
u n i ve r s i t y  o f  co pe n h ag e n  

Hemoglobin-based oxygen carriers camouflaged with membranes extracted from red
blood cells
Optimization and assessment of functionality

Jansman, Michelle Maria Theresia; Coll-Satue, Clara; Liu, Xiaoli; Kempen, Paul Joseph;
Andresen, Thomas Lars; Thulstrup, Peter Waaben; Hosta-Rigau, Leticia

Published in:
Biomaterials advances

DOI:
10.1016/j.msec.2022.112691

Publication date:
2022

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY

Citation for published version (APA):
Jansman, M. M. T., Coll-Satue, C., Liu, X., Kempen, P. J., Andresen, T. L., Thulstrup, P. W., & Hosta-Rigau, L.
(2022). Hemoglobin-based oxygen carriers camouflaged with membranes extracted from red blood cells:
Optimization and assessment of functionality. Biomaterials advances, 134, [112691].
https://doi.org/10.1016/j.msec.2022.112691

Download date: 23. maj. 2023

https://doi.org/10.1016/j.msec.2022.112691
https://curis.ku.dk/portal/da/persons/paul-joseph-kempen(11d06382-e477-4991-94e6-06b026a05ec7).html
https://curis.ku.dk/portal/da/persons/peter-waaben-thulstrup(043e3b07-d7e1-4f25-9359-6f55b4e2ba92).html
https://curis.ku.dk/portal/da/publications/hemoglobinbased-oxygen-carriers-camouflaged-with-membranes-extracted-from-red-blood-cells(b0dee123-7444-429a-a83b-503357c1f7bd).html
https://curis.ku.dk/portal/da/publications/hemoglobinbased-oxygen-carriers-camouflaged-with-membranes-extracted-from-red-blood-cells(b0dee123-7444-429a-a83b-503357c1f7bd).html
https://doi.org/10.1016/j.msec.2022.112691


Biomaterials Advances 134 (2022) 112691

Contents lists available at ScienceDirect

Biomaterials Advances

j ourna l homepage: www.e lsev ie r .com/ locate /b ioadv
Hemoglobin-based oxygen carriers camouflaged with membranes extracted
from red blood cells: Optimization and assessment of functionality
MichelleMaria Theresia Jansman a, Clara Coll-Satue a, Xiaoli Liu a, Paul Joseph Kempen a,b, Thomas Lars Andresen a,
Peter Waaben Thulstrup c, Leticia Hosta-Rigau a,⁎

a Department of Health Technology, Center for Nanomedicine and Theranostics, Technical University of Denmark, Nils Koppels Allé, Building 423, 2800 Kgs. Lyngby, Denmark
b DTU Nanolab, National Center for Nano Fabrication and Characterization, Technical University of Denmark, Ørsteds Plads, Building 347, 2800 Kgs. Lyngby, Denmark
c Department of Chemistry, University of Copenhagen, Universitetsparken 5, 2100 Copenhagen, Denmark
⁎ Corresponding author.
E-mail address: leri@dtu.dk (L. Hosta-Rigau).

http://dx.doi.org/10.1016/j.msec.2022.112691
Received 1 September 2021; Received in revised form
Available online 3 February 2022
0928-4931/© 2022 The Authors. Published by Elsevi
A B S T R A C T
A R T I C L E I N F O
Keywords:
 Despite being an indispensable clinical procedure, the transfusion of donor blood has important limitations including a
short shelf-life, limited availability and specific storage requirements. Therefore, a lot of effort has been devoted to devel-
oping hemoglobin (Hb)-based oxygen carriers (HBOCs) that are able to replace or complement standard blood transfu-
sions, especially in extreme life-threatening situations. Herein, we employed a Hb-loaded poly(lactide-co-glycolide) core
which was subsequently coated with nanozymes to protect the encapsulated Hb from oxidation by reactive oxygen spe-
cies. To render HBOCs with long circulation in the vasculature, which is a crucial requirement to achieve the high oxygen
demands of our organism, the carrier was coated with a red blood cell-derived membrane. Three coating methods were
explored and evaluated by their ability to repel the deposition of proteins andminimize their uptake by an endothelial cell
line. Preservation of the oxygen carrying capacity of the membrane-coated carrier was demonstrated by an oxygen-
binding and releasing assay and, the functionality resulting from the entrapped nanozymes, was shown by means of su-
peroxide radical anion and hydrogen peroxide depletion assays. All in all, we have demonstrated the potential of the
membrane-coated nanocarriers as novel oxygen carrying systems with both antioxidant and stealth properties.
Blood substitutes
Hemoglobin-based oxygen carriers
Cerium oxide nanoparticles
Nanozymes
Red blood cell membrane
Reactive oxygen species
Stealth coatings
1. Introduction

In order to carry out the basic metabolic activity needed for survival,
our body needs a constant supply of oxygen. Blood, which is a complex
liquid containing millions of chemicals and cells, is responsible for this
task. Specifically, ~98% of oxygen is carried by the red blood cells
(RBCs), while the remaining 2% is dissolved in the plasma. Thus, blood
loss occurring during e.g., injury and surgery or blood diseases such as
hemophilia, ischemia and anemia can have detrimental consequences. In
this context, the transfusion of whole blood or, most often, packed RBCs
can significantly improve survival.

While blood transfusions are regarded as a safe and well-established
procedure, the use of donor blood still presents important limitations [1].
RBCs have a short storage life-time of 42 days at 4 °C and only one day at
ambient conditions. RBCs undergo storage lesion over time, which results
in morphological changes and hemolysis. The refrigerated storage require-
ments can become problematic when blood is needed in remote locations.
The short life-time furthermore makes the availability of donor blood lim-
ited, especially when large amounts are needed at once (e.g., during natural
or human-instigated disasters). Thus, with the aim of circumventing the
13 January 2022; Accepted 28 J
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aforementioned limitations of donor blood, a lot of research has been de-
voted towards creating surrogates of RBCs.

Despite hemoglobin (Hb)'s excellent oxygen carrying and delivering
properties, free Hb cannot be directly administered into our body since,
once in the bloodstream, it rapidly dissociates into its dimer- and heme-
products. Additionally, when excess levels of cell-free Hb are present, the
mechanisms to remove Hb's dissociation products (i.e., haptoglobin and
hemopexin for dimer- and heme-products, respectively) get saturated [2].
This results in the extravasation of both excess Hb and its dissociation prod-
ucts into the underlying smooth muscle tissue where they scavenge nitric
oxide (NO). SinceNO is an important vasodilator, NO removal results in va-
soconstriction, inflammation and coagulation [2,3]. Thus, strategies to
eliminate Hb's toxicity while preserving its oxygen carrying ability are
being developed giving rise to the so-called Hb-based oxygen carriers
(HBOCs). Specifically, HBOCs are being fabricated by chemically modify-
ing Hb to form complexes or by entrapping Hb within an encapsulation
platform [4]. For both strategies, the aim is to increase the molecular di-
mensions of Hb and to shield it from extravasation in between the cells lin-
ing of the blood vessels into the smooth muscle tissue.

Another important challenge to address when developing HBOCs, is the
oxidation of Hb into non-functional methemoglobin (metHb), a process that
gets exacerbated in the presence of reactive oxygen species (ROS) such as su-
peroxide radical anion (O2

•−) and hydrogen peroxide (H2O2) [5]. Within
anuary 2022
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RBCs, Hb oxidation is prevented and/or reversed by an intricate antioxidant
system. Two prominent components of this system are the enzymes superox-
ide dismutase (SOD) and catalase (CAT). While SOD catalyzes the reduction
of O2

•− into H2O2, CAT has the ability to disproportionate H2O2 into oxygen
and water. Even though this enzymatic system inspired multiple research
groups to incorporate SOD and CAT within their HBOCs, employing natural
enzymes comes with important limitations [6–8]. These include high
production costs, limited catalytic active sites and half-lives, as well as
batch-to-batch variation. Furthermore, modification of the enzymes structure
(e.g., following chemical modification or encapsulation with HBOCs) results
in alteration of their functionality [9]. Thus, to create HBOCs with antioxi-
dant properties, the incorporation of nanozymes (NZs), which are nanoparti-
cles (NPs) displaying catalytic properties, has emerged as an interesting
alternative. When compared to native enzymes, NZs have higher stability
and opportunity for modification without compromising their function
[10]. Additionally, NZs experience better recyclability over their natural
counterparts, which is a critical aspect if they are expected to perform for
an extended period of time. However, while NZs have been widely explored
in the context of drug delivery or tissue engineering, their use in the field of
blood substitutes has been rather limited [11,12]. Specifically, Hosaka et al.
made use of platinum NPs (Pt-NPs) as antioxidant NZs and incorporated
them within a novel HBOC consisting of a protein cluster composed of Hb
and human serum albumin [13]. As a result of the high catalytic activity of
the Pt-NPs (i.e., the NZs) the autoxidation of Hb into metHb was minimized,
even in the presence of ROS.We have also reported the fabrication of HBOCs
containing NZs. In particular, we employed cerium oxide NPs (CeO2-NPs) to
decorate a HBOC consisting of a Hb-containing poly(lactide-co-glycolide)
(PLGA) core which was subsequently decorated with polyethylene glycol
(PEG) [14,15]. While, by means of the NZs, the resulting HBOC had the abil-
ity to deplete both O2

•− and H2O2 in a sustained manner; as a result of the
PEG coating, decreased cell uptake by endothelial cells and macrophages
was achieved. This is an important aspect, since an ever-present concern
when developing HBOCs is to achieve long circulation in the bloodstream,
which is essential to attain the high oxygen demands of our body. While
Scheme 1. Illustration of the NCs' fabrication and functionality. A) PLGAHb-NPs were coa
M) to obtainmultifacetedNCs. B) The encapsulation of NZs provides catalytic activity tow
anion (O2•

−)) to protect Hb's functionality to delivery oxygen, while the RBC-M coating

2

the golden standard to render intravenously administered carriers with
stealth properties is the functionalization with PEG, the production of anti-
PEG antibodies is an increasingly recognized issue [16]. The creation of
PEG antibodies results in the recognition and subsequent elimination of
PEGylated drugs or NPs by the mononuclear phagocyte system (MPS) in
the liver and spleen. To circumvent this drawback, alternatives to PEGylation
are highly sought after [17,18]. A promising approach is the coating with
membranes extracted from biological RBCs. RBCs are nature's long circulat-
ing carriers, since by a combination of a surface makeup involving proteins
and glycans togetherwith their size, shape and elasticity, RBCs can stay in cir-
culation for up to 120 days. Specifically, the glycoprotein CD47 and sialyl res-
idues located in the outer part of the RBCsmembrane play amajor role in this
context. While CD47 inhibits the uptake by theMPS by transducing an inhib-
itory signal to phagocytes, sialic acid is also a determinant for the RBCs' life
span since desialylated RBCs are rapidly sequestered in the liver and spleen
[19–21].

Thus, the objective of this work is to further improve the stealth proper-
ties of our previously developed HBOC by replacing the PEG coating by a
RBC membrane (RBC-M) coating. In order to achieve this goal, we make
use of HBOCs consisting of Hb-loaded PLGA-NPs decoratedwith NZs and ex-
plore three different methods to coat them with membranes extracted from
RBCs (Scheme 1A). The resulting coatings are evaluated by their ability to
minimize protein adsorption (i.e., opsonization) and to diminish their uptake
by an endothelial cell line. The functionality of the membrane-coated carrier
is next assessed by its ability to bind and release oxygen and to scavenge two
harmful ROS as a result of the embedded NZs (Scheme 1B). Lastly, the bio-
and hemocompatibility of the nanocarriers is also evaluated.

2. Materials and methods

2.1. Materials

Phosphate buffer saline (PBS), tris(hydroxymethyl) aminomethane
(TRIS), sodium chloride (NaCl), ammonia (25% solution), hydrochloric
ted with poly(L-lysine) (PLL), nanozymes (NZs) and red blood cell membrane (RBC-
ards reactive oxygen species (i.e., hydrogen peroxide (H2O2) and superoxide radical
provides stealth properties against protein adsorption.

Image of Scheme 1
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acid (HCl), nitric acid (HNO3), ethylenediaminetetraacetic acid (EDTA) solu-
tion, H2O2, citric acid, PLGA (50:50, MW 30–60 kDa), poly(vinyl alcohol)
(PVA, MW 13–23 kDa), poly(L-lysine) (PLL, MW 30–70 kDa), cerium(III) ni-
trate hexahydrate (Ce(NO3)3·6H2O), iridium and cerium standards for ICP-
MS, fluorescein isothiocyanate (FITC)-labeled immunoglobulin G (IgG)
(IgGF) from human serum, xanthine, xanthine oxidase (XO) from bovine
milk, horseradish peroxidase (HRP), CAT frombovine liver, SOD frombovine
erythrocytes, cell proliferation reagent WST-1, dimethyl sulfoxide (DMSO),
sodium dithionite (SDT), human umbilical vein endothelial cell line
(HUVEC) and trypsin were purchased from Merck Life Science A/S (Søborg,
DK). Bovine blood with citrate was purchased from SSI Diagnostica A/S
(Hillerød, DK). Organic solvents were purchased from VWR International
A/S (Søborg, DK). 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine
perchlorate (DiD), 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine
perchlorate (DiI), Pierce™ bicinchoninic acid (BCA) protein assay kit,
Whatman™ Nuclepore™ 1 μm polycarbonate membranes, Amplex™ Red re-
agent and PrestoBlue were purchased from ThermoFisher Scientific (Wal-
tham, MA, USA). Amicon centrifugal filter units (100 kD MWCO) were
purchased from Th. Geyer Skandinavien ApS (Roskilde, DK). Endothelial
cell medium (ECM) kit including fetal bovine serum (FBS), penicillin/strepto-
mycin solution and endothelial cell growth supplement was purchased from
Innoprot (Derio-Biskaia, ES).

TRIS 1 buffer contains 10 mM TRIS (pH 8.5). TRIS 2 buffer contains
10 mM TRIS and 150 mM NaCl (pH 7.4). The buffers were prepared
using ultrapure water (Milli-Q (MQ), EMD Millipore, USA).

Bare PLGA-NPs and FITC-labeled bovine serum albumin (BSAF) were
prepared according to previous reported protocols [14,22].

2.1.1. Hb extraction from bovine blood
Hbwas extracted from bovine RBCs following a reported protocol [23].

In short, whole bovine blood was washed in a 0.9% NaCl solution (3×,
2000g, 20 min, 4 °C, 1:1 v/v ratio) using a high-speed centrifuge (SL16R
centrifuge, ThermoScientific). The resulting pellet containing the RBCs
was thoroughly mixed with MQ and toluene (1:1:0.4 volume ratio) to lyse
the cells. The overnight storage (4 °C) allowed for the separation of
the stroma-free Hb phase. The Hb phase was collected, spun down
(8000g, 20 min) and filtered through ash-free paper before storage at
−80 °C. A BCA protein assay kit was used to determine the Hb concentra-
tion of the obtained solution.

2.1.2. Extraction of RBC-Ms from human blood
Human bloodwaswithdrawn from healthy donors in the Department of

Health Technology at Technical University of Denmark (Kongens Lyngby,
DK) according to the rules of the Danish National Committee for Ethics in
Science. The donors provided their informed consent to participate and
all the operators received appropriate training to handle the biological
materials used in this study.

The RBC-Ms were isolated from human blood according to Liu et al.
[24] Specifically, whole blood from healthy donors was collected in
heparin-coated tubes and washed in PBS (3×, 1500g, 15 min, 4 °C) to re-
move the blood serum and buffy coat. The resulting blood cells were subse-
quently washed in a hypotonic medium (PBS:MQ 1:4 volume ratio) to
remove the intracellular contents (5×, 15,000g, 20 min, 4 °C). The ob-
tained light pink pellet containing the RBC-Ms was resuspended in hypo-
tonic medium until reaching the same volume of the extracted donor
blood. The RBC-Ms were aliquoted and stored at −20 °C.

To obtain fluorescently labeled RBC-Ms (RBC-MFs), 10 μL DiD
(1mgmL−1 in DMSO, λex/λem= 644/665 nm)was added to a suspension
of RBC-Ms (1 mL, extracted from 1 mL donor blood) and incubated for
30 min in a tube rotator. The RBC-MFs were washed in TRIS 1 (2×,
6500g, 10 min) using Amicon centrifugal filters to remove excess DiD and
re-suspended in TRIS 1.

2.1.3. Cell culture
HUVEC cells were cultured in ECM supplemented with FBS (5% v/v),

penicillin/streptomycin (1% v/v, 10,000 U mL−1 and 0.01 mg mL−1,
3

respectively) and endothelial cell growth supplement (1% v/v). The cells
were cultured at 37 °C in a humidified incubator with 5% CO2.

2.2. Fabrication and characterization of the different components of the
nanocarriers (NCs)

2.2.1. Hb-loaded PLGA-NPs (PLGAHb-NPs)
PLGAHb-NPs were prepared using a double emulsion solvent evapora-

tion method. Briefly, 250 μL Hb (75 mg mL−1 in PBS) was added to 2 mL
PLGA (5 mg mL−1 in DCM) followed by sonication (70% amplitude, 40 s,
1 s/1 s) (Q700 sonicator with microprobe, Qsonica) on ice. The obtained
emulsion was added to 10 mL PVA (10 mg mL−1 in MQ) followed by son-
ication to yield a double emulsion, which was stirred for 30 min followed
by rotary evaporation to remove the DCM. The resulting PLGAHb-NPs
were washed in TRIS 1 (2×, 6500g, 10 min, 4 °C). The concentration of
PLGAHb-NPs was determined by lyophilizing an aliquot of sample.

To obtain fluorescently labeled PLGAHb-NPs (PLGAF/Hb-NPs), 3 μL DiI
(2 mg mL−1 in tert-butanol:MQ 9:1 volume ratio, λex/λem = 549/565 nm)
was added to the DCM phase. PLGAF/Hb-NPs were used in experiments
where quantification of the NCs was required. The concentration of
PLGAF/Hb-NPs was determined by lyophilizing an aliquot of the sample.
The fluorescence intensity (FI) of the sample was measured using a plate
reader (Tecan Spark, Tecan Group Ltd., Männedorf, CH) and correlated to
the concentration of PLGAF/Hb-NPs.

The hydrodynamic size and polydispersity index (PDI) of the PLGAHb-
NPs were evaluated by dynamic light scattering (DLS) (Zetasizer
Nanoseries nano-ZS, Malvern Panalytical Ltd., Malvern, UK). The Zetasizer
was furthermore employed to assess the zeta (ζ)-potential.

The loading capacity of the PLGAHb-NPs was determined as a weight
ratio and calculated as:

LC %ð Þ ¼ amount of entrapped Hb=final amount of PLGAHb�NPs
� �� 100:

(1)

The amount of encapsulated Hb (mg) was evaluated by absorbance
(Abs) measurements of the Soret peak (~414 nm) using UV–Vis spectros-
copy (NanoDrop 2000c, ThermoFisher Scientific, Waltham, USA). The
background slope (due to bare PLGA-NPs) was removed and
the Abs value was correlated to a Hb standard curve. The total amount of
PLGAHb-NPs (mg) was determined by lyophilizing an aliquot of the PLGA-
Hb-NPs sample.

2.2.2. CeO2-NPs, NZs
Citrate-capped CeO2-NPs were prepared according to a previous re-

ported protocol [14,25]. In short, 12.5 mL of a Ce(NO3)3·6 H2O solution
(21.71 mg mL−1 in MQ) was mixed with citric acid (120 mg) and subse-
quently poured into 50 mL of an ammonia solution (3 M). The resulting
mixture was allowed to react for 2 h and the obtained CeO2-NPs were pre-
cipitated using~25mLHCl (5M). TheCeO2-NPswere then left to sediment
and washed in 40 mLMQ (3×) and re-suspended in increasing amounts of
an ammonia solution (1 M) until reaching neutral pH. All glassware was
cleaned with Aqua Regia (HNO3:HCl, 1:3 M ratio) prior to use.

Inductively coupled plasma mass spectrometry (ICP-MS) (iCAPQ,
ThermoFisher Scientific, Waltham, USA) was employed to assess the ce-
rium content of the NZs suspensions. For faster quantification, the concen-
trations obtained by ICP-MS were correlated to the Abs readings of the NZs
at 350 nm by the NanoDrop [14].

2.3. NCs fabrication and characterization

2.3.1. NCs assembly
The LbL technique was used to adsorb the NZs onto the PLGAHb-NPs.

First, 150 μL of PLL (1 mg mL−1) was added to a suspension of PLGAHb-
NPs (1000 μg in 150 μL TRIS 1) and incubated for 10 min. The resulting
NCs (PLGAHb/PLL-NCs) were washed in TRIS 1 (2×, 4847g, 4 min) using
a bench-top centrifuge (MiniSpin, Eppendorf AG, Hamburg, DE) and



M.M.T. Jansman et al. Biomaterials Advances 134 (2022) 112691
resuspended in 150 μL TRIS 1. Next, 150 μL of NZs (25 mM) was added to
the PLGAHb/PLL-NPs followed by 10min incubation and subsequent wash-
ing in TRIS 1 (2×, 4847g, 4 min). The resulting PLGAHb/NZs-NCs were re-
suspended in 150 μL TRIS 1.

The ζ-potentials of the resulting NCs were evaluated using the Zetasizer.
The hydrodynamic size of the uncoated PLGAHb-NPs and after the deposi-
tion of PLL and NZs (PLGAHb/NZs-NCs) was assessed using nanoparticle
tracking analysis using a ZetaView PMX120 instrument (Particle Metrix
GmbH, DE). Measurements were performed at 11 different positions with
a sensitivity of 60, a shutter value of 100 and a frame rate of 7.5. The
obtained histograms were smoothened using adjacent-averaging with a
7-point window (OriginPro 2019 software).

2.3.2. Cryogenic transmission electron microscopy (cryoTEM)
CryoTEM images of the PLGAHb-NPs and PLGAHb/NZs-NCs were ob-

tained using a Tecnai T20G2 (Thermo Fisher Scientific,Waltham,USA) op-
erating at 200 kV and located at the Center for IntegratedMicroscopy at the
University of Copenhagen. Images were acquired in low dose mode using a
FEI High Sensitive 4 k × 4 k Eagle camera. 3 μL of solution was drop cast
onto a freshly glow discharged lacy carbon 300 mesh copper TEM grid
(Ted Pella Inc., Redding, CA, USA) and plunge frozen in liquid ethane
using a FEI Vitrobot Mark IV (Thermo Fisher Scientific, Waltham, USA).

2.4. NCs coating with RBC-Ms

Three different methods based on extrusion, sonication, or their combi-
nation were investigated to coat the PLGAHb/NZs-NCs with RBC-Ms, thus
rendering PLGAHb/M-NCs.

2.4.1. Extrusion method
The NCs coated by this method (PLGAHb/MExtr-NCs) were prepared fol-

lowing reported protocols with minor modifications [26,27]. RBC-M-
vesicles (RBC-MVs) were first prepared by sonicating the RBC-Ms (1 mL, ex-
tracted from 1 mL donor blood) on ice (70% amplitude, 10 s, 1 s/1
s) followed by extrusion through 1 μm polycarbonate membrane using a
Mini-Extruder set (Avanti Polar Lipids, Inc., AL, USA). Next, 150 μL of a sus-
pension of PLGAHb/NZs-NCs (prepared from 1000 μg PLGAHb-NPs as starting
material) was added to increasing amounts of RBC-MVs (0–800 μL RBC-MVs,
extracted from0 to 800 μL donor blood) and TRIS 1was added to themixture
to a final volume of 1 mL. The resulting suspension was vortexed and ex-
truded through a 1 μm polycarbonate membrane to obtain PLGAHb/MExtr-
NCs which were subsequently washed in TRIS 1 (2×, 5433g, 4 min) using
the bench-top centrifuge to eliminate the unbound RBC-MVs.

2.4.2. Sonication method
The NCs coated by this method (PLGAHb/MSonic-NCs) were fabricated as

described by Ben-Akiva et al. with some minor adjustments [28]. Prior to
coating the NCs, the RBC-Ms were sonicated on ice (50%, 2 min, 1 s/1 s) to
create RBC-M fragments. Next, 150 μL PLGAHb/NZs-NCs (fabricated from
1000 μg PLGAHb-NPs as starting material) was added to 0–800 μL of
fragmented RBC-Ms (extracted from 0 to 800 μL of donor blood) and TRIS
1 was added to the mixture to a final volume of 1 mL. The resulting suspen-
sionwas vortexed and sonicated on ice (50%, 2min, 1 s/1 s) to obtain PLGA-
Hb/MSonic-NCs. The NCs were washed in TRIS 1 (2×, 5433g, 4 min) to
eliminate unbound RBC-Ms.

2.4.3. Combination method
TheNCs coated by the combinationmethod (PLGAHb/MComb-NCs) were

assembled with minor modifications of our protocol [24]. 150 μL PLGAHb/
NZs-NCs (fabricated from 1000 μg PLGAHb-NPs as starting material) was
added to 0–800 μL of RBC-Ms (extracted from 0 to 800 μL of donor
blood) followed by the addition of TRIS 1 to a final volume of 1 mL. The
mixture was vortexed and sonicated on ice (70%, 10 s, 1 s/1 s), followed
by extrusion using a 1 μm polycarbonate membrane and the mini-
extruder set. The coated PLGAHb/MComb-NCs were washed in TRIS 1
(2×, 5433g, 4 min).
4

2.4.4. Characterization of RBC-M coating
The three different PLGAHb/M-NCs assembled with increasing amounts

of RBC-Ms (0–400 μL, extracted from 0 to 400 μL donor blood) were first
evaluated using the fluorescently labeled RBC-MFs. After fabrication, the
FI of the NCs was analyzed using a BDAccuri C6flow cytometer (BD Biosci-
ences, Sparks, MD, USA). As controls, physical mixtures of PLGAHb/NZs-
NCs and RBC-MF (0–400 μL, extracted from 0 to 400 μL of donor blood)
were prepared and analyzed. Two independent experiments were carried
out.

The PLGAHb/NZs-NCs and PLGAHb/M-NCs suspensions prepared with
the three different coating methods and using 800 μL of RBC-Ms were visu-
alized by differential interference contrast (DIC) microscopy (Olympus
Inverted IX83, 60× oil objective).

TEM imaging was performed to examine the structure of the PLGAHb/
NZs-NCs and the PLGAHb/M-NCs (assembled using 800 μL of RBC-Ms) by
the three different methods. For that, 3 μL of solution was drop cast onto
a freshly glow discharged TEM grid and allowed to adsorb for 5 min before
removing the excess solution. The grid was then rinsed with distilled water
3 times and placed on a drop of 2% uranyl acetate stain for 30 s before the
excess was wicked away with filter paper to negatively stain the sample.
The grid was dried and imaged using a Tecnai T20 G2 located at the Na-
tional Centre for Fabrication and Characterization at Technical University
of Denmark. Images were acquired using a TVIPS-XF416 CMOS camera
(TVIPS GmbH, Gauting, DE).

2.5. Evaluation of the stealth properties

The stealth properties of the three different PLGAHb/M-NCs as a result
of the coating by the RBC-Ms were assessed by a protein binding assay.
Fluorescently labeled PLGAF/Hb-NPs were used to quantify the amount of
NCs needed for the assay. PLGAF/Hb/M-NCswere prepared using increasing
amounts of RBC-Ms (0–800 μL of RBC-Ms) and the three different coating
methods (i.e., extrusion: PLGAHb/MExtr-NCs; sonication: PLGAHb/MSonic-
NCs; and combination: PLGAHb/MComb-NCs). Equal amounts of the NCs
(200 μg dispersed in 150 μL TRIS 2) were incubated with an IgGF or BSAF

solution (50 μL, 2.0 mg mL−1 in TRIS 2) for 4 h using a thermoshaker
(PHMT Thermoshaker, Grant-bio, UK) at 37 °C and a shaking speed of
1200 rpm. The samples were then washed in TRIS 2 (2×, 5433g, 4 min)
and the FI of the adsorbed fluorescently labeled proteins was evaluated
using the flow cytometer (λex/λem= 488/533 nm). The FI was normalized
(nFI) to the uncoated PLGAF/Hb/NZs-NCs.

2.6. Evaluation of the oxygen-binding and releasing properties

2.6.1. Circular dichroism (CD)
The CD spectra were obtained using a Jasco J-815 spectropolarimeter

(JASCO, Essex, UK). PLGAHb-NPs, PLGAHb/PLL-NCs, PLGAHb/NZs-NCs
and the PLGAHb/M-NCs assembled by the three different methods
(i.e., PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs and PLGAHb/MComb-NCs) all
at a concentration of ~0.04 mg mL−1 protein content in TRIS 1, were eval-
uated using a 0.5 mm quartz cuvette. Free Hb, RBC-Ms (both at 0.04 mg
mL−1) and TRIS 1 were used as controls. Each spectrum was collected as
an average of ten scans and the spectrum of the control sample was
subtracted (i.e., TRIS 1). The spectra were smoothed using the Jasco soft-
ware and normalized to the lowest band of the Hb spectrum.

2.6.2. Oxygen-binding and releasing study
To assess the functionality of the NCs, an oxygen-binding and release

study was conducted using an UV–Vis spectrophotometer (UV-2600,
Shimadzu Corp., Kyoto, JP). As a first step, the UV–Vis spectrum of the
PLGAHb-NPs (2.5 mL, 0.5 mg mL−1) was evaluated using PLGA-NPs (2.5
mL, 0.2 mg mL−1) as a reference. Next, the PLGAHb-NPs were exposed to
nitrogen gas (N2) for 10 min, followed by adding a pinch of SDT to remove
any residual oxygen prior to recording the spectrum of the resulting deoxy-
genated Hb (deoxy-Hb). Subsequently, the PLGAHb-NPs were exposed to a
flow of air for 10 min and the spectrum resulting from the oxygenated Hb
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(oxy-Hb) was recorded. Lastly, one additional round of N2 purging and re-
cording was conducted.

The oxygen-releasing properties of the coated PLGAHb/M-NCs assem-
bled by the three differentmethods (i.e., extrusion: PLGAHb/MExtr-NCs; son-
ication: PLGAHb/MSonic-NCs; and combination: PLGAHb/MComb-NCs) were
also assessed but using TRIS 1 as a reference. For that, the NCs were evalu-
ated in their oxy-Hb and deoxy-Hb state using N2 purging for 10 min and
adding a pinch of SDT.

2.7. ROS scavenging properties

2.7.1. Scavenging properties of the CeO2-NPs

2.7.1.1. Scavenging of O2
•−. The WST-1 assay was employed to evaluate the

depletion of O2
•− by the NZs and the corresponding native enzyme

(i.e., SOD). Specifically, 200 μL of a reagent mixture containing WST-1
(2.5% v/v), EDTA (0.1 mM) and xanthine (0.1 mM) was added to 100 μL
NZs (0–4 mM) or SOD (0–500 UmL−1), all in TRIS 1. To start the reaction,
10 μL XO (0.05 U mL−1) was added to the suspension followed by 30 min
incubation in the thermoshaker. Next, 180 μL was transferred to a 96-well
plate and the Abs was measured at 438 nm using the plate reader. TRIS 1
(100 μL) mixed with reagent mixture (200 μL) with and without the addi-
tion of XO were used as positive and negative controls, respectively. The
normalized Abs (nAbs) was calculated as:

nAbs %ð Þ¼ experimental value−negative controlð Þ
� positive control−negative controlð Þ � 100:

ð2Þ

2.7.1.2. Scavenging of H2O2. The Amplex Red assay was employed to evalu-
ate the depletion of H2O2 by the NZs and the corresponding native enzyme
(i.e., CAT). For this, 10 μLH2O2 (0.09mM)was added to 100 μL of NZs (0–4
mM) or CAT (0–15 U mL−1), all in TRIS 1. The mixture was incubated for
15 min in the thermoshaker. Next, 100 μL HRP (2 U mL−1) and 10 μL
Amplex Red (0.1 mM) were added and the suspensions were incubated
for 5 additional min in the thermoshaker. Next, 180 μL was transferred to
a black 96-well plate to measure the FI (resorufin product: λex/λem =
530/586 nm) using the plate reader. 100 μL TRIS 1, with and without 10
μL H2O2 (0.09 mM), were used as positive and negative controls, respec-
tively. The nFI was calculated as:

nFI %ð Þ¼ experimental value−negative controlð Þ
� positive control−negative controlð Þ � 100:

ð3Þ

2.7.1.3. Stability over time. Stock suspensions of NZs (20 mM), SOD (2000 U
mL−1) and CAT (200 U mL−1) were stored at 4 °C, at room temperature
(RT) and 37 °C. On predetermined days, 5 μL aliquots of the solutions
were taken and the ability of the NZs and the enzymes to deplete O2

•− or
H2O2 was evaluated using the WST-1 and Amplex Red assays. For the
WST-1 assay the aliquots of NZs or SOD were added to 95 μL TRIS 1 to ob-
tain 100 μL of 1 mM NZs or 100 U mL−1 SOD, respectively. The WST-1
assay was then performed as described above (Section 2.7.1.1). For the
Amplex Red assay the aliquots of NZs or CAT were diluted in TRIS 1 to ob-
tain 100 μL of 1mMNZs or 10UmL−1 CAT, respectively and the assay was
performed as described above (Section 2.7.1.2).

2.7.2. Scavenging properties of the NCs

2.7.2.1. Scavenging of O2
•−. The WST-1 assay was also used to evaluate the

catalytic activity of the NCs at different stages of the assembly process
(i.e., PLGAF/Hb-NPs, PLGAF/Hb/NZs-NCs, PLGAF/Hb/MExtr-NCs, PLGAF/Hb/
MSonic-NCs and PLGAF/Hb/MComb-NCs). For that, 100 μL of a NCs suspen-
sion (0–200 μg) was mixed with 100 μL of a reagent mixture containing
WST-1 (2.5% v/v), EDTA (0.1 mM) and xanthine (0.1 mM), all in TRIS 1.
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To start the reaction, 10 μL XO (0.025 U mL−1) was added to the mixture,
followed by 30 min incubation in the thermoshaker. Then, the NCs were
spun down (5433g, 4 min) and 180 μL supernatant of each sample was
transferred to a 96-well plate and measured in the plate reader. The Abs
was measured at 438 nm. TRIS 1 (100 μL) mixed with reagent mixture
(100 μL) with and without the addition of XO were used as positive and
negative controls, respectively. The nAbs was calculated according to
Eq. (2).

To conduct multiple cycles of O2
•− scavenging, the reaction was per-

formed using Amicon centrifugal filter units [29]. The filters act as reaction
containers that make it possible to remove the xanthine, EDTA and WST-1
reagents as filtrates by centrifugation while simultaneously minimizing
NCs loss during the washing steps. Removal of xanthine and WST-1 is nec-
essary to avoid interference during the subsequent cycles. After the 30 min
incubation in the thermoshaker, the suspensions were spun down (15,000g,
3 min) and 150 μL of filtrate was used to measure the Abs at 438 nm. The
NCs collected in the filter were washed with TRIS 1 (2×, 15,000g, 3 min)
and incubated again with fresh TRIS 1, XO and reagent mixture to initiate
the next cycle of O2

•− scavenging. The NCs activity was assessed for four
subsequent cycles.

2.7.2.2. Scavenging of H2O2. TheAmplexRed assaywas also used to evaluate
the activity of the NCs at different stages of the assembly process
(i.e., PLGAF/Hb-NPs, PLGA F/Hb/NZs-NCs, PLGA F/Hb/MExtr-NCs, PLGA F/

Hb/MSonic-NCs and PLGA F/Hb/MComb-NCs). For that, 10 μL H2O2 (0.45
mM) was added to 200 μL of a NCs suspension (0–200 μg), all in TRIS 1,
followed by a 15 min incubation in the thermoshaker. The NCs were spun
down (5433g, 4 min) and 180 μL of the supernatant of each sample was
transferred to a new tube. To this, 100 μL HRP (2 U mL−1) and 10 μL
Amplex Red (0.1 mM), all in TRIS 1, were added followed by 5min incuba-
tion in the thermoshaker. Next, 180 μL was transferred to a black 96-well
plate to measure the FI (resorufin product: λex/λem = 530/586 nm)
using the plate reader. 200 μL TRIS 1, with and without 10 μL H2O2 (0.45
mM), were used as positive and negative controls, respectively. The nFI
was calculated according to Eq. (3).

To conduct additional cycles of H2O2 scavenging, the pellets containing
the NCs were resuspended in 180 μL of fresh TRIS 1 and 10 μL H2O2 (0.45
mM) was added again to initiate the next scavenging cycle. Furthermore,
for each new cycle, fresh positive and negative controls were prepared.
The NCs activity was assessed for four subsequent cycles.

2.8. Biocompatibility

2.8.1. Hemolysis rate
To assess the hemocompatibility of the NCs (i.e., PLGAF/Hb/NZs-NCs,

PLGAF/Hb/MExtr-NCs, PLGAF/Hb/MSonic-NCs and PLGAF/Hb/MComb-NCs) a
hemolysis rate test was performed. Whole blood from healthy donors was
collected in heparin-coated collection tubes and washed in PBS (3×,
1000g, 15 min, 4 °C) followed by a 50× dilution using PBS. Next, 200 μL
of diluted blood was added to a NCs suspension (300 μL, 0–200 μg in
PBS) and incubated for 2 h using a thermoshaker (with gentle shaking).
After incubation, two centrifugation steps were conducted. The suspension
was spun down at 1000g, 10 min, 200 μL of supernatant was transferred
to a new tube and spun down again at 5433g, 4 min. 100 μL of the new
supernatant was transferred to a 96-well plate to measure the Abs at
540 nm. The hemolysis rate was calculated using Eq. (2). As positive and
negative controls, 200 μL of diluted blood was added to 300 μL of MQ
and PBS, respectively.

2.8.2. Cell viability
The biocompatibility of the NCs (PLGAF/Hb/NZs-NCs, PLGAF/Hb/MExtr-

NCs, PLGAF/Hb/MSonic-NCs and PLGAF/Hb/MComb-NCs) was furthermore
assessed by a cell viability assay using the HUVEC endothelial cell line.
For this, 15,000 cells per well were seeded in a 96-well plate. The cells
were allowed to attach for 24 h, followed by washing in PBS (2×, 200
μL) and the addition of various amounts of NCs (200 μL, 0–200 μg in cell



Fig. 1. Characterization of the NCs assembly. A) Zeta (ζ)-potential measurements
after each step of the assembly process. B) Hydrodynamic size of bare PLGAHb-
NPs and NZs-coated PLGAHb/NZs-NCs. C) CryoTEM images of PLGAHb-NPs and
PLGAHb/NZs-NCs.
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media). After 4 h of incubation, the cells were washed in PBS (3×, 200 μL)
and PrestoBlue (100 μL, 10% v/v in cell media) was added. After 1 h incu-
bation, the supernatants were transferred to a 96-well plate to measure the
FI of the resazurin product (λex/λem: 535/615 nm). Cells only and cell
media were used as positive and negative control, respectively and used
to calculate the normalized cell viability (nCV).

2.8.3. Cell association/uptake study
HUVECs were also used to assess the NCs' association/uptake. 15,000

cells per well were seeded in a 96-well plate. The cells were allowed to at-
tach for 24 h, followed bywashing in PBS (2×, 200 μL) and the addition of
various amounts of NCs (200 μL, 0–200 μg in cell media). After 2 h of incu-
bation, the cells were washedwith PBS (3×, 200 μL) and 60 μL trypsin was
added to detach the cells. After the cells had detached, 150 μL of FBS-free
medium was added to the cells and the cell suspensions were transferred
to a round-bottom 96-well plate. The cells were washed in PBS (3×,
300g, 5 min) prior to the measuring their FI using the flow cytometer.
The cell uptake/association was determined by the cell mean FI (CMFI),
which was normalized to the CMFI (nCMFI) of the PLGAF/Hb/NZs-NCs at
a concentration 1×.

2.9. Statistical analysis

Statistical analysis between different conditions was performed
using OriginPro software (OriginLab). A one-way ANOVA with confi-
dence level of 95% (α = 0.05%) using the Dunnett test. *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001.

3. Results and discussion

3.1. NCs assembly and characterization

We have previously reported the encapsulation of Hbwithin a PLGA-NP
core to obtain PLGAHb-NPs, showing that changing the fabricating parame-
ters resulted in the encapsulation of functional Hb with good LC and size
distribution of the NPs [15]. On a different study, to protect the Hb against
oxidation into the nonfunctional metHb, we investigated the incorporation
of CeO2-NPs as NZs [14]. NZs are a novel class of NP systems that display
catalytic activity such as the scavenging of O2

•− and H2O2, without having
the limitations of native enzymes, which include high production costs,
short half-lives, or environmental sensitivity [10]. Furthermore, the NZs
can be easily prepared. Thus, herein we prepare PLGAHb-NPs to subse-
quently decorate themwith NZs. The as-synthetized PLGAHb-NPs displayed
a hydrodynamic size of around 310 nm, a PDI of 0.16 and a ζ-potential of
−23 mV. These values are similar to our previously reported PLGAHb-NPs
[15]. The LC, measured as the amount of Hb within the total amount of
PLGAHb-NPs, was calculated to be 22 ± 3%. In order to incorporate the
NZs, a positively charged PLL layer was first adsorbed onto the NCs for
charge reversal since the NZs have a negative ζ-potential of −26 ± 7 mV
(Fig. 1A). While PLL adsorption resulted in PLGAHb/PLL-NCs with a ζ-
potential of 20± 1mV, the deposition of NZs was confirmed by a decrease
in ζ-potential to−19±2mV. The incorporation of PLL andNZs resulted in
an average increase of 20 nm in hydrodynamic size (Fig. 1B). The successful
incorporation of the NZs to render PLGAHb/NZs-NCs was furthermore con-
firmed by cryoTEM imaging (Fig. 1C). Prior incorporation of the NZs, the
PLGAHb-NPs were smooth in appearance. However, as shown by the multi-
ple black dots, the deposition of the NZs was uniform and almost fully cov-
ering the NCs.

To meet the high oxygen demands of our body, HBOCs need to display
extended circulation times in the vasculature. The most common approach
to fabricate long-circulating NPs is to decorate their surface with PEG
[30–32]. The so-called PEGylation strategy reduces the adsorption of
plasma proteins on the NPs' surface, thereby protecting them from recogni-
tion by the MPS [33]. However, the increased exposure to PEG-containing
medicines and daily products can result in the production of anti-PEG anti-
bodies which enhance the recognition of the coated NPs by the MPS, thus
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cancelling the NPs' stealth properties [16,34,35]. Therefore, since RBCs
are nature's long circulating carriers, herein we make use of RBC-Ms as an
alternative to PEG [19].

In order to obtain NCs coated with RBC-Ms, three different methods
were explored (Scheme 2). For all methods, the RBC-Ms were obtained by
hypotonic treatment of RBCs, which removes the intracellular contents
while maintaining the integrity of the cell membranes (Scheme 2A).
Herein, to obtain RBC-M, fresh blood was obtained from healthy donors,
but in order to not compromise the current shortage of donor blood, in fol-
lowupworkweplan to use RBC-Ms that have been extracted from outdated
donor blood. As the first method, we employed the so-called extrusion
method, which was pioneered by the Zhang group to coat bare PLGA-NPs
and is, to date, the most commonly employed method [26,27,36]. With
this protocol, the RBC-Ms are pretreated with an extrusion set to obtain
RBC-MVs, which are subsequently co-extruded with the PLGAHb/NZs-NCs
to render membrane-coated PLGAHb/MExtr-NCs. As a second approach,
the PLGAHb/NZs-NCs were coated by sonicating them together with RBC-
M fragments that had been obtained by pre-sonicating the RBC-Ms. As
such, it was termed the sonication method resulting in PLGAHb/MSonic-
NCs. This method has also been employed to coat PLGA-NPs of several
shapes or PLGA-based “nano-sponges” used to remove bacterial toxins
[28,37,38]. The third and last method was recently developed in our
group to coat Hb-loaded MOF-NPs to yield membrane-coated NPs with
both reduced protein adsorption and in vitro cell uptake [24,29]. Specifi-
cally, the RBC-Ms are sonicated together with the PLGAHb/NZs-NCs
followed by extrusion of the mixture. This approach, which uses both son-
ication and extrusion to yield PLGAHb/MComb-NCs, was termed as the com-
bination method.

Image of Fig. 1


Scheme 2. Illustration of the three different membrane coating methods. A) Hypotonic treatment of red blood cells (RBCs) results in RBC-membrane (RBC-M) ghosts.
B) Three methods for the coating of the NCs with RBC-Ms were employed: extrusion, sonication and the combination method. Extrusion method: extrusion is used first to
obtain RBC-M vesicles (RBC-MVs) derived from the RBC-Ms and subsequently to coat the NCs with the RBC-MVs to render PLGAHb/MExtr-NCs. Sonication method:
sonication is used first to break the RBC-Ms into fragments and subsequently to coat the NCs with the fragments to render PLGAHb/MSonic-NCs. Combination method: to
obtain PLGAHb/MComb-NCs the NCs are mixed with RBC-M, after which the suspension is sonicated and subsequently extruded to coat the NCs with the RBC-M.

Fig. 2.Coating of the NCswithfluorescently labeled red blood cellmembrane (RBC-
MF). Fluorescent intensity (FI) readings of NCs coated with increasing amounts of
RBC-MFs using the extrusion, sonication, or the combination method (PLGAHb/
MExtr-NCs, PLGAHb/MSonic-NCs, or PLGAHb/MComb-NCs, respectively). As controls,
the physical mixtures of PLGAHb/NZs-NCs and RBC-MFs (i.e., without any extrusion
or sonication procedure) are considered.
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Due to the negative ζ-potential of the PLGAHb/NZs-NCs, the RBC-Ms
could be directly deposited onto the NCs without the need of an intermedi-
ate layer. This is due to the sialyl residues of the RBCs which render the
outer surface of the RBC-M with a higher negative ζ-potential than the
inner part. Due to the stronger electrostatic repulsion between the outer
surface of the RBC-M and a negatively charged NC, the fusion with the
RBC-Ms with the “right” side out is facilitated [27]. To determine the
amount of RBC-Ms promoting the highest coverage of the NCs depending
on the studiedmethod, the PLGAHb/M-NCswere assembledwith increasing
amounts offluorescently labeled RBC-MF. The FI of the PLGAHb/M-NCs as a
result of the fluorescent RBC-MFs was evaluated by flow cytometry and, as
controls, themixture of PLGAHb/NZs-NCs andRBC-MFswithout any sonica-
tion or extrusion treatment, were considered (Fig. 2). For the control of the
physical mixture, only a FI of ~670 could be detected upon incubation of
the PLGAHb/NZs-NCs with 400 μL of RBC-MF (which is the highest studied
amount), while the results were very different when extrusion, sonication
or the combination thereof were employed. The extrusion and the combina-
tion method gave similar results when 50–200 μL of RBC-Ms were em-
ployed. For example, when assembled using 200 μL of RBC-MFs, FI
readings of ~765 and ~860 were achieved for PLGAHb/MExtr-NCs and
PLGAHb/MComb-NCs, respectively. The highest FI readings were obtained
for the sonication method reaching FI values of ~1960 and ~3180 when
200 and 400 μL of RBC-MFs were used, respectively. Importantly, when
using RBC-MFs in the range of 100–400 μL, higher FI readings as compared
to the control were obtained for the three studiedmethods, thus suggesting
successful coverage of the NCs by the membranes.

The PLGAHb/M-NCs assembled by the three differentmethodswere also
characterized byDICmicroscopy. Fig. 3 (top row) shows homogeneous and
monodisperse suspensions for the threemethods indicating that theNCs are
individually coated, rather than multiple NCs being encapsulated within a
RBC-M or a RBC-MV after the extrusion steps. This is particularly true for
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Fig. 3. Characterization of the red blood cell membrane (RBC-M)-coated NCs.
Differential interference contrast images (top) and TEM images (bottom) of the
NCs before (PLGAHb/NZs-NCs) or after being coated with the RBC-M employing
the extrusion, sonication, or the combination method (PLGAHb/MExtr-NCs,
PLGAHb/MSonic-NCs, or PLGAHb/MComb-NCs, respectively).

Fig. 4. Stealth properties of NCs as a result of their coating with red blood cell
membrane (RBC-M). Normalized fluorescence intensity (nFI) readings due to the
adsorption of fluorescently labeled immunoglobulin (IgGF) (A) and serum
albumin (BSAF) (B) onto NCs assembled with increasing amounts of RBC-Ms
employing the extrusion, sonication, or the combination method (PLGAHb/MExtr-
NCs, PLGAHb/MSonic-NCs, or PLGAHb/MComb-NCs, respectively). The FI readings
are normalized to the uncoated PLGAHb/NZs-NCs. *p ≤ 0.05, **p ≤ 0.01,
PLGAHb/M-NCs vs PLGAHb/NZs-NCs.
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the PLGAHb/MSonic-NCs which feature the best colloidal dispersion. The
surface morphology of the PLGAHb/NZs-NCs membrane-coated PLGAHb/
M-NCs depending on the coating method was assessed by TEM. For that,
the NCs were stained using uranyl acetate, which acts as a negative stain
by filling any void spaces, thereby enhancing the contrast of the NCs and
thus revealing their structure. TEM has been previously employed by the
Zhang group to characterize the coating by RBC-Ms of PLGA-NPs [27]. In
their study, membrane-coated PLGA-NPs of four different sizes were im-
aged, all of them showing a core-shell structure that was attributed by the
authors to the uniform RBC-M cloaks. Fig. 3 (bottom row) shows similar
core-shell structures as the ones depicted by the Zhang group. However,
since the uncoated PLGAHb/NZs-NCs control also displays a similar archi-
tecture, we can conclude that the ring present on the NCs is not an indica-
tion of successful coating by the RBC-Ms. We hypothesize that such a
core-shell structure is a result of a staining artifact, where the stain is depos-
ited between the TEM grid and the rounded bottom of the NPs, thereby
darkening the outer edge of the NPs (Fig. S1, Supporting Information). Ac-
tually, if the observed dark ring by the Zhang group was a representation of
the RBC-M coating, the thickness of the ring would be the same indepen-
dently of the size of the PLGA-NPs. However, this is not the case since the
ring observed for the smallest studied PLGA-NPs (of ~95 nm in diameter
after RBC-Ms coating) is about 10 nm while, for the largest PLGA core (of
~440 nm in diameter after coating) the ring has a thickness of ~50 nm.
This indicates that the artifact does not follow the added size of the RBC-
M coating which, according to their DLS measurements, should be of
~10–20 nm independently of the size of the PLGA cores [27]. Interestingly,
besides displaying a core-shell structure, the surfaces of the NCs also show
different morphologies depending on the coating method employed. For
the extrusion method, the resulting PLGAHb/MExtr-NCs are very similar in
morphology to their uncoated counterparts (i.e., PLGAHb/NZs-NCs). How-
ever, the NCs prepared by the combination method (i.e., PLGAHb/MComb-
NCs) show a different morphology with several folds and creases, while
the sonication method renders PLGAHb/MSonic-NCs with an in-between
morphology of these two variants. We speculate that such morphological
features could be an indication of successful coating by the RBC-Ms since
the uranyl acetate anti-stain could get entrapped within the wrinkles of
the membranes.

3.2. Stealth properties

The stealth properties of the RBC-M coated NCs were assessed by a pro-
tein adsorption study and solutions of albumin and immunoglobulin were
used as protein models. Serum albumin is the most abundant protein in
plasma and acts as a dysopsonin during early deposition, thus decreasing
the recognition by theMPS [39]. However, albumin adsorption is transient
and it can be easily replaced by other proteins with higher affinities, thus
8

having an opsonic effect [39,40]. On the other hand, the γ chains of IgG
are the predominant proteins adsorbed onto the NPs surface following in-
travenous administration, acting as potent opsonins [40]. The adsorption
of these two proteins onto the PLGAHb/M-NCs assembled by the three dif-
ferent methods and using increasing amounts of RBC-Ms (i.e., from 100
to 800 μL) was evaluated by flow cytometry using fluorescently labeled
IgGF and BSAF (Fig. 4). Fig. 4A shows an immediate significant decrease
in IgG adsorption to ~65% nFI for the extrusion and the sonication
methods (i.e., PLGAHb/MExtr-NCs and PLGAHb/MSonic-NCs) as compared
to the uncoated NCs (i.e., PLGAHb/NZs-NCs) for the lowest studied volume
of RBC-Ms (i.e., 100 μL). The results were different for the combination
method which resulted in a less efficient RBC-M coating in terms of IgG

Image of Fig. 3
Image of Fig. 4
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adsorption. Specifically, for PLGAHb/MComb-NCs, a significant decrease in
nFI (to ~60% nFI) was only observed when 400 μL of RBC-Ms were used
for the assembly. Importantly, the three studied methods rendered NCs
with stealth properties since, a ~55% decrease in nFI, could be observed
for the three NCs when the highest amount of RBC-Ms (i.e., 800 μL) was
used for their assembly. For BSA, the results were different as shown in
Fig. 4B. While for the extrusion method a ~25% decrease in nFI was al-
ready observed for the lowest RBC-Ms amount, increasing the amount of
RBC-Ms (up to 800 μL) only promoted a very slight additional decrease in
nFI with the lowest value being ~70% in nFI for the sonication method.
We attribute this less pronounced effect of the RBC-M coating towards
BSA adsorption as compared to IgG to the fact that BSA already has a
weaker interaction than IgG with the uncoated PLGAHb/NZs-NCs that are
used as a control. We have previously demonstrated an ~80% higher depo-
sition of IgG onto the surface of CeO2-NP-coated PLGA-NPs as compared to
BSA; a fact that was ascribed to the electrostatic repulsion between the neg-
ative charges of BSA and CeO2-NPs [14,41].

All in all, these results show the importance of stealth coating to mini-
mize the adsorption of opsonins.

3.3. Oxygen binding and releasing properties

HBOCs make use of Hb's excellent O2 carrying capacity. Therefore, the
functionality of the NCs as a result of the entrapped Hbwas assessed during
the different steps of theNC assembly. Firstly, the secondary structure of Hb
was assessed by CD analysis since protein folding is central to its function
(Fig. 5). In order to encapsulate Hb within the PLGA-NPs, Hb was incorpo-
rated during their synthesis and, as such, it was exposed to an organic sol-
vent (i.e., DCM) and sonication [15]. Additionally, the entrapment of Hb
within the polymeric PLGA-NP core could influence the protein folding or
coordination. Thus, the CD spectrum of PLGAHb-NPs was compared to
that of free Hb (Fig. 5A). Hb has a typical α-helical secondary structure,
with two negative bands around 208 and 222 nm and a positive band at
193 nm. In contrast, the spectrum of the PLGAHb-NPs shows the disappear-
ance of the 208 nm band indicating the loss of the α-helical structures and
displays a red shift and a shape that is more closely related to antiparallel β-
sheets than to α-helices. Such an increase in β-sheet content can been re-
lated to protein aggregation, misfolding, or denaturation [42,43]. It should
be noted that the CD data represents the average signal of the sample en-
semble, which could consist of a combination of native and denatured
Hb. The coating of the PLGAHb-NPs with PLL promotes a further red shift
of the spectrum while the characteristic peaks of β-sheet secondary struc-
ture aremaintained. PLL is aweak electrolyte that can display different con-
formations including random coil, α-helix or β-sheet folding depending on
Fig. 5. Normalized CD spectra of the NCs. A) NCs at different stages of the assembly
process (i.e., PLGAHb-NPs, PLGAHb/PLL-NCs and PLGAHb/NZs-NCs) using free Hb as
a control. B) NCs coated by red blood cell membranes (RBC-Ms) employing the extru-
sion, sonication, or the combination method (PLGAHb/MExtr-NCs, PLGAHb/MSonic-
NCs, or PLGAHb/MComb-NCs, respectively). As controls, uncoated PLGAHb/NZs-NCs
and RBC-Ms only are considered. All spectra were normalized to the lowest band of
the free Hb spectrum.
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the pH of the solution. Fig. S2A (Supporting Information) shows that ad-
sorption of a PLL layer onto PLGA-NPs does not lead to any change in the
CD signal, but a weak, sloping signal is observed [44]. Furthermore, this
is in agreement with prior results [45]. Our hypothesis is that PLL as a
charged, chiral surface layer may contribute to induced CD effects or that
it can penetrate into the PLGA-NPs interacting with the entrapped Hb to
promote the spectral shift [46]. The deposition of the NZs causes a further
shift of the spectrum towards higher wavelengths. As the NZs are achiral
(Fig. S2B, Supporting Information), the change in CD is more likely due
to an effect on the structure of the constituents of the PLGAHb/PLL-NCs.
Fig. 5B shows the changes in the CD spectrum upon coating the NCs by
RBC-Ms. The three different coatingmethods, namely the extrusion, sonica-
tion and the combination method were evaluated. Coating with RBC-Ms
promoted a shift of the spectrum independently of the method employed.
This left shift suggests an increase in α-helix content which can be attrib-
uted to the presence of proteins in the membranes extracted from the
RBCs (52% of the dry weight content of RBCs corresponds to proteins).
The control of RBC-Ms shows the characteristic α-helix peaks at 208 nm
and 222 nm (orange dashed line). Interestingly, depending on the coating
method employed, the left shifts of the spectra were more or less pro-
nounced. The extrusion method promoted a very slight left shift while the
largest shift observed was obtained for NCs coated by the sonication
method.We suggest that a large change in CD spectrum could be correlated
to the addition of higher amounts of RBC-M. For example, the unavoidable
loss of material following an extrusion step could result in less RBC-Ms
being deposited when the extrusion and the combination methods are em-
ployed. However, to support any of these hypotheses, more in-depth analy-
sis of the different RBC-M coatings must be carried out.

Since the secondary structure of Hb seems to have beenmodified during
the encapsulation process, we next investigatedwhether this change in pro-
tein folding influenced the oxygen carrying capacity of the NCs. To do so,
the shifts of the Soret peak (400–440 nm region) and the Q-band
(480–600 nm region) following two cycles of deoxygenation and oxygena-
tion were evaluated. Fig. 6A shows the UV–Vis spectrum of the Hb loaded
within the PLGAHb-NPs. To remove the background slope and obtain a
more clear spectrum, bare PLGA-NPs were used as reference. After prepara-
tion, the PLGAHb-NPs showed the three characteristic Abs peaks of oxy-Hb.
As such, a peak at ~410 nm (Soret peak) and two additional peaks at ~535
and ~575 nm (Q-band) could be observed. Following purging with N2, a
shift in both the Soret peak and the Q-band to the characteristic wave-
lengths of deoxy-Hb took place. Specifically, the Soret peak moved to
~428 nm while a new peak in the region of the Q-band (~560 nm) could
be detected. After additional purging with compressed air and N2, the
Fig. 6.Oxygen-binding and releasing properties of the NCs. A) Oxygen binding and
release of PLGAHb-NPs over two consecutive cycles. B) Oxygen carrying capacity of
final PLGAHb/M-NCs using the extrusion, sonication, or the combination method
(PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or PLGAHb/MComb-NCs, respectively).

Image of Fig. 5
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corresponding shifts in the Abs peaks towards the characteristic wave-
lengths of oxy-Hb and deoxy-Hb, respectively, could be detected. Thus,
these results indicate that despite the conformational changes, the encapsu-
lated Hb still retained its oxygen carrying capacity. Next, to assess whether
the different steps of the assembly process had any effect on the oxygen car-
rying ability of the final PLGAHb/M-NCs, the UV–Vis spectra of the oxygen-
ated PLGAHb/M-NCs and after N2 purging weremonitored (Fig. 6B).While,
due to the multicomponent composition of the background signal, the
slopes of the spectra could not be removed, a clear shift between the oxy-
Hb and deoxy-Hb states could be detected for the three PLGAHb/M-NCs, in-
dependently of the method used for the coating with the RBC-Ms.

Together, the CD and UV–Vis data confirms that eventhough the initial
α-helical structure of Hb was lost, the Hb within the NCs retained its func-
tionality.

3.4. ROS scavenging properties

Within native RBCs, Hb's ability to reversibly bind and release oxygen is
protected by a multicomponent antioxidant system, which includes the
SOD and CAT enzymes. This system prevents Hb from oxidation into non-
functional metHb, a process that is accelerated in the presence of ROS
such as O2

•− and H2O2. Herein, we employ CeO2-NPs as NZs to protect
against metHb formation. CeO2-NPs are potent NZs due to the presence of
both Ce(III) and Ce(IV) oxidative states, a redox coupling that allows for
the catalytic reaction with both O2

•− and H2O2 [47]. While we previously
showed the ability of these NZs to scavenge O2

•− and H2O2, a complete
comparison of these catalytic properties to those of the biological counter-
parts still remains to be conducted [14]. Specifically, herein, we assess the
ROS scavenging properties of the NZs and the SOD and CAT enzymes fol-
lowing storage for up to 200 days. This is an important aspect, since
HBOCs are expected to overcome the short storage shelf-life of donor
blood which is only one day at RT. This presents serious logistical chal-
lenges when donor blood is required in emergencies prior to hospital ad-
mission. While SOD is known to be a stable protein, CAT loses its activity
over time [48,49]. As such, herein, the aim is to compare the catalytic
Fig. 7. Catalytic activity of NZs compared to native enzymes. A) Superoxide radical
anion (O2•

−) scavenging properties of the NZs (i.e., CeO2-NPs) and the superoxide
dismutase (SOD) enzyme as measured by the WST-1 assay. The xanthine/xanthine
oxidase (XO) system converts O2 into O2•

−, where the generatedO2•
− subsequently

oxidizes the WST-1 reagent into formazan (Absorbance (Abs) at 450 nm). Scaveng-
ing of O2•

− results in a decreased amount of formazan product. B) Hydrogen perox-
ide (H2O2) scavenging properties of the NZs (i.e., CeO2-NPs) and the catalase (CAT)
enzyme as measured by the Amplex Red assay. H2O2 acts as a co-substrate during
the conversion of Amplex Red into the fluorescent resorufin product, in presence
of horseradish peroxidase (HRP). Scavenging of H2O2 results in a decreased amount
of resorufin product (fluorescence intensity (FI) at λex/λem = 530/586 nm).
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properties of NZs and the SOD and CAT enzymes upon long term storage
at 4 °C, RT and 37 °C. As a first step, we assessed the O2

•− and H2O2 scav-
enging properties of the NZs and the enzymes depending on the concentra-
tion. Fig. 7A shows the O2

•− scavenging properties of both systems
evaluated bymeans of theWST-1 assay. In this assay theO2

•−, which is pro-
duced by the xanthine/XO system, is consumed either by the WST-1 re-
agent or by the catalytic compound (i.e., SOD or NZs). For the former, the
WST-1 is oxidized into formazan, whose Abs can be detected at 450 nm.
Thus, a decrease in Abs means increased O2

•− scavenging by the catalytic
compound. Fig. 7A shows how increasing the SOD or NZs content results
in decreased nAbs values, thus demonstrating the ability of the NZs to de-
plete O2

•−. Plateau values for O2
•− consumption were achieved at around

0.5 mM NZs (nAbs = 4.8 ± 1.4%) and 50 U mL−1 SOD (nAbs = 8.1 ±
1.5%). The scavenging of H2O2 was investigated by the Amplex Red assay
(Fig. 7B). In this assay, H2O2 is consumed either by Amplex Red in the pres-
ence of the HRP enzyme or by the catalytic compound (i.e., CAT or NZs).
For the former, this results in the oxidation of Amplex Red into the fluores-
cent resorufin product (λex/λem = 530/586 nm). Thus, a decrease in FI
means increased H2O2 scavenging by the catalytic entities. Fig. 7B shows
how increased CAT or NZs content results in a decrease of the nFI values,
thus demonstrating the ability of the NZs to also deplete H2O2. This is an
important fact since this ROS is produced in the vascular tissue, but also
during the reduction of O2

•− upon auto-oxidation of Hb [5,50]. Almost
complete consumption of H2O2 was achieved at around 0.5 mM NZs (nFI
= 12.2 ± 5.5%). This nFI reading was comparable to the activity of
7.5–10 U mL−1 CAT (nFI = 8.5–14.7%). These results are in agreement
with our previously reported catalytic activities [14]. Next, the catalytic
Fig. 8. Storage stability of NZs compared to native enzymes. Scavenging of the
superoxide radical anion and hydrogen peroxide by the NZs or the superoxide
dismutase (SOD) and catalase (CAT) enzymes upon storage up to 200 days at 4
°C, room temperature (RT) and 37 °C.

Image of Fig. 7
Image of Fig. 8
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compounds were stored at 4 °C, RT and 37 °C and, at predefined time
points, their catalytic activity was evaluated using the same assays
(Fig. 8). As expected, due to its reported stability, SODwas able tomaintain
its O2

•− scavenging properties within the whole length of the study and for
the three temperature conditions. However, while the NZs were also able to
maintain their catalytic activity for up to 200 days at 4 °C and 37 °C, the re-
sultswere differentwhen stored at RT. An increase in nAbs to 23%and 40%
after 100 and 200 days of storage, respectively, was observed. This was
thought to be due UV damage, since the NZs suspension at RT was exposed
to daylight during the storage period.When looking at the scavenging prop-
erties towards H2O2 following long-term storage, the NZs were able to re-
tain their activity at 4 and 37 °C. Similar to the O2

•− scavenging, a slight
loss in H2O2 scavenging activity was detected for NZs after 200 days
when stored at RT as shown by a 22% increase in nFI. However, the results
were very different for CATwhere a 19% and a 35% increase in nFI was de-
tected upon storage for only 14 days at RT and 37 °C, respectively. This de-
crease in scavenging activity towards H2O2 becomes even worse over time
with a ~89% and~85% loss in activity after 100 days of storage at RT and
37 °C, respectively. Importantly, complete loss of the CAT activity was ob-
served at the end of the incubation period upon storage at RT and 37 °C.
This highlights the potential of the NZs as a robust tool for ROS depletion.

Next, the catalytic activity of the NCs at the different stages of the as-
sembly resulting from the adsorbed NZs was evaluated (Fig. 9). While in
our previous work we reported the ROS scavenging properties of a novel
HBOCs as a result of the NZs that were incorporated within the system,
polydopamine, which has also ROS scavenging properties, was part of
that assembly as well [29,51]. Therefore, herein, we assess the ROS scav-
enging properties of the NCs which arise solely from the NZs. Furthermore,
the effect of the RBC-M coating on the resulting catalytic activity is evalu-
ated. The WST-1 and Amplex Red assays were employed again to evaluate
the O2

•− (Fig. 9A) and H2O2 scavenging (Fig. 9B) activity, respectively.
Fig. 9A shows how the PLGAHb-NPs alone promote a slight decrease in
nAbs, with a maximum decrease to 82% nAbs for the highest studied
amount (6×, 200 μg NPs). This is not surprising since Hb oxidizes into
Fig. 9.Catalytic activity of the NCs. A) Superoxide radical anion (O2•
−) scavenging asme

into O2•
−, where the O2•

− subsequently oxidizes the WST-1 reagent into formazan (no
amount of formazan product. B) Hydrogen peroxide (H2O2) scavenging as measured
Amplex Red into the fluorescent resorufin product in the presence of horseradish pe
product (normalized fluorescence intensity (nFI) at λex/λem = 530/586 nm). PLGAHb-N
or the combination method were evaluated (PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or
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metHb in the presence of ROS. Following deposition of the NZs, the result-
ing PLGAHb/NZs-NCs promoted a marked reduction in nAbs for the four
studied concentrations. For 1×, a 50% nAbs signal was detected, which
was further decreased to only 6% for the highest studied concentration
(i.e., 6×). This result highlights the strong antioxidant properties of this
novel HBOC due to the incorporation of NZs. Following coating with the
RBC-Ms to render PLGAHb/M-NCs, a slight increase in the nAbs readings
for all the studied concentrations and for the three different coating
methods (i.e., PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs and PLGAHb/
MComb-NCs) was observed. We hypothesize that this slight increase in
nAbs as compared to the uncoated PLGAHb/NZs-NCs is a result of the
lipid bilayer of the RBC-Ms, which hinders the diffusion of the different re-
actants in and out of the system. This result is not surprising since previous
research in our group suggested that the RBC-M coating delays the O2

•−

scavenging properties of the underlying layer [29]. It was shown that in-
creasing the incubation time from 30 min to 60 min removed this differ-
ence, indicating that the RBC-M coating did not affect the O2

•−

scavenging capabilities itself. The H2O2 scavenging by the NCs was investi-
gated next (Fig. 9B). The PLGAHb-NPs themselves showed large consump-
tion of H2O2, with an almost complete depletion for a 6× concentration
(200 μg, 9% nFI). We attribute this result to the oxidation of Hb into
metHb in the presence of H2O2 [29]. Upon incorporating the NZs, a sharp
decrease in nFI is observed. This decrease in nFI is more pronounced than
for the bare PLGAHb-NPs and complete H2O2 depletion was detected at
4× concentration (133 μg, 3%nFI). These results again highlight the strong
ROS scavenging properties of the incorporated NZs. Following coating by
the RBC-Ms, depending on the coating method either an increase or a de-
crease in nFI is detected. For example, PLGAHb/MExtr-NCs promote a
~18% increase in nFI, but only for the lowest studied concentration. In con-
trast, PLGAHb/MSonic-NCs result on an added decrease in nFI of ~31 and
~15% for the concentrations 1× and 2×, respectively. With PLGAHb/
MComb-NCs, a slight increase in nFI is again observed for the concentrations
1× and 2×. We hypothesize that these fluctuations in nFI following coat-
ing by the RBC-M could be a combination of the hindrance of the different
asured by theWST-1 assay. The xanthine/xanthine oxidase (XO) system converts O2

rmalized absorbance (nAbs) at 450 nm). Scavenging of O2•
− results in a decreased

by the Amplex Red assay. H2O2 acts as a co-substrate during the conversion of
roxidase (HRP). Scavenging of H2O2 results in a decreased amount of resorufin
Ps, PLGAHb/NZs-NCs and NCs coated with RBC-M using the extrusion, sonication,
PLGAHb/MComb-NCs, respectively).
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reactants due to the lipid bilayer of the membranes and antioxidants from
the RBCs that remained associatedwith the RBC-Ms. Importantly, complete
depletion of the H2O2 was observed for the NCs independently of the coat-
ing method employed.

Next, the ability of the NCs to sustain multiple rounds of catalytic activ-
ity was investigated. For that, the catalytic reactions were conducted in a
similar manner to the kinetics experiment but, after each round of catalytic
activity, the samples were washed and subjected to a new reaction round.
Fig. 10A shows the O2

•− scavenging of the various NCs during four subse-
quent cycles. For the first cycle, using a 6× concentration (200 μg), a
~90–95% O2

•− depletion could be detected for the PLGAHb/NZs-NCs and
PLGAHb/M-NCs. After each reaction round an increase in the nAbs readings
was observed, indicating partial loss of catalytic properties. This loss of ac-
tivity was more pronounced for the PLGAHb/M-NCs than for the uncoated
PLGAHb/NZs-NCs and was dependent on the method used to adsorb the
RBC-Ms. While a ~27% in nAbs was detected for PLGAHb/MExtr-NCs and
PLGAHb/MComb-NCs after the fourth reaction cycle, the nAbs readings for
PLGAHb/MSonic-NCs were of ~52%. While we cannot explain the differ-
ences promoted by the different coating methods, all systems still have
retainedmore than 50%O2

•− depletion activity even after four consecutive
cycles, thereby showing the robustness of the incorporated NZs. The H2O2

scavenging of the NCs was also assessed over four subsequent cycles
(Fig. 10B). In this case, a 4× concentration (133 μg) was evaluated since
complete removal of H2O2 was observed at this concentration in the kinet-
ics experiment (Fig. 9B). In the case of H2O2-scevenging, no marked differ-
ences were observed depending on the absence or presence of RBC-M and
the coating method. Both the PLGAHb/NZs-NCs and the RBC-M-coated
counterparts promoted only a ~14–24% increase in nFI after four rounds
of catalytic activity. In other words, the PLGAHb/NZs-NCs and PLGAHb/
M-NCs still preserved ~76–86% of the catalytic activity after the four cy-
cles, showing the NZs' great potential in protecting Hb against H2O2. Fur-
thermore, the RBC-M coating does not influence the catalytic activity of
the incorporated NZs, independent of the method used.

3.5. Biocompatibility

The biocompatibility of the RBC-M-coated NCs was assessed in terms of
hemolysis rate, cell viability and cell uptake/association studies to deter-
mine their potential as safe and effective nanocarrier systems.

Hemocompatibility is an important feature since the as-prepared NCs
are meant to be administered intravenously and, as such, they will be in
close contact with the blood cells. For that, a hemolysis rate test that mea-
sures the % of Hb release from lysed RBCs, was employed. With such a
test, biomaterials are considered non-hemolytic when the hemolysis rate
Fig. 10. NCs' catalytic activity over multiple rounds. A) Superoxide radical anion scave
B) Hydrogen peroxide scavenging as measured by the Amplex Red assay (normalized fl

over four subsequent cycles. PLGAHb-NPs, PLGAHb/NZs-NCs and NCs coated with red
method were evaluated (PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or PLGAHb/MComb-NC
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is less than 5% [52]. To do so, washed blood cells were exposed to the
NCs prior and after RBC-M coating for 2 h. Fig. 11Ai shows how, indepen-
dent of the surface coating, the NCs display hemolysis rates well below 5%
for the four studies concentrations. Specifically, the hemolysis rate is ~1%
for all the studied NCs, which is also the hemolysis rate of the control of
blood cells only (as indicated by the dotted line). This indicates that the
presence of NCs does not induce RBC lysis. The photographic images of
the test tubes of the blood cells after incubation with the NCs and after
being spun down are in agreement with these results (Fig. 11Aii). As
such, all the tubes containing NCs show a color-less supernatant with an in-
tact blood cell pellet and only the positive control displays a reddish super-
natant that indicates the presence of free Hb.

Next, the biocompatibility of the NCs was assessed in vitro using the
HUVEC endothelial cell linewhichwas chosen as amodel cell line for the en-
dothelial cells lining in the wall of the blood vessels. For that, the cells were
incubated with increasing amounts of NCs prior and after RBC-M coating
and the nCV was evaluated for the three different methods (Fig. 11B).
While nCV values ~100% can be observed for the lowest studied concentra-
tion (i.e., 1×), increasing amounts of NCs promoted a decrease in nCV. Spe-
cifically, a 2× concentration of NCs resulted in a ~10–20% decrease in nCV
depending on the coating method. Doubling the NCs concentration to 4×
promoted a further ~20 decrease in nCV for the PLGAHb/NZs -NCs and
~10% decrease for the PLGAHb/M-NCs. In contrast, further increases in
the amount of NCs did not result in an additional decrease of nCV. Actually,
the highest studied NCs concentration of 6× promoted a ~10% increase in
nCV, however, this differencewas not significantly different to the values ob-
tained at 4× (statistics not shown). Thus, overall, good biocompatibility is
observed for the lowest studied concentration of NCs and no apparent differ-
ences were observed depending on the coating method. Doubling the con-
centration of NCs to 2× promoted a significant decrease in nCV for the
PLGAHb/NZs-NCs and PLGAHbMSonic-NCs, with increasing the amount of
NCs to 4× promoting significant decreases for all four studied NCs.

To get further insight in the interaction of the coated NCs with cells, the
HUVEC cell line was also employed to study the cell uptake/association of
the NCs. Same concentrations of NCswere added to the cells and, following
2 h of incubation, the nCMFI was evaluated using flow cytometry. Due to
the fluorescently labeled PLGAF/Hb-NPs employed to fabricate the NCs, an
increase in nCMFI can be correlated to an increase in uptake/association
of the NCs with the cells. Fig. 11C shows how, as expected and in accor-
dance with the results of Fig. 4, the bare PLGAHb/NZs-NCs resulted in
highest nCMFI for all studied concentrations. For the sonication method,
an average drop of ~10% in nCMFI as compared to the uncoated PLGA-
Hb/NZs-NCs was observed for the different studied concentrations. How-
ever, interestingly, very different results were observed for the PLGAHb/
nging as measured by the WST-1 assay (normalized absorbance (nAbs) at 450 nm).
uorescence intensity (nFI) at λex/λem = 530/586 nm). The assays were performed
blood cell membrane (RBC-M) using the extrusion, sonication, or the combination
s, respectively).

Image of Fig. 10


Fig. 11. The biocompatibility of the NCs. A) The hemolysis rate of NCs incubated with blood (i) and corresponding photographic images (ii). MQ and PBS were used as
positive and negative controls, respectively. B) Normalized cell viability (nCV) of HUVECs incubated with increasing amounts of NCs. *p ≤ 0.05; **p ≤ 0.01, ***p ≤
0.001, NCs vs 0×. C) Normalized cell mean fluorescence intensity (nCMFI) of HUVECs incubated with increasing amounts of NCs. For all studies, PLGAHb/NZs-NCs and
NCs coated with red blood cell membrane using the extrusion, sonication, or the combination method were evaluated (PLGAHb/MExtr-NCs, PLGAHb/MSonic-NCs, or
PLGAHb/MComb-NCs, respectively).
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M-NCs prepared by extrusion and combination, since these two methods
promoted a very sharp and concentration-dependent decrease in nCMFI
as compared to the uncoated PLGAHb/NZs-NCs. In particular, a ~40 and
a ~50% reduction in nCMFI was observed for PLGAHb/Mextr-NCs and
PLGAHb/Mcomb-NCs, respectively. Such a decrease in cell association/up-
take for the lowest concentration is an important aspect, since this NCs con-
centration showed good biocompatibility. A further increase in the NCs
concentration resulted in an additional decrease in nCMFI where a ~65
and ~75% decrease in nCMFI was detected for PLGAHb/Mextr-NCs and
PLGAHb/Mcomb-NCs, respectively, at a NCs concentration of 6×. These re-
sults are in agreement with Fig. 4 and highlight again the importance of
using membranes extracted from RBCs to provide stealth coatings. How-
ever, while the protein adsorption studies showed no obvious differences
depending on the coating method employed, the results are different for
cell uptake/association experiments where the sonication and combination
methods render a superior stealth coating.

4. Conclusion

Successful HBOCs are required to reversibly bind and release oxy-
gen in a sustained manner for extended periods of time. Thus,
achieving long circulation in the vasculature is a crucial aspect.
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While surface functionalization with PEG has been the golden stan-
dard approach to achieve long circulation times, so far, its use has be-
come under scrutiny due to the generation of anti-PEG antibodies and
the subsequent clearance from the circulation. Since RBCs can remain
in circulation for up to 120 days, an alternative emerging approach re-
lies on the use of membranes extracted from RBCs. Herein, we make
use of this concept to coat our previously reported HBOC consisting
of Hb-loaded and NZ-decorated PLGA-NPs. For that, three different
methodologies namely, the extrusion, sonication and the combination
method are studied. Successful coating by the membranes is demon-
strated by their ability to repel the adsorption of proteins (i.e., BSA
and IgG) and to significantly decrease their uptake or association by
HUVEC cells. Preservation of functionality after the coating with the
RBC's membranes is demonstrated. Specifically, the coated carriers
are able to carry and release oxygen and their catalytic activity result-
ing from the embedded NZs is demonstrated by O2

•− and H2O2 deple-
tion assays. The NZs furthermore showed long storage stability (at 4
°C, RT and 37 °C), outlasting native CAT stored at RT and 37 °C. Fi-
nally, the biocompatibility of the NCs was shown in terms of
hemocompatibility and cell viability studies using HUVEC cells.
Thus, to sum up, we have presented a multifaceted HBOC with poten-
tial to serve as a blood surrogate in the future.

Image of Fig. 11
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