically porous metal-organic framework 

nanoparticles with surface covalent PEGylation were developed for carrying hemoglobin, 

offering promising red blood cell substitutes with enhanced stability, biocompatibility, and 

prolonged circulation for oxygen delivery. 

 


