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Hemoglobin-based oxygen carriers (HBOCs) offer a promising alternative to transfusions with donor red
blood cells (RBCs), particularly in emergency and battlefield settings where blood availability and storage
pose significant challenges. However, the clinical translation of HBOCs has been hindered by issues

related to structural instability, immune clearance, and impaired hemoglobin (Hb) functionality. To

address these limitations, we developed a next-generation HBOC by encapsulating Hb within zeolitic
imidazolate framework-8 (ZIF-8) nanoparticles (NPs) (Hb@ZIF-8 NPs) and functionalizing the surface
with a covalently bound layer of human serum albumin (HSA)—the most prevalent protein in human

plasma. This strategy—employing a poly-L-lysine bridging step and glutaraldehyde crosslinking—resulted
in HSA-coated Hb@ZIF-8 NPs with high Hb loading, enhanced colloidal stability in physiologically

relevant media, and reduced opsonin adsorption. Compared to PEGylated controls, HSA-coated
Hb@ZIF-8 NPs demonstrated superior stealth properties, including minimal IgG binding and preserved
dysopsonin (i.e., bovine serum albumin) association. Spectroscopic analyses and oxygen dissociation

measurements confirmed that encapsulated Hb retained oxygen-binding and -release capabilities with
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cooperative behavior. Furthermore, cytotoxicity assays in macrophage cultures revealed improved

biocompatibility relative to previously reported ZIF-8-based HBOCs. These findings highlight the
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1. Introduction

Blood transfusion therapy plays a vital role in saving millions of
lives each year. However, the limited shelf life and stringent
storage requirements of donor red blood cells (RBCs) present
considerable challenges to maintaining a stable blood supply.*
This issue is particularly critical in emergency and battlefield
scenarios, where rapid and efficient medical intervention is
essential.”

Hemoglobin-based oxygen carriers (HBOCs) have emerged
as promising alternatives to donor RBCs, providing a rapid
means of restoring oxygen delivery to vital organs. Unlike
traditional blood transfusions, HBOCs offer several key advan-
tages, including universal compatibility, sterility, prolonged
storage stability, and ease of transport.*>* Despite these benefits,
the clinical development of HBOCs has been hindered by the
need to mitigate the harmful effects of free hemoglobin (Hb) in
the bloodstream.® This challenge is typically addressed through
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potential of HSA-functionalized Hb@ZIF-8 NPs as a safe and effective platform for oxygen delivery,
supporting their further development for transfusion medicine and acute care applications.

chemical modifications or encapsulation techniques aimed at
stabilizing Hb.>®” Key strategies for improving HBOC stability
include polymerization,® conjugation with poly(ethylene glycol)
(PEG) or oligosaccharides,” and encapsulation within lipo-
somes.” Each of these strategies aims to stabilize Hb and
increase its molecular size thereby preventing extravasation
through blood vessel walls. However, chemical modifications
such as polymerization and conjugation can compromise
structural flexibility, potentially impairing its ability to bind and
release oxygen efficiently.'*> While liposomal encapsulation
has minimal impact on oxygen transport properties, a major
drawback is the low encapsulation efficiency (EE) of Hb, which
impedes scalability and commercial viability."* These
constraints highlight the urgent need for next-generation Hb
nanoparticles (NPs) with improved uniformity, higher Hb
content, and enhanced EE while preserving optimal oxygen-
binding and release characteristics.**

Recently, our team developed a straightforward, rapid and
scalable method for synthesizing HBOCs with a high functional
Hb content.'® This approach employs zeolitic imidazolate
framework-8 (ZIF-8), a well-known metal-organic framework
(MOF), for Hb encapsulation.'” ZIF-8 is particularly well-suited

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for this application due to its high porosity, which facilitates
oxygen transport, and its excellent biocompatibility.***®

Given that native RBCs can survive in circulation for up to
120 days, achieving prolonged in vivo circulation time is a key
goal for HBOC development.*>*® Tissue-resident macrophages
in organs such as the liver, spleen, lungs, and inflamed tissues
play a central role in clearing foreign substances, including
intravenously administered NPs like HBOCs.”* Thus, previous
generations of HBOCs have exhibited short circulation half-
lives, limiting their practical application.”” Such a clearance
process is mediated by opsonins—serum proteins such as
immunoglobulins, complement components, and coagulation
proteins—that form a “biomolecular corona” around the NPs,
marking them for macrophage recognition and removal.”” PEG,
an electrically neutral, hydrophilic, and highly biocompatible
polymer, has been shown to reduce opsonin adsorption and it is
widely regarded as the gold standard for extending the circu-
lation time of nanoscale carriers.”* However, PEG immunoge-
nicity has become an increasingly recognized concern. Due to
widespread exposure to PEG in food and personal care prod-
ucts, a significant portion of the population has developed anti-
PEG antibodies.” These antibodies can trigger adverse effects
such as accelerated blood clearance and hypersensitivity reac-
tions upon exposure to PEGylated therapeutics, potentially
compromising their efficacy and safety.”® As a result, there is
growing interest in alternative surface modification strategies.

Albumin, the most abundant serum protein, is an attractive
alternative due to its inherent biological compatibility, high
solubility, long circulatory half-life, and ability to act as a dys-
opsonin.”” Dysopsonins binding prevents opsonin adsorption,
thereby enhancing the stealth properties of NPs and decreasing
their clearance by macrophages.?” Several studies have
demonstrated that an albumin corona around the NPs can
effectively shield them from immune recognition, prolonging
their circulation time.*****

In this study, we present an improved version of our previ-
ously developed Hb-loaded ZIF-8 NPs (Hb@ZIF-8 NPs),
featuring a covalently bound layer of human serum albumin
(HSA) to enhance their stability, biocompatibility and circula-
tion time. By anchoring HSA on the NPs surface, we aim to
minimize opsonin adsorption and reduce macrophage-
mediated clearance (Scheme 1). This innovative approach
holds significant potential for overcoming the limitations of
current HBOC formulations, paving the way for safer and more
effective oxygen carriers.

2. Materials and methods

2.1. Materials

Zinc nitrate hexahydrate (Zn(NOjs),-6H,0), iron(m) chloride
hexahydrate (FeClz-6H,0), 2-methylimidazole (HmIm), tannic
acid (TA), ethylenediaminetetraacetic acid (EDTA) solution (0.5
M), sodium lauryl sulfate (SLS), PEG (-OH terminated, My 6000
Da), glutaraldehyde (GA) solution (25% in water), poly--lysine
hydrobromide (PLL, My, 30-70 kDa), HSA in lyophilized powder,
bovine serum albumin (BSA) in lyophilized powder, fluorescein
5(6) - isothiocyanate (FITC), FITC labelled immunoglobulin G
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(IgG-FITC) from human serum, potassium hexacyanoferrate(u)
(K3[Fe(CN)g]), sodium chloride (NaCl), sodium dithionite (SDT),
sodium bicarbonate (NaHCO3), 4-(2-hydroxyethyl)piperazine-1-
ethane-sulfonic acid (HEPES), tris(hydroxymethyl)amino-
methane (TRIS), phosphate buffered saline (PBS), Dulbecco's
phosphate buffered saline (DPBS), penicillin/streptomycin, fetal
bovine serum (FBS) and Hb from bovine blood in lyophilized
powder form were purchased from Merck Life Sciences A/S
(Seborg, DK). Dimethylsulfoxide (DMSO) was purchased by
VWR International A/S (Seborg, DK). Antifoaming agent was
acquired from TCS Scientific Corp (PA, USA) and Dulbecco's
Modified Eagle Medium (DMEM) was purchased from Ther-
moFisher Scientific (Waltham, USA). CellTiter-Glo® lumines-
cent cell viability (CV) assay was obtained from Promega
Corporation (Madison, USA) and bovine blood with citrate was
obtained from SSI Diagnostica A/S (Hillered, DK). The RAW
264.7 murine macrophage cell line was purchased from Euro-
pean Collection of Authenticated Culture Collections (ECACC,
Wiltshire, UK).

Dialysis was performed using high-retention seamless
cellulose dialysis tubing (32 mm width, 12.4 kDa MWCO)
purchased from Merck Life Sciences A/S (Seborg, DK). A saline
solution (0.9% NaCl) was prepared using ultrapure water (Mili-
Q (MQ), gradient A 10 system, TOC < 4 ppb, resistance 18
MV cm, EMD Millipore).

2.2. Hb extraction from bovine blood

Hb was extracted following a previous report.”® In brief, bovine
blood was washed (3x, 2000g, 20 min, 4 °C) with a saline
solution (0.9% NacCl, 1:1 v/v ratio) in an ice bath using a high-
speed centrifuge (SL16R centrifuge, ThermoScientific, Hvido-
vre, DK). After centrifugation, the supernatant containing the
plasma was discarded, and the resulting pellet of RBCs was
collected and washed in PBS (3x, 10956g, 5 min, 4 °C) to
remove remaining plasma components. After the last centrifu-
gation step, the RBCs were resuspended in 15 mL of MQ and left
overnight at 4 °C to induce release of Hb due to osmotic cell
lysis. The lysate was centrifuged (10000g, 20 min, 4 °C) to
remove residual cell debris and the supernatant containing
stroma-free Hb was collected, filtered using a disposable filter
funnel, aliquoted and stored at —80 °C. The Hb concentration
was determined using our previously reported SLS-based
method.””

2.3. Fabrication and characterization of PLL- and HSA-
coated Hb@ZIF-8 NPs (Hb@ZIF-8/PLL/HSA NPs)

2.3.1. Fabrication of Hb@ZIF-8 NPs. Hb@ZIF-8 NPs were
synthesized following a previously reported protocol from our
group.’® Briefly, HmIm (40 pL, 2 M in MQ), Hb (568 pL, 140.8 mg
mL~" in MQ), and PEG (333 uL, 1200 mg mL™" in MQ) were
mixed in an 8 mL glass vial under continuous stirring (800 rpm).
MQ was then added to a final volume of 1.8 mL. Subsequently,
Zn(NOj3),-6H,0 (200 pL, 0.1 M in MQ) was introduced into the
mixture, which was further stirred at 800 rpm for 10 min. The
resulting suspension was transferred to 2 mL Eppendorf tubes,
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Scheme1 Schematic illustration of Hb-loaded ZIF-8 NPs (Hb@ZIF-8 NPs) synthesized from zinc ions (Zn®*), 2-methylimidazole (HmIm), Hb, and
poly(ethylene glycol) (PEG), followed by coating with poly-L-lysine (PLL) and human serum albumin (HSA). Coating of Hb@ZIF-8 NPs with HSA
protects against nonspecific protein adsorption and recognition by the immune system, while preserving the oxygen delivery function of Hb. The
NPs are referred to as Hb@ZIF-8/PLL/HSAy and Hb@ZIF-8/PLLyx /HSAx. NPs, where the subscript ‘XL’ denotes crosslinking with glutaraldehyde

(GA) following PLL or HSA deposition.

washed with MQ (3x 10 956g, 5 min, 4 °C) and resuspended in 2
mL. The Hb@ZIF-8 NPs were stored at 4 °C until further use.

2.3.2. Fabrication of Hb®@ZIF-8/PLL/HSA NPs. For the
synthesis of Hb@ZIF-8/PLL/HSA NPs, various solvents were
evaluated first (i.e., MQ, 10 mM HEPES pH 7.4, 10 mM HEPES pH
8.5, 25 mM HEPES pH 7.4, 25 mM HEPES pH 8.5, 25 mM HEPES
pH 7.4 with 150 mM NaCl, and 25 mM HEPES pH 8.5 with
150 mM Nacl). For that, Hb@ZIF-8 NPs (containing 10 mg Hb)
were dispersed in a 4 mL glass vial, followed by the addition of
PLL (600 pL, 10 mg mL ") and additional solvent to reach a final
volume of 3 mL. The mixture was incubated in a rotor (40 rpm, 10
min), transferred into two 1.5 mL Eppendorf tubes and washed
with the corresponding solvent (2x 10956g, 5 min). After
centrifugation, the suspension was transferred to a 4 mL glass
vial, mixed with HSA (600 uL, 10 mg mL '), and adjusted to
a final volume of 3 mL with additional solvent. The suspension
was incubated again under rotation (40 rpm, 10 min), transferred
into two 1.5 mL Eppendorf tubes and washed (2x 10956g, 5
min). For crosslinking, the suspension was adjusted to a final
volume of 1.5 mL, transferred to a 4 mL glass vial, and incubated
with GA (20 pL 0.8% in MQ) at 500 rpm using a magnetic stirrer
and room temperature (RT) for up to 24 h. The final product was
transferred to a 2 mL Eppendorf tube, washed (3x, 10 956g, 5
min), resuspended in 1.5 mL and stored at 4 °C.

8060 | Nanoscale Adv, 2025, 7, 8058-8073

To determine the optimal PLL and HSA concentrations for
Hb@?ZIF-8/PLL/HSA NPs preparation, the protocol described
above was repeated using varying concentrations of PLL (300,
600, 1200, or 2400 pL, 10 mg mL™") and HSA (300, 600, 900,
1200 or 1500 pL, 10 mg mL '), with 10 mM HEPES pH 8.5 used
as the solvent, while crosslinking was not required. For cross-
linking time optimization, the washed suspension after HSA
addition was incubated with GA (20 uL of 0.8% in MQ) while
stirring at 500 rpm for up to 24 h at RT. For optimization of the
Hb : GA molar ratio, the washed suspension after PLL addition
was incubated with GA (1, 2, 10, or 20 pL of 0.8% in MQ, cor-
responding to 1:0.5,1:1, 1:5, and 1:10 Hb : GA molar ratios)
while stirring for 15 min at RT. Following crosslinking and
washing, HSA was added as described, and a second cross-
linking step using GA at the same concentrations was per-
formed under identical conditions. The final product was
washed (3x, 10 956g, 5 min), resuspended in 1.5 mL, and stored
at 4 °C. Hb@ZIF-8/PLL/HSA NPs crosslinked with GA only after
HSA deposition are referred to as Hb@ZIF-8/PLL/HSAy;, NPs,
while those undergoing two crosslinking steps are denoted as
Hb@ZIF-8/PLLy; /HSAy;, NPs.

2.3.3. Zeta ({)-potential. The {-potential of the NPs was
measured using a Zetasizer nanoseries nano-ZS (Malvern Pan-
alytical Ltd, Malvern, UK) following an 80x dilution in MQ.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3.4. Cryo-scanning electron microscopy (Cryo-SEM). To
assess the size and morphology of Hb@ZIF-8 and Hb@ZIF-8/
PLLx;/HSAx;, NPs while preserving the integrity of the protein
coating, Cryo-SEM was performed using a Quanta FEG 200 Cryo-
Environmental Scanning Electron Microscope (FEI Company,
Hillsboro, US) equipped with a Cryo-preparation chamber and
a Cryo-stage. A 5 pL aliquot of the NP suspension (100x diluted
in MQ) was applied onto a brass Cryo-stub connected to
a transfer rod. The sample was plunge-frozen in slush nitrogen
and immediately transferred under a high vacuum to the Cryo-
preparation chamber maintained at —180 °C.

To remove residual surface ice acquired during transfer, the
sample was sublimated at —100 °C for 10 min in the SEM
chamber maintained at —160 °C. Following sublimation, a thin
platinum layer was sputter-coated onto the sample under an
argon atmosphere for 30 s. Imaging was subsequently con-
ducted in high vacuum mode using an accelerating voltage of
20.0 kV and particle size distribution was analyzed in Image]
software by measuring approximately 150 and 530 NPs, for
Hb@ZIF-8 and Hb@ZIF-8/PLLx; /HSAx;, NPs, respectively.

2.3.5. Hb quantification, EE and loading content (LC). The
concentration of encapsulated Hb within the different NPs was
quantified using the SLS-Hb method.”” Briefly, EDTA (60 pL,
50 mM in MQ) was added to a NP suspension (60 nL) followed by
serial dilutions in MQ. A standard curve was prepared by diluting
bovine Hb stock in MQ. Next, SLS (200 uL, 0.6 mg mL ™" in MQ)
was dispensed in triplicate into a 96-well plate (Nunclon™ Delta
Surface), followed by the addition of 10 puL of either the Hb
standard or the NPs suspension. The plate was covered with
aluminum foil and incubated on a plate shaker for 5 min at RT
before measuring the absorbance (Abs) at 539 nm using a plate
reader (Tecan Spark, Tecan Group Ltd, Madnnedorf, CH).

The EE and LC were calculated using the following
equations:

EE (%) = (Hb concentration in Hb@ZIF-§8 NPs)/(Hb concen-
tration initially added) x 100

The Hb concentration in the Hb@ZIF-8 NPs was determined
using the SLS-Hb method, while the initial Hb concentration
was 40 mg mL .

LC (%) = (weight of Hb in Hb@ZIF-8 NPs)/(weight of Hb@ZIF-
8 NPs) x 100

2.3.6. Fourier-transform infrared (FTIR) spectroscopy.
Attenuated total reflectance-FTIR spectra were acquired using
a Bruker Alpha-P spectrometer (Bruker Corp., Massachusetts,
USA). Free Hb, PLL, HSA and the synthetized NPs (i.e., Hb@ZIF-
8, Hb@ZIF-8/PLL/HSAy; and Hb@ZIF-8/PLLy; /HSAx; NPs) were
analyzed in powder form under ambient conditions across
a spectral range of 398-3998 cm ™ '. Each sample was measured
with 32 scans to ensure data reproducibility and spectral
quality. To minimize interference, background spectra were
recorded in air before sample measurements.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.4. Oxygen transporting properties

2.4.1. Quantification of released oxygen. The oxygen
release capacity of free Hb, Hb@ZIF-8/PLL/HSAyx;, and Hb@ZIF-
8/PLLx;/HSAx;, NPs was evaluated using a needle-type oxygen
microsensor (PreSens, Regensburg, DK) as previously reported
by our group.’® Briefly, free Hb (600 pL, 1 or 4 mg mL %),
Hb@ZIF-8/PLL/HSAx;, NPs (600 pL, 1 mg per mL Hb) or
Hb@?ZIF-8/PLLy; /HSAx;, NPs (600 pL, 4 mg per mL Hb) were
diluted in 10 mM HEPES buffer pH 8.5 and transferred to
a 2 mL glass vial which was tightly closed with a rubber cap. The
oxygen microsensor was inserted into the suspensions, and
oxygen release was triggered by adding 50 pL of an aqueous
100 mg per mL K3[Fe(CN)g] solution. This induced the oxidation
of the ferrous ion (Fe®") in oxygenated Hb (oxyHDb) to the ferric
state (Fe*"), converting oxyHb into metHb and thereby releasing
oxygen, which was recorded by the sensor. The released oxygen
concentration (uM) was calculated by subtracting the maximum
value recorded after K;[Fe(CN)g] addition from the baseline
value measured just before incubation. For better comparison
across samples, the resulting values were normalized to the
amount of Hb (in mg) encapsulated in each NP formulation.

2.4.2. Reversible oxygen binding and release assessment.
The ability of free Hb, Hb@ZIF-8/PLL/HSAx;, and Hb@ZIF-8/
PLLy;/HSAx;, NPs to reversibly bind and release oxygen was
analyzed by UV-Vis spectrophotometry (UV-2600, Shimadzu
Corporation, JP). The NPs were diluted in 10 mM HEPES buffer
pH 8.5 to a final Hb concentration of 1 mg in 2.6 mL and
transferred into a plastic cuvette. The cuvette was sealed with
alid, and the UV-Vis spectrum was recorded in the range of 350-
650 nm.

To induce oxygen release, a pinch (~2 mg) of SDT was added
to the cuvette, and the lid was immediately closed before
acquiring the next spectrum. Following spectrum recording, the
cuvette was exposed to a direct flow of compressed air for
10 min, after which a new spectrum was recorded. A second
pinch of SDT was then added to the solution, and another
spectrum was obtained, completing two full oxygen binding and
release cycles.

2.4.3. Oxygen dissociation curve (ODC). The ODCs from
free Hb, Hb@ZIF-8/PLL/HSAx; and Hb@ZIF-8/PLLyx;/HSAx;,
NPs were acquired using a HEMOX Analyzer (TCS Scientific
Corp., New Hope, PA, USA). The different suspensions were
diluted in 10 mM HEPES pH 7.4 to a final Hb concentration of
3 mg per mL Hb and a total volume of 3 mL, and 6 pL of anti-
foaming agent was added to each sample. Measurements were
performed at 37 °C while purging the suspensions with
compressed air and nitrogen gas to obtain oxyHb and deoxy-
genated Hb (deoxyHDb), respectively. The partial oxygen pressure
(pO,) at which Hb is 50% saturated (p50) and the Hill coefficient
(ny) were obtained using the pre-installed software (TCS
HEMOX DAQ System).

2.5. Stability assessment in different solvents

To assess the stability of uncoated Hb@ZIF-8, Hb@ZIF-8/PLL/
HSAx;, and Hb@ZIF-8/PLLy; /HSAx;, NPs in different solvents,
including physiologically relevant media, 1 mg of NPs was

Nanoscale Adv., 2025, 7, 8058-8073 | 8061
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incubated in 500 pL of various media (i.e., MQ, 0.9% NaCl,
25 mM HEPES pH 7.4, 10 mM HEPES pH 8.5, 10 mM HEPES pH
7.4 with 150 mM NacCl, 10 mM TRIS pH 7.4 with 150 mM Nacl,
PBS and DMEM). The suspensions were stored at 4 °C for 1 h,
4 h, 1 day and 7 days, except those in DMEM, which were
incubated at 37 °C. At each time point, the NPs were centri-
fuged, and a photographic image of the pellet was taken. Next,
10 pL of the supernatant was analyzed for potential Hb
measuring UV-Vis spectra in the range of 190-840 nm using
a NanoDrop 2000c (ThermoFisher Scientific, Walthman, USA).
For this, a 3 pL aliquot was placed on the NanoDrop pedestal
and the spectrum was obtained. Afterward, the pellet was
resuspended in the corresponding supernatants and stored
until the next time point. Hb loss at each time point was
quantified using a standard curve generated from a bovine
blood-derived Hb stock solution measured at 413 nm using the
NanoDrop (Fig. S1, SI). The percentage of Hb released was
calculated using the following formula:

Hb released (%) = (Hb loss at each time point/initial Hb content in
the NPs) x 100

The initial Hb content within the Hb@ZIF-8/PLL/HSAy; and
Hb@ZIF-8/PLLx; /HSAx;, NPs was determined using the SLS-Hb
method by subtracting the amount of Hb released after GA
crosslinking from the amount measured following fabrication
but prior to crosslinking. For Hb@ZIF-8 NPs, the initial Hb
content was determined directly after fabrication using the SLS-
Hb method.

2.6. Stealth properties evaluation

2.6.1. Synthesis of PEG-coated Hb@ZIF-8 NPs (Hb@ZIF-8/
PEG NPs). The fabrication of Hb@ZIF-8/PEG NPs was con-
ducted following a previously established protocol.’” Briefly,
Hb@ZIF-8 NPs (1 mg, MQ pH 8.5) were rapidly mixed with TA
(20 uL, 40 mg mL " in MQ) and vortexed for 5 s. Next, FeCl (1.2
uL, 12.5 mg mL~" in MQ) was added, and the suspension was
vortexed for another 5 s. MQ at pH 8.5 was added to reach a final
volume of 1 mL. The resulting TA-coated Hb@ZIF-8 NPs were
washed with MQ at pH 8.5 (3%, 10956g, 5 min, 4 °C) using
a high-speed centrifuge. Next, the NPs (1 mg in PBS) were
incubated with PLL (60 uL, 10 mg mL ™" in PBS) and PBS, which
was added to a final volume of 300 pL for 15 min at RT while
rotating at 40 rpm. The NPs were washed with PBS (2%, 10 956,
5 min, 4 °C) and subsequently incubated with PEG (60 pL,
10 mg mL~ " in PBS) and PBS, which was added to a final volume
of 300 uL also for 15 min at RT while rotating at 40 rpm. The
final Hb@ZIF-8/PEG NPs were washed with PBS (3, 10 656g,
5 min, 4 °C) and stored at 4 °C for further studies.

2.6.2. Synthesis of FITC-labelled BSA (BSA-FITC). The
synthesis of BSA-FITC was conducted following a previously
reported protocol.?® Briefly, FITC (1 mL, 10 mg mL ™' in DMSO)
was added dropwise to a BSA solution (20 mL, 5 mg mL " in
50 mM NaHCOs;, pH 10) and incubated overnight in the dark,
covered with aluminum foil, at 40 rpm using a rotor. Unbound
FITC was removed by dialysis (12.4 kDa MWCO) against MQ for
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3 days, and the purified BSA-FITC was lyophilized and stored at
—20 °C.

2.6.3. Assessment of IgG-FITC and BSA-FITC adsorption.
Suspensions of the different NPs (i.e., Hb@ZIF-8/PLL/HSAx;,
Hb@?ZIF-8/PLLx; /HSAx;, and Hb@ZIF-8/PEG NPs) (300 pL, 0.5, 1
or 2 mg mL ™" in 10 mM HEPES pH 7.4 with 150 mM NaCl) were
incubated with IgG-FITC (7.5 pL, 20 mg mL ™" in 0.01 M PBS pH
7.4, containing 15 mM sodium azide) and BSA-FITC (15 pL, 10 mg
mL ™" in 10 mM HEPES pH 7.4 150 mM Nacl) for 4 h at 37 °C in
a thermoshaker (PHMT Thermoshaker, Grant-bio, SP). Following
incubation, the NPs were washed with 10 mM HEPES pH 7.4 with
150 mM NaCl (2%, 12 000g, 5 min, RT) to remove any unbound
protein. The supernatants were collected in Eppendorf tubes for
further analysis. The fluorescence intensity of the supernatants
due to unbound proteins was analyzed with a plate reader (Tecan
Spark, Tecan Group Ltd, Méannedorf, CH) at excitation and
emission wavelengths of 493 and 516 nm, respectively.

2.7. Biocompatibility assessment

The biocompatibility of Hb@ZIF-8/PLLyx;/HSAx;, NPs was eval-
uated using a luminescent-based CV assay. RAW 264.7 macro-
phage cells were cultured in DMEM with 10% FBS and
penicillin/streptomycin (1% v/v, 10000 U mL ™' and 10 ug
mL ™", respectively) and maintained in a humidified incubator
at 37 °C with 5% CO,. Once the cells reached 70-80% con-
fluency, they were sub-cultured by washing with DPBS and
detaching using a cell scraper.

To assess the CV, 3 x 10° RAW 264.7 cells per well were seeded
into a transparent 96-well plate and incubated at 37 °C with 5%
CO, for 24 h. The following day, the cells were exposed to
increasing concentrations of Hb@ZIF-8/PLLy;/HSAx;, NPs (100
uL, 0-5 mg mL ") for an additional 24 h. After incubation, the
cells were washed with DPBS (2x, 100 uL) and treated with 100 pL
CellTiter-Glo® solution, prepared by dissolving lyophilized Cell-
Titer-Glo® Substrate in 10 mL of CellTiter-Glo® Buffer. The
plates were shaken for 2 min and incubated at RT for an addi-
tional 10 min. Subsequently, the contents of each well were
transferred to a white 96-well plate. CellTiter-Glo® solution alone
(without cells) was used as a negative control, while untreated
cells served as a positive control. Luminescence was measured
using the plate reader at an integration time of 1 s. All experi-
mental conditions were evaluated in technical triplicates over
three independent experiments, and the normalized CV (nCV)
was calculated using the following equation:

nCV (%) = (experimental value — negative control value)/(positive
control value — negative control value) x 100%

2.8. Statistical analysis

For comparisons with respect to a control, a one-way ANOVA
followed by Dunnett's test was applied. Comparisons between
two independent groups were assessed using the Mann-Whit-
ney test. In all cases, statistical significance was set at « = 0.05.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Analyses were performed using GraphPad Prism (version 10.6.0
(890)).

3. Results and discussion

3.1. Fabrication and characterization of Hb@ZIF-8/HSA NPs

Our group has pioneered a simple and efficient one-pot method
for encapsulating Hb within ZIF-8 NPs.'®'” As previously re-
ported, the resulting Hb@ZIF-8 NPs exhibit an exceptionally
high functional Hb concentration of 36 mg mL ", evidenced by
their ability to reversibly bind and release oxygen. As shown in
Fig. 1a, these NPs possess a slightly negative charge of —6.6 +
0.7 mV and a remarkable EE and LC of 89 and 98.8%, respec-
tively.”” Morphological analysis via Cryo-SEM reveals homoge-
neous, rounded, and well-defined NPs with an average size of
127 £ 26 nm.

RBCs have an average lifespan of approximately 120 days in
circulation. However, achieving a comparable circulation time
for HBOCs remains challenging due to the systemic clearance of
NPs, which are prone to opsonin binding and subsequent

C-potential (mV) -6.7 +0.8
EE (%) 89.0 +£5.0
LC (%) 98.8 +2.3

Mean size = 127 = 26 nm
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Fig. 1 (a) Cryo-SEM micrograph and corresponding size histogram of
Hb-loaded ZIF-8 NPs (Hb@ZIF-8 NPs). Zeta ({)-potential, encapsula-
tion efficiency (EE) and loading content (LC) are also reported. (b) (i) {-
potential measurements of Hb@ZIF-8 NPs after sequential deposition
of poly-L-lysine (PLL), human serum albumin (HSA) and crosslinking
with glutaraldehyde (GA) in MQ and HEPES buffer at varying
concentrations, pH conditions, and with or without NaCl. Buffers
marked with a red asterisk indicate disassembly of the NPs, while
double red asterisks denote NP agglomeration. (i) Photographic
images of Hb@ZIF-8 NPs coated with PLL, HSA and crosslinked with
GA after two washes in: MQ (orange), 25 mM HEPES pH 7.4 with NaCl
(blue), 25 mM HEPES pH 8.5 with NaCl (green), 25 mM HEPES pH 7.4
(purple), 25 mM HEPES pH 8.5 (red), 10 mM HEPES pH 7.4 (yellow) and
10 mM HEPES pH 8.5 (dark blue). PLL and HSA were used at
concentrations of 2 mg mL™%, and GA was applied at a 1 : 10 molar ratio
relative to Hb. All NPs were incubated with GA for 4 h.
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removal by the mononuclear phagocyte system (MPS).> A
common strategy to mitigate MPS clearance involves coating
NPs with a hydrophilic layer that reduces protein adsorption.*
Thus, to enhance circulation time and minimize immunoge-
nicity, we previously modified Hb@ZIF-8 NPs with a PEG
coating—a widely used synthetic polymer that prevents opso-
nization and MPS-mediated clearance.”””* Our findings
demonstrated that Hb@ZIF-8/PEG NPs effectively reduced IgG
adsorption while enhancing BSA deposition, a key dysop-
sonin.” Moreover, Hb@ZIF-8/PEG NPs exhibited favorable
biocompatibility in hemolysis and CV assays. In vivo studies in
mice further confirmed an enhanced circulation time, with
Hb®@ZIF-8/PEG NPs displaying a half-life of 14.8 h, compared to
only 7.65 h for free Hb."®

Although PEG coatings remain widely used to prevent NP
aggregation, opsonization, and phagocytosis—thereby extend-
ing systemic circulation—the increasing prevalence of anti-PEG
antibodies in the population has raised concerns about PEG-
related immunogenicity.”® In this context, HSA has emerged
as a promising surface-modifying alternative to PEG due to its
ability to prevent opsonin adsorption. Albumin is the most
abundant protein in human serum, playing a crucial role in the
transport of nutrients and hydrophobic drugs in circulation.>**°
More importantly, it functions as a dysopsonin for foreign NPs,
reducing the binding of opsonins that promote MPS uptake and
thereby prolonging NPs circulation time.?**>*' Thus, we explore
the potential of HSA as a coating for our previously reported
Hb@ZIF-§ NPs.'6-18

Given that both Hb@ZIF-8 NPs and HSA are negatively
charged at pH values close to physiological conditions (with
HSA having an isoelectric point (pI) of 4.7), a positively charged
PLL layer was introduced to achieve charge reversal. PLL,
a cationic biopolymer composed of r-lysine—a naturally
occurring amino acid—has a pI of ~10.5 and contains primary
amine side chains that can capture protons, becoming posi-
tively charged at pH values below 10.5.*>*® This high positive
charge density makes PLL an ideal bridging agent between
Hb@?ZIF-8 NPs and HSA. Since HSA adsorption onto the NPs
surface occurs through reversible interactions, a crosslinking
step was introduced to prevent protein detachment. This
stabilization was achieved using GA, which is commonly used in
biological applications due to its ability to rapidly form covalent
bonds under ambient conditions with primary amine groups in
biomolecules through Schiff base formation. GA is a 5-carbon
dialdehyde that reacts with primary amines, effectively cross-
linking HSA and PLL to ensure a stable coating on Hb@ZIF-8
NPs. GA has been effectively utilized in previously reported
HBOC formulations due to its high crosslinking efficiency,
inducing stable crosslinking between Hb molecules and
resulting in a robust formulation.**** The successful deposition
of both PLL and HSA was confirmed by monitoring {-potential
changes. Various solvents (i.e., both MQ and HEPES buffer at
different concentrations, pH values, and with or without NaCl)
were evaluated to identify the optimal solvent for maximum PLL
and HSA deposition (Fig. 1b(i)). Following incubation with PLL
(2 mg mL "), the {-potential increased across all tested buffers
(from —6 mV for uncoated Hb@ZIF-8 NPs to +7-15 mV), with
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the highest increase observed in MQ (+40 mV). This sharp rise
in ¢-potential is likely due to the low pH of MQ (6.0-6.5), which
further protonates PLL, enhancing its positive charge. These
results indicate the successful incorporation of PLL in all tested
conditions. Subsequent HSA (2 mg mL ') addition led to
a decrease in {-potential across all conditions, though the extent
varied. However, photographic images revealed that under
certain conditions (i.e., MQ, 25 mM HEPES pH 7.4, and 25 mM
HEPES pH 7.4 with 150 mM NacCl), NPs disassembly occurred,
likely due to HSA competing with the Zn*>* ions constituting the
ZIF-8 core (Fig. 1b(ii)). Additionally, at 25 mM HEPES pH 8.5,
the NPs formed aggregates that were difficult to resuspend. To
further stabilize the coating, Hb@ZIF-8/PLL/HSA NPs were
incubated in GA for crosslinking. As expected, this resulted in
an additional decrease in {-potential, as GA reacts with free
amino groups. Among the two buffer conditions that led to the
most significant {-potential reduction, 10 mM HEPES pH 8.5
was selected for further optimization (from now on referred to
as HEPES), given the reported GA higher crosslinking activity at
pH values between 8 and 8.5.%°

The optimal PLL and HSA concentrations were further

determined using {-potential measurements (Fig. 2a).
a)
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20 20+ T
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Fig. 2 (a) (i) Zeta ({)-potential measurements of Hb-loaded ZIF-8 NPs
(Hb@ZIF-8 NPs) incubated with increasing concentrations of poly-L-
lysine (PLL). (ii) {-potential measurements of PLL-coated Hb@ZIF-8
NPs incubated with increasing concentrations of human serum
albumin (HSA), along with photographic images of the NP solutions at
each HSA concentration after the final wash. The coating was con-
ducted for 10 min in 10 mM HEPES buffer at pH 8.5. Data points
marked with a red asterisk indicate HSA concentrations that resulted in
NP disassembly. (b) {-potential measurements of PLL- and HSA-
coated Hb@ZIF-8 NPs (i.e., Hb@ZIF-8/PLL/HSA NPs) and after incu-
bation with 1 mM glutaraldehyde (GA) in MQ for different time inter-
vals. The crosslinked NPs are denoted as Hb@ZIF-8/PLL/HSAx_ NPs,
where the subscript XL indicates HSA crosslinking with GA after
deposition, and O/N stands for overnight incubation.
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Incubation of Hb@ZIF-8 NPs with 1 mg per mL PLL resulted in
a ~38 mV increase in {-potential, whereas doubling the PLL
concentration to 2 mg per mL led to only a slight additional
increase of 1.3 mV (Fig. 2a(i)). Further increasing the PLL
concentration resulted in a decreased {-potential, indicating
that the Hb@ZIF-8 NP surface was saturated at 2 mg per mL
PLL. Therefore, this concentration was selected for optimizing
HSA deposition. Fig. 2a(ii) shows how, the addition of 1 mg
per mL HSA, resulted in a {-potential decrease of only ~5 mV.
Increasing the HSA concentration to 2 mg mL™"' further
decreased the {-potential by an additional 13 mV. However,
when the HSA concentration was increased to 3 mg mL ™, while
a further decrease in {-potential was observed, it also led to NP
disassembly, as evidenced by images taken after two washes in
HEPES buffer. Consequently, 2 mg per mL HSA was chosen as
the optimal concentration for subsequent GA crosslinking
optimization.

Since, in these initial experiments the crosslinking step was
conducted by incubating Hb@ZIF-8/PLL/HSA NPs with GA for
4 h, our next aim was to reduce the GA incubation time to
accelerate NP preparation. Shortening the crosslinking dura-
tion is particularly beneficial for preserving Hb functionality, as
GA can also react with Hb amine groups.*” In fact, Prapan et al.
reported that prolonged GA crosslinking in Hb submicron
particles resulted in reduced oxyHb content, indicating
compromised Hb functionality.*® In agreement with Fig. 1b(i),
incubation with GA led to the expected decrease in {-potential,
consistent with GA reacting with amino groups to form imines
via Schiff base formation (Fig. 2b). While slight variations in ¢-
potential were observed across different incubation times,
longer incubation generally resulted in lower {-potential values.
However, these differences were negligible, as indicated by the
overlapping error bars. Thus, the shortest incubation time of
15 min was selected as the optimal crosslinking duration, as it
effectively stabilizes HSA while minimizing potential adverse
effects on Hb functionality.

The addition of HSA to PLL-coated Hb@ZIF-8 NPs (Hb@ZIF-
8/PLL NPs) resulted in significant Hb release, likely due to NP
degradation caused by HSA competing with Zn>" ions in the ZIF-
8 core. HSA plays a crucial role in Zn>* transport in the human
body, which could explain the increased Hb release observed at
higher HSA concentrations (Fig. 2a(ii)).*® To mitigate NP
degradation upon HSA addition, an additional GA crosslinking
step prior to HSA deposition was considered. Since PLL also
contains amine groups, its crosslinking with GA was expected to
enhance NP structural integrity, making them more resistant to
the degradation caused by HSA-Zn>" competition. To this end,
Hb®@ZIF-8/PLL NPs crosslinking was conducted, and this time
the Hb : GA molar ratio was evaluated (Fig. 3a). Although the
NPs retained an overall positive charge, as expected, increasing
GA concentrations resulted in a reduction in the overall {-
potential of Hb@ZIF-8/PLL NPs due to the occupation of amine
groups by GA (Fig. 3a(i)). Importantly, increasing the Hb: GA
ratio significantly reduced Hb loss during the washing steps
following HSA addition, as it is shown in Fig. 3a(ii) after the first
centrifugation. Specifically, at a Hb : GA molar ratio of 1: 5, the
Hb loss was 3.1 £ 0.1 mg (for a total of around 8 mg), whereas at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) (i) Zeta ({)-potential measurements of Hb-loaded ZIF-8 NPs

(Hb@ZIF-8 NPs) following deposition of poly-L-lysine (PLL) and
crosslinking at various Hb: glutaraldehyde (GA) molar ratios (ie.,
Hb@ZIF-8/PLLy. NPs), where the subscript 'XL" indicates PLL cross-
linking with GA after deposition. (ii) Hb loss after the deposition of
human serum albumin (HSA) onto Hb@ZIF-8/PLLy, NPs. (iii) Photo-
graphic images taken after the first centrifugation step, showing HSA
deposition onto Hb@ZIF-8/PLLy. NPs crosslinked at different Hb : GA
molar ratios. (b) (i) {-potential measurements of the stepwise assembly
of HSA-coated Hb@ZIF-8/PLLyx. NPs (ie., Hb@ZIF-8/PLLx /HSAxL
NPs), where the subscript XL indicates GA crosslinking after both PLL
and HSA deposition. Several Hb : GA molar ratios were tested for HSA
crosslinking. (i) Hb loss after HSA crosslinking at different Hb : GA
molar ratios and (iii) photographic images taken after the first centri-
fugation step, showing Hb@ZIF-8/PLLyx /HSAx. NPs crosslinked at
different Hb : GA molar ratios. (c) Oxygen released per mg of Hb from
Hb@ZIF-8/PLL/HSAx. and Hb@ZIF-8/PLLy /HSAx. NPs at different
Hb : GA molar ratios.

1:10, this value decreased to 1.9 + 0.7 mg. The reduced Hb
losses at both 1:5 and 1:10 Hb: GA molar ratios were further
supported by the very slightly red-colored supernatants of the
Hb@ZIF-8/PLLx; /HSA NPs after the first centrifugation step

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 3a(iii)). Although the 1:10 Hb : GA molar ratio resulted in
the lowest Hb loss, the 1:5 ratio was selected for further
experiments, as it did not cause a significant decrease in ¢-
potential, which could otherwise hinder the subsequent depo-
sition of negatively charged HSA. Additionally, using a lower GA
concentration is expected to better preserve Hb functionality by
minimizing potential crosslinking interactions with Hb itself.

After identifying the optimal PLL crosslinking ratio, different
Hb : GA molar ratios were also evaluated for the HSA coating
step. As shown in Fig. 3b(i), Hb@ZIF-8/PLLx;/HSAx;, NPs where
the HSA had been crosslinked at Hb : GA molar ratios of 1:5
and 1:10 exhibited the lowest {-potentials, indicating higher
HSA incorporation. Notably, no detectable Hb loss was observed
for any of the tested Hb : GA molar ratios (Fig. 3b(ii)), consistent
with photographic images of Hb@ZIF-8/PLLy; /HSAx;, NPs taken
after the first centrifugation step (Fig. 3b(iii)).

Despite being encapsulated within the NP core, Hb contains
abundant amine groups and is expected to undergo partial
crosslinking upon incubation with GA. Thus, we next assessed
the potential impact of GA crosslinking on Hb functionality.
Previous studies have reported that GA crosslinking can slightly
reduce Hb's oxygen-binding capacity, while Wu et al. observed
high levels of metHb formation during Hb polymerization with
GA.’** Therefore, we evaluated the oxygen release properties of
Hb@ZIF-8/PLL/HSAy;, and Hb@ZIF-8/PLLy;/HSAy;, NPs
prepared with different Hb : GA ratios. To assess oxygen release
and evaluate the effect of varying Hb : GA molar ratios, the NPs
were incubated with K;[Fe(CN)¢], which converts Hb into
metHb, thereby facilitating oxygen release. The amount of
oxygen released was quantified using an oxygen electrode, and
the results are shown in Fig. 3c, expressed as pM of oxygen
released per mg of Hb. As observed, the oxygen released per mg
of Hb ranges from 8-13 uM mg ‘. However, whether the NPs
had been crosslinked once (for Hb@ZIF-8/PLL/HSAx;, NPs) or
twice (Hb@ZIF-8/PLLy;/HSAx;, NPs) did not have a marked
effect on the amount of oxygen released. Likewise, increasing
the Hb : GA ratio did not result in a marked decrease in oxygen
release.

The oxygen release from the NPs normalized to that of an
equivalent amount of free Hb is also presented (Fig. S2a, SI).
However, direct comparison of oxygen release between
Hb@ZIF-8/PLL/HSAy;, and Hb@ZIF-8/PLLy; /HSAy; NPs, free
Hb, and Hb@ZIF-8 NPs may be misleading. Unlike free Hb and
Hb®@ZIF-8 NPs, which disassemble upon the addition of
K;[Fe(CN)e] and are instantly converted to metHb, the PLL and
HSA-coated NPs remained intact, as shown in the photographic
images after centrifugation (Fig. S2b, SI), suggesting that
encapsulated Hb may not be fully converted to metHb. A more
comprehensive assessment of Hb functionality, including
oxygen-binding and release properties, is provided in Section
3.4.

Considering the {-potential values, Hb retention throughout
the synthesis process, and oxygen release properties, we
concluded that Hb@ZIF-8/PLLy; /HSAx;, NPs crosslinked ata 1 :
5 Hb: GA molar ratio were optimal. Lower GA concentrations
resulted in greater Hb loss and less negatively charged NPs,
while higher Hb: GA ratios (i.e., 1:10) did not provide any
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additional improvements. Therefore, all subsequent experi-
ments were conducted using the 1:5 Hb : GA molar ratio.
Upon determining the optimal Hb : GA molar ratio, the NPs
were further characterized, with the results summarized in
Fig. 4a. Both Hb@ZIF-8/PLL/HSAx;, NPs and Hb@ZIF-8/PLLy;/
HSAy,, NPs exhibit similarly negative surface charges (i.e. —25
mV). Notably, the Hb@ZIF-8/PLLy;/HSAx;, NPs demonstrated
a significantly higher EE of 54.2%, nearly double that of the
Hb@ZIF-8/PLL/HSAx;, NPs (27.0%; p < 0.05). These results
indicate that the additional crosslinking step following both
PLL and HSA deposition stabilizes the NPs, thereby reducing
Hb loss during fabrication. Cryo-SEM micrographs of Hb@ZIF-
8/PLLy;/HSAx;, NPs (Fig. 4b) show that the NPs display a well-
defined spherical morphology, very similar to their uncoated
counterparts (Fig. 1a), with an average diameter of ~316 nm, as
indicated by the size histogram. This size is within the optimal
range for HBOCs, which must remain in circulation for

Mean size =316 + 65 nm

Hb@ZIF-8/PLL/HSA, NPs

C-potential (mV) -25.2 + 2.0
EE (%, 27.0 £8.1

Hb@ZIF-8/PLL, /HSA, NPs

C-potential (mV) -24.7 + 2.6
EE (%, 542 £85
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Size (nm)

Free Hb
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Hb@ZIF-8/PLL/HSA, NPs

Hb@ZIF-8/PLL, /HSA, NPs
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Fig. 4 (a) Table with zeta ({)-potential measurements and encapsu-
lation efficiency (EE) of poly-L-lysine (PLL)- and human serum albumin
(HSA)-coated Hb-loaded ZIF-8 NPs (ie., Hb@ZIF-8/PLL/HSAy and
Hb@ZIF-8/PLLy /HSAx_ NPs). Data are presented as mean values. (b)
Cryo-SEM micrograph and corresponding size distribution histogram
of Hb@ZIF-8/PLLy /HSAx_ NPs. (c) FTIR spectra of free Hb, Hb-loaded
ZIF-8 NPs (i.e., Hb@ZIF-8 NPs), PLL, HSA, Hb@ZIF-8/PLL/HSAx. and
Hb@ZIF-8/PLLy /HSAx. NPs. The subscript ‘XL" indicates crosslinking
with glutaraldehyde following PLL and/or HSA deposition.
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extended periods. To prevent extravasation through endothelial
gaps into the underlying smooth muscle tissue—where they
could bind and scavenge nitric oxide, leading to vasoconstric-
tion—HBOCs should be larger than 100 nm.** However, carriers
in the 2-3 pm range are susceptible to phagocytosis, and may
obstruct microcirculation at higher concentrations.” Addi-
tionally, larger HBOCs have been linked to an increased risk of
coagulopathy.** Thus, an optimal HBOC size range of 100-
1000 nm ensures safe systemic delivery while minimizing
adverse vascular effects.

To further verify the incorporation of PLL and HSA into
Hb@ZIF-8/PLL/HSAy;, and Hb@ZIF-8/PLLy; /HSAy;, NPs, FTIR
analysis was performed (Fig. 4b). The FTIR spectrum of free Hb
displays the two characteristic peaks of proteins at approxi-
mately 1647 and 1535 cm ', corresponding to the C=O
stretching vibration of the amide I band and the N-H bending
vibration of the amide II band, respectively. An additional peak
at 3286 cm™ ', associated with N-H stretching vibrations of
amide A, is present but with lower intensity. Hb@ZIF-8 NPs
exhibit also prominent amide I and II peaks due to the presence
of Hb, along with peaks originating from the HmIm ligand at
approximately 2993 cm ™, which are attributed to the stretching
vibrations of aromatic C-H bonds in the imidazole ring. Being
a polypeptide, the spectrum of PLL shows bands similar to
those of Hb; a band at 2928 cm™ ' corresponding to —-CH,
vibration absorption, along with peaks at 1643 and 1535 cm ™.
Specifically, the 1643 cm™' peak corresponds to the C=0
stretching vibration of the amide I band, while the 1535 cm™*
peak is attributed to the in-plane deformation of the N-H group
in the amide II band. HSA, as expected, exhibits the character-
istic spectral features of proteins, with characteristic amide I
and IT bands at approximately 1644 and 1530 cm ™", respectively.
Thus, the spectral overlap among the different components
complicates direct confirmation of PLL and HSA incorporation
into Hb@ZIF-8 NPs. Despite this, the observed changes in ¢-
potential values provide strong evidence for the successful
deposition of these components.

3.2. Assessment of NPs stability in different solvents and
physiologically relevant media

A major challenge in the development of MOFs for biomedical
applications is their susceptibility to degradation under physi-
ologically relevant conditions. ZIF-8-based NPs are no excep-
tion—they are known to degrade in commonly used biological
buffers such as PBS and in cell culture media.** To address this,
we investigated whether coating Hb@ZIF-8 NPs with PLL and
HSA could enhance their stability in various solvents, including
biologically relevant solutions. To this end, Hb@ZIF-8/PLL/
HSAx;, and Hb®@ZIF-8/PLLy; /HSAx;, NPs were incubated in
a range of buffers and media, including MQ, 0.9% NacCl, 25 mM
HEPES pH 7.4, 10 mM HEPES pH 8.5, 10 mM HEPES pH 7.4
with 150 mM NacCl, 10 mM TRIS pH 7.4 with 150 mM NacCl, PBS,
and DMEM for up to 7 days. Hb release was quantified over time
and compared to that of uncoated Hb@ZIF-8 NPs. All incuba-
tions were performed at 4 °C, except for DMEM, which was
incubated at 37 °C to mimic in vitro conditions. As shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5a(i), uncoated Hb@ZIF-8 NPs rapidly degraded in both
PBS and DMEM, releasing ~80% of their Hb content within the
first hour. No further increase in Hb release was observed with
prolonged incubation. This rapid degradation was visually
confirmed by the disappearance of the Hb@ZIF-8 NPs pellet
and the appearance of a homogeneous red solution after 1 day
of incubation in PBS or DMEM—characteristic of solubilized
Hb (Fig. 5a(ii)). Interestingly, after 7 days in DMEM, a decrease
in Hb release was observed for Hb@ZIF-8 NPs—an unexpected
result, given that the assay measured cumulative release. We
attribute this reduction to the oxidation of Hb to metHb, fol-
lowed by potential dissociation into free heme and af-globin
dimers, processes that are likely accelerated at 37 °C.** This
hypothesis is supported by the brown coloration of the
suspension after 7 days of incubation (Fig. S3, SI), consistent
with metHb formation. For an accurate quantification of the Hb
released in this case, a standard curve of metHb was prepared
by measuring the Abs at 404 nm using the Nanodrop (Fig. S4,
SI). Hb@ZIF-8/PLL/HSAy;, NPs showed only slightly improved
stability in PBS and DMEM, releasing ~65% and 55% of their
Hb content within 1 h, respectively (Fig. 5b(i)). As with Hb@ZIF-
8 NPs, a decrease in measured Hb content was observed at later
time points in DMEM, likely due to the same Hb oxidation/
degradation mechanisms. Surprisingly, Hb@ZIF-8/PLL/HSAx;,
NPs were less stable than their uncoated counterparts in other
media, including 0.9% NaCl, 10 mM HEPES pH 7.4 with
150 mM NaCl, 10 mM TRIS pH 7.4 with 150 mM NaCl, where
~20% Hb release was detected after only 1 day. In contrast,
Hb@ZIF-8/PLLy; /HSAx;, NPs demonstrated markedly enhanced
stability in all tested media, including PBS and DMEM
(Fig. 5c(i)). After 1 day of incubation, only 20% and 22% of Hb
was released in PBS and DMEM, respectively. For comparison,
Hb release in DMEM was 71% for Hb@ZIF-8 NPs and 55% for
Hb@ZIF-8/PLL/HSAx;, NPs. A similar trend to that observed for
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Hb@ZIF-8/PLL/HSAx;, NPs in NaCl-containing buffers was
noted for Hb@ZIF-8/PLLy;/HSAx;, NPs, however the extent of
Hb release was significantly lower. These results confirm that
crosslinking both the PLL and HSA layers with GA significantly
improves NP structural integrity, enhancing their stability
across physiologically relevant conditions and thereby
increasing their potential for biological applications.

3.3. Evaluation of the stealth properties

The adsorption of serum proteins onto the surface of nano-
carriers leads to the formation of a protein corona, which is
rapidly recognized by the immune system. This recognition
results in NPs clearance and, consequently, reduced circulation
time.** In particular, opsonins such as IgG can bind to NP
surfaces and promote phagocytosis through interactions with
Fc receptors on immune cells. In contrast, other serum proteins
like albumin may also adsorb onto NPs but do not elicit
immune responses. These are referred to as dysopsonins.*®

Until recently, PEG was widely regarded as the gold standard
for NP coatings to reduce immunogenicity. However, an
increasing number of studies have reported the presence of
anti-PEG antibodies—immune components that specifically
recognize and bind to PEG—thereby diminishing its protective
efficacy.”® As a result, alternative surface coatings have been
investigated to prevent protein adsorption and immune recog-
nition. Among them, serum albumins have emerged as prom-
ising candidates. For instance, Yu et al. demonstrated that BSA
coatings on iron oxide NPs effectively prevented protein
adsorption,* while Sato et al. showed that HSA-coated lipo-
somes resisted phagocytosis compared to uncoated
counterparts.*®

In this study, we evaluated the efficacy of HSA coatings in
preventing opsonin adsorption and promoting dysopsonin
binding. To this end, Hb@ZIF-8/PLL/HSAx;, and Hb@ZIF-8/
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Fig. 5 Cumulative Hb release in various physiologically relevant media after incubation of: (a) bare Hb-loaded ZIF-8 NPs (Hb@ZIF-8 NPs) and
poly-L-lysine (PLL)- and human serum albumin (HSA)-coated Hb@ZIF-8 NPs, denoted as (b) Hb@ZIF-8/PLL/HSAx. and (c) Hb@ZIF-8/PLLy, /
HSAxL NPs, where the subscript ‘XL indicates crosslinking with glutaraldehyde following PLL and/or HSA deposition.
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PLLy /HSAy NPs were incubated with 0.5 mg mL ™" of either
BSA-FITC or IgG-FITC in 10 mM HEPES buffer pH 7.4 contain-
ing 150 mM Nacl, to better mimic physiological ionic strength.
Incubations were conducted for 4 h at 37 °C under continuous
shaking. Hb@ZIF-8/PEG NPs were included as a positive
control, based on our previous report demonstrating their
antifouling properties.”” Uncoated Hb@ZIF-8 NPs
excluded due to their decomposition under the conditions of
the experimental setup. To quantify protein adsorption, stan-
dard curves of BSA-FITC and IgG-FITC were generated (Fig. S5a,
SI). Fig. 6 summarizes the results of protein adsorption.
Hb@ZIF-8/PEG NPs exhibited the lowest levels of BSA-FITC
deposition, with approximately ~0.25 mg per mL BSA-FITC
adsorbed from an initial concentration of 0.5 mg mL~" (for
0.5 mg per mL Hb@ZIF-8/PEG NPs). Notably, increasing the NP
concentration did not yield a proportional increase in BSA-FITC
adsorption, suggesting that BSA-FITC was fully adsorbed even at
the lowest NP concentration. To further probe differences
among the NP formulations, higher concentrations of BSA-FITC
(i.e., 0.5, 2 and 5 mg mL ") were incubated with 2 mg per mL
NPs under the same conditions. As shown in Fig. S5b,
increasing the BSA-FITC concentration did not significantly
enhance adsorption, and no notable differences were observed
across NP types. These results suggest that both HSA and PEG
coating have a similar effect on BSA-FITC adsorption.

In contrast, IgG-FITC adsorption displayed a concentration-
dependent trend. Increasing the NP concentration led to higher
IgG-FITC adsorption. Hb@ZIF-8/PEG NPs showed the highest
IgG-FITC binding (~0.4 mg mL ™" at 2 mg per mL NP concen-
tration). In comparison, IgG-FITC adsorption onto Hb@ZIF-8/
PLL/HSAx;, and Hb@ZIF-8/PLLx; /HSAx;, NPs was negligible at
NP concentrations up to 1 mg mL ™', At the highest tested NP
concentration (2 mg mL '), IgG-FITC adsorption was only 0.07
and 0.02 mg mL~"' for Hb@ZIF-8/PLL/HSAy;, and Hb@ZIF-8/
PLLy;/HSAx;, NPs, respectively-more than five times lower than

were
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Fig. 6 Fluorescein 5(6) — Isothiocyanate (FITC)-labelled bovine serum
albumin (BSA-FITC) and Immunoglobin G (IgG-FITC) adsorbed onto
increasing concentrations of Hb-loaded ZIF-8 NPs (Hb@ZIF-8 NPs)
coated with poly-L-lysine (PLL)- and human serum albumin (HSA), or
polyethylene glycol (PEG)-coated Hb@ZIF-8 NPs (Hb@ZIF-8/PEG
NPs). The PLL- and HSA-coated NPs are denoted as Hb@ZIF-8/PLL/
HSAyL and Hb@ZIF-8/PLLy /HSAx_ NPs, where the subscript ‘XL' indi-
cates glutaraldehyde crosslinking following PLL and/or HSA
deposition.
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that of PEG-coated NPs. These findings underscore the superior
antifouling performance of the HSA coating compared to our
previously used PEG strategy."”

One possible explanation for this difference is the variation
in coating density on the NP surface. Specifically, fewer PEG
molecules may be incorporated into Hb@ZIF-8 NPs compared
to HSA, reducing the overall effectiveness of PEG in providing
stealth properties.

To further support the role of HSA coating in modulating
protein adsorption, we measured the {-potential of the NPs in
10x diluted 10 mM HEPES pH 7.4 150 mM NaCl. As shown in
Fig. S6 (SI), all NPs exhibited a slightly negative surface charge.
This suggests that the differences in protein adsorption are not
driven by electrostatic interactions with negatively charged
proteins (IgG and BSA), but rather by the efficacy of HSA
coating.

In summary, HSA coatings significantly improved the stealth
properties of Hb@ZIF-8 NPs by markedly reducing IgG
adsorption while maintaining BSA binding. These results indi-
cate strong potential for prolonged circulation times and
reduced immune clearance of HSA-coated NPs in vivo.

3.4. Hb functionality assessment

Next, we assessed whether Hb retained its functional properties
when encapsulated within the Hb@ZIF-8/PLL/HSAy; and
Hb@?ZIF-8/PLLx; /HSAx;, NPs. To do that, we analyzed its UV-Vis
spectrum, which offers key insights into both the structural
integrity and oxygenation state of Hb. Native Hb exhibits
a characteristic absorption profile featuring a strong Soret peak
around 415 nm corresponding to the heme group, along with
two weaker Q-bands between 500-600 nm, related to the elec-
tronic transitions within the heme group. As shown in Fig. 7a,
free oxyHb displays a prominent Soret peak at 414 nm, with two
Q-bands at 541 and 576 nm. Upon deoxygenation, induced by
the addition of SDT—an oxygen scavenger—, the Soret peak
undergoes a red shift to 425 nm, while the two Q-bands merge
into a single peak at 550 nm. This spectral shift confirms the
successful deoxygenation of Hb and takes place for an addi-
tional cycle of oxygenation and deoxygenation.

In the case of both Hb@ZIF-8/PLL/HSAx;, and Hb@ZIF-8/
PLLy;/HSAx;, NPs, the oxygenation-deoxygenation spectral
response of encapsulated Hb closely mirrors that of free Hb.
This indicates that Hb retains its functionality throughout the
fabrication process. Specifically, for Hb@ZIF-8/PLL/HSAx;, NPs,
the Soret peak shifted from 413 to 416 nm during deoxygen-
ation, while for Hb@ZIF-8/PLLy; /HSAx;, NPs, it shifted from 416
to 423 nm. However, a sloping baseline was observed at lower
wavelengths in the spectra of both coated NPs, likely due to light
scattering effects associated with the presence of intact NPs.*
This scattering reduced the resolution of the Q-bands during
the deoxygenation cycle, making them more difficult to distin-
guish. Notably, the spectra of uncoated Hb@ZIF-8 NPs could
not be obtained due to their instability in the presence of SDT.
Despite this, the observed red and blue shifts of Soret peak
during both oxygenation and deoxygenation cycles confirm that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) UV-vis spectra of free Hb, Hb-loaded ZIF-8 NPs (Hb@ZIF-8

NPs) coated with poly-L-lysine (PLL)- and human serum albumin (HSA)
after treatment with compressed air or sodium dithionite (SDT) to
generate oxygenated (oxyHb) and deoxygenated (deoxyHb) forms,
respectively. (b) Oxygen dissociation curve showing the oxygen
saturation as a function of the partial oxygen pressure (pO,) along with
the p50 (pO, at which Hb is 50% saturated with oxygen) and Hill
coefficient (ny) values of free Hb and the different NPs, with statistical
significance indicated (***p < 0.001). The NPs are denoted as Hb@ZIF-
8/PLL/HSAy and Hb@ZIF-8/PLLy /HSAx_ NPs, where the subscript ‘XL’
indicates glutaraldehyde crosslinking following PLL and/or HSA
deposition.

the oxygen-binding and -releasing capabilities were preserved
within all coated NPs.

To further evaluate Hb functionality, we determined the
0ODCs of the Hb@ZIF-8/PLL/HSAy;, and Hb@ZIF-8/PLLy; /HSAxr,
NPs. As shown in Fig. 7b, free Hb displayed a p50 value of 30.7
mmHg, slightly higher than the commonly reported value for
bovine Hb (26.3 mmHg) and native human Hb within RBCs
(25.6 mmHg).* In contrast, markedly lower p50 values were
observed for Hb@ZIF-8 (4.9 mmHg), Hb@ZIF-8/PLL/HSAy,, (6.4
mmHg) and Hb@ZIF-8/PLLy;/HSAx;, NPs (5.4 mmHg), indi-
cating enhanced oxygen affinity. This phenomenon has been

© 2025 The Author(s). Published by the Royal Society of Chemistry
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previously attributed to the presence of the imidazole-
containing HmIm linker in ZIF-8, which may mimic histidine
residues and stabilize the oxygen bound to the heme group
through coordination interactions.’'® Additionally, ny values
for all NPs were statistically significantly lower than that of free
Hb (2.3), with values close to 1.5 (p < 0.001). This reduction can
be attributed to Hb encapsulation, as unmodified and modified
NPs display very similar ny; values with no statistical differences
(Fig. S7, SI). Although reduced, these ny; values still suggest the
presence of positive cooperativity in oxygen binding. Taken
together, these results suggest that Hb@ZIF-8/PLL/HSAx;, and
Hb®@ZIF-8/PLLy; /HSAx;, NPs maintain key aspects of Hb func-
tionality and are promising candidates for use as artificial
oxygen carriers.

3.5. Biocompatibility assessment

The last objective of this study was to evaluate the biocompat-
ibility of Hb@ZIF-8/PLLx;/HSAx;, NPs to determine their suit-
ability for biological applications. This assessment was
conducted using an in vitro model based on the RAW 264.7
murine macrophage cell line. This cell line was chosen due to
macrophages’ critical role in immune responses through its
involvement in phagocytosis and pathogen clearance.*

The biocompatibility study focused exclusively on Hb@ZIF-
8/PLLx;/HSAx;, NPs, as they demonstrated superior stability in
both PBS and DMEM (see Fig. 5), with significantly reduced Hb
release compared to Hb@ZIF-8 and Hb@ZIF-8/PLL/HSAx;, NPs.
RAW 264.7 cells were incubated with varying concentrations of
Hb@ZIF-8/PLLy; /HSAy; NPs (100 pL, 0-5 mg mL ) at 37 °C in
a humidified incubator with 5% CO, for 24 h, as indicated by
the ISO 10993-5 guidelines.”® As shown in Fig. 8, most concen-
trations resulted in nCV above 70%, indicated by the light pink
dashed line representing the minimum acceptable threshold

120
110

nCV (%)

05 05 1 2 5
Hb@ZIF-8/PLL, /HSA, NPs (mg L")

0.001 0.01 0.05 0.1

Fig. 8 Normalized cell viability (nCV) of RAW 264.7 cells following
incubation for 24 h with increasing concentrations of poly-L-lysine
(PLL)- and human serum albumin (HSA)-coated Hb-loaded ZIF-8 NPs.
The dashed line indicates the 70% viability threshold defined by ISO
10993-5 for classifying materials as non-cytotoxic. The NPs are
denoted as Hb@ZIF-8/PLLy /HSAx. NPs where the subscript XL’
indicates glutaraldehyde crosslinking following PLL and HSA
deposition.
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for materials with a biological application, as defined by the ISO
10993-5 guidelines.?> Hb@ZIF-8/PLLx;/HSAx;, NPs were shown
to be cytotoxic at concentrations exceeding 0.5 mg mL . At
exactly 0.5 mg mL™', the nCV was 71.6 & 8.3%, placing it just at
the ISO threshold. This suggests that a lower concentration,
such as 0.25 mg mL~ ', would offer a safer biocompatibility
profile. As NPs concentration increased, nCV progressively
decreased. This decline may be attributed to a potential release
of Zn** from the ZIF-8 core. Elevated intracellular Zn>" levels are
known to induce cytotoxic effects. For instance, Chen et al. re-
ported that the majority of ZIF-8 NP-induced cytotoxicity in
human cell lines stemmed from Zn>* accumulation.*® Notably,
when comparing our results to those reported in the literature
for similar systems based on ZIF-8 NPs, Hb@ZIF-8/PLLyx; /HSAx,
NPs exhibited superior biocompatibility. For example, Gu et al.
studied uncoated ZIF-8 NPs loaded with bovine Hb and
observed a nCV of approximately 40% after 24 h incubation, at
a NP concentration of just 0.2 mg mL™". Similarly, Johari et al.
assessed the cytotoxicity of ZIF-8 NPs to eukaryotic cell lines
after 24 h incubation and found that exposure to 0.25 mg
per mL ZIF-8 NPs led to a CV lower than 20%.°*** In contrast,
our Hb@ZIF-8/PLLy; /HSAx;, NPs maintained more than 70% CV
at concentrations twice as high, highlighting the significant
improvement in safety. Hb@ZIF-8/PEG NPs, previously reported
by our group, were an exception, demonstrating a CV of
approximately 95% at a 2 mg per mL NP concentration.
However, this study was conducted under a shorter incubation
period of only 4 h, making it difficult to directly compare to the
current study.

These findings underscore the benefit of HSA coating in
enhancing Hb@ZIF-8 NPs stability and biocompatibility.

4. Conclusions

In this study, we developed and optimized HSA-coated Hb@ZIF-
8 NPs (Hb@ZIF-8/PLLy;/HSAx;, NPs) with enhanced structural
stability, stealth properties, and preserved oxygen-carrying
functionality. By employing a systematic approach that
included PLL bridging, HSA surface functionalization and GA
crosslinking, we addressed several of the physicochemical
limitations observed in earlier HBOC formulations.

Compared to PEGylated counterparts, our HSA-coated
Hb@ZIF-8 NPs demonstrated improved colloidal stability in
physiologically relevant media, reduced opsonin (ie., I2G)
adsorption, and high retention of dysopsonin (i.e., BSA)
binding, suggesting improved immune evasion potential.
Importantly, oxygen-binding and -release behavior remained
comparable to that of free Hb, with ODCs confirming preserved
cooperativity albeit with increased oxygen affinity—an expected
effect of the ZIF-8 environment. Notably, this relatively low p50
values observed may be advantageous in contexts such as
ischemia or stroke, where high-affinity carriers can preserve O,
during circulation and preferentially unload it in severely
hypoxic tissues.

Preliminary cytotoxicity assays in macrophage cultures
further indicated a favorable biocompatibility profile of
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Hb@?ZIF-8/PLLx; /HSAx;, NPs compared to previously reported
ZIF-8-based HBOCs.

While these findings highlight the promise of Hb@ZIF-8/
PLLy;/HSAx;, NPs as a next-generation HBOC platform, we
recognize that our conclusions are confined to in vitro physi-
cochemical and functional assessments. Comprehensive in
vitro and in vivo studies—including evaluations of cellular
uptake, intracellular processing, clearance pathways, bi-
odistribution, pharmacokinetics, and therapeutic efficacy—will
be essential to fully establish the biological fate and safety
profile of this formulation.

Taken together, this work provides an encouraging founda-
tion for future investigations aimed at advancing safer, more
effective, and longer-circulating artificial oxygen carriers for
transfusion medicine and hypoxia-related therapies.
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