


7 ROYAL SOCIETY
PP OF CHEMISTRY

Biomaterials
Science

View Article Online

View Journal | View Issue

Red blood cell membrane-coated upconversion
e e Bt <ot 20008 nanoparticles for pretargeted multimodality
1802 ~ imaging of triple-negative breast cancery

’ '.) Check for updates ‘

Mengting Li,1*° Hanyi Fang,*® Qingyao Liu,$*° Yongkang Gai,*® Lujie Yuan,®®
Sheng Wang,© Huiling Li,*® Yi Hou,® Mingyuan Gao (2 © and Xiaoli Lan {2 *@°

Upconversion nanoparticles (UCNPs) have been widely employed for tumor imaging using magnetic
resonance imaging (MRI) and upconversion luminescence (UCL) imaging. The short blood clearance time
and immunogenicity of UCNPs have limited their further application in vivo. We have designed UCNPs
camouflaged with an exterior red blood cell (RBC) membrane coating (RBC-UCNPs) to solve these pro-
blems. Moreover, because of some intrinsic disadvantages of MRl and UCL imaging, we investigated the
use of pretargeted RBC-UCNPs for positron-emission tomography (PET) imaging to obtain more com-
prehensive information. Our data showed that RBC-UCNPs retained the immunity feature from the
source cells and the superior optical and chemical features from the pristine UCNP cores. The tumor-tar-
geting ability of RBC-UCNPs was enhanced by binding 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[folate(polyethylene glycol)-2000] (DSPE-PEG-FA) molecules onto the cell membranes. PET
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imaging with short half-life radionuclides to visualize the RBC-UCNPs was successfully realized by a com-
bination of pre-targeting and in vivo click chemistry. Blood chemistry, hematology, and histologic analysis
suggested good in vivo biocompatibility of the RBC-UCNPs. Our method provides a new potential bio-

Published on 25 February 2020. Downloaded on 4/22/2020 1:16:49 PM.

rsc.li/biomaterials-science

1. Introduction

Cancer remains a global public health problem.! Sensitive and
specific tumor imaging holds great importance in its early
detection and also in metastasis management.>” A variety of
modalities have been explored for the visualization, character-
ization, and measurement of neoplasms, including positron-
emission tomography (PET), magnetic resonance imaging
(MRI), computed tomography (CT), photoacoustic tomography
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medical application of biomimetic nanoparticles.

(PAT), and optical imaging." Upconversion nanoparticles
(UCNPs), particularly lanthanide-doped nanocrystals, which
convert near-infrared (NIR) radiation to visible light by a
process called “upconversion luminescence” (UCL), are a
promising new generation of fluorescent probes.” > Compared
with conventional down-conversion fluorescent agents, such
as fluorescent dyes and quantum dots, UCNPs have unique
chemical and optical properties such as the absence of auto-
fluorescence, non-blinking, excellent photostability, narrow
emission peaks, low toxicity, and low photo-damage to living
systems, which further support their application in cancer
diagnostics and imaging."**® Because different imaging tech-
niques have their own advantages and disadvantages, multi-
modality imaging strategies have the potential to harness the
advantages of each modality to yield complementary and con-
firmatory information.

To date, nanotechnology has been widely applied in diagno-
sis (e.g., molecular imaging) and therapy (e.g., drug delivery)."
However, when synthetic nanoparticles are introduced to
in vivo applications and are exposed to body fluids, they are
easily considered as intruders by the innate immune system,
and rapidly recognized and eliminated by the reticuloendothe-
lial system (RES)/mononuclear phagocyte system (MPS).”*>*
When nanoparticles are exposed to body fluids, nonspecific
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proteins and biological molecules bind to their surface, indu-
cing the formation of a protein ring (protein corona) struc-
ture,* which interferes with the interaction between nano-
particles and biological systems and accelerates the pace of
nanoparticle clearance by the immune system. Hence, a criti-
cal issue for successful nanoparticle-based biomedical appli-
cation is reducing the RES/MPS uptake. For this purpose, one
classical approach is the surface functionalization of nano-
particles with polymer materials (e.g., polyethylene glycol
(PEG), polyvinylpyrrolidone (PVP), and polychlorinated biphe-
nyl (PCB)).>** Among many polymer materials, PEG can
reduce the adsorption of nonspecific proteins to a certain
extent and inhibit flocculation, opsin action, and subsequent
complement activation. PEG is currently the most commonly
used nanoparticle surface modification material.*® However,
toxicity studies have shown that PEG may cause blood clotting
and cell agglutination.?® In addition, with the widespread
application of PEG in food and cosmetics, investigations have
shown that 22%-25% of healthy blood donors carry PEG anti-
bodies.*® As a result, many patients will experience accelerated
clearance after the systemic administration of drugs contain-
ing PEG. These polymer materials either still interact with
certain biomolecules or motivate the activation of anti-PEG
immunological responses to different degrees, known as the
“accelerated blood clearance” phenomenon.>’*373% Thus,
concerns still exist over the validity and safety of using syn-
thetic polymer materials to extend the application of UCNPs.
The cell is the basic structural, functional, and biological
unit of organisms. As a safer and more biocompatible vector,
the use of natural cellular membranes for nanoparticle surface
functionalization has become a focus of research. By coating
the surface of nanoparticles with cell membranes, the nano-
particles can inherit complex and unique surface physico-
chemical properties from the source cells.* This top-down
approach of directly binding the cell membrane to the nano-
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particles not only reduces the adsorption of nonspecific pro-
teins, but also makes the preparation process relatively
straightforward.*® Red blood cells (RBCs) have a lifespan of up
to 120 days.> As nature’s long-circulating delivery vehicle, the
surface of RBCs is composed of numerous “self-marker” pro-
teins (e.g.,, CD47), glycans, and acidic sialic acid moieties,
which effectively prevent immune attack.*’™** As stealth
coating materials, the surface antigenic diversity of RBCs com-
pletely replicates onto the nanoparticle surface with proper
orientation (i.e., right-side-out).*®

Inspired by the RBC membrane camouflage strategy, we
hypothesize that RBC-derived membrane coated UCNPs
(RBC-UCNPs and FA-RBC-UCNPs) can be used for the targeted
multimodality imaging of 4T1 breast cancer, a triple-negative
breast cancer (Fig. 1). In this study, cell membranes were col-
lected from RBCs, reconstructed into vesicles (RBC-vesicles),
and then coated onto UCNPs. We demonstrated that the
obtained RBC-UCNPs exhibit extended blood circulation time
and reduced uptake by the RES. Subsequently, a cancer-target-
ing molecule, 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[folate(polyethylene glycol)-2000] (DSPE-PEG-FA) was
inserted into the phospholipid bilayer of cell membranes to
investigate the tumor-targeting ability of the biomimetic nano-
particles. Benefiting from the inhibition of protein interaction,
the tumor-targeting efficiency of cell membrane-coated nano-
particles was significantly improved. The UCNP core is visible
on MRI and can convert near-infrared radiation to visible light.
Considering their rapid and highly selective nature, click
chemistry plays a significant role in a range of radiopharma-
ceutical community and biological applications. Furthermore,
reports have begun to emerge in an in vivo application to facili-
tate a novel pre-targeting strategy for the imaging and therapy
of cancer. The implementation of this successful approach in
nuclear imaging could lead to exciting improvements in image
quality and reduced radiation dose to non-target organs and

4T1 tumor bearing mouse
RBCm-camouflaged NPs (RBC-UCNPs)
. E

N
o Extrusion A J] s P2 ln]ock N
A —_—) - ]/VA | ~_\ '/ [R———- - S
) & )

1. EPR effects
2. Immune escape

UCL imaging

Pre-targeting strategy

& in vitro labelling

Tumor tissue

Fig. 1 The schematic of the preparation process of the modified RBC-UCNPs and their applications of MRI, UCL imaging and PET imaging in triple-

negative breast cancer bearing mice.
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tissues.** The coated cell membrane can be modified for radio-
nuclide imaging by a combination of pre-targeting methods
with in vivo click chemistry; this novel biomimetic nano-plat-
form was further investigated for efficient multimodality
tumor imaging. Lastly, the in vivo toxicity evaluation results
showed the favorable biocompatibility of our biomimetic
nanoparticles.

2. Materials and methods

2.1. Materials and reagents

Phosphate-buffered saline (PBS; 1x, 0.0067 M PO,*"), RPMI
1640 media, trypsin, ethylenediaminetetraacetic acid (EDTA),
and penicillin-streptomycin were obtained from Thermo-
Fisher (USA). Fetal bovine serum (FBS) was purchased from
Sciencell (USA). 4',6-Diamidino-2-phenylindole (DAPI), 4% par-
aformaldehyde, and Cell Counting Kit-8 (CCK-8) were pur-
chased from Boster (Wuhan, China). Phospholipids with
various functionalized head-groups including DSPE-PEG-FA,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[azido

(polyethylene glycol)-2000] (DSPE-PEG-N3;) and DBCO were
obtained from Nanocs (USA) and Avanti Polar Lipids (USA). All
the aqueous solutions were prepared by using purified de-
ionized water purified on an experimental water purification
system (Super series, Easy ultra-pure Water System, Heal Force,
China). The other solvents and reagents used in this work
were obtained from Aladdin-Reagent (China) and Sinopharm
Chemical Reagent (China). Culture flasks and culture plates
(12-well and 96-well) were purchased from Corning (USA).

2.2. Cell culture

4T1 tumor cells were purchased from American Type Culture
Collection (ATCC) and cultured in the standard cell medium
recommended by American Type Culture Collection, at 37 °C
in a humidified atmosphere containing 5% CO,.

2.3. Synthesizing the NaGdF,:Yb,Tm nanoparticles
See the ESL ¥

2.4. Preparation of RBC membrane-derived vesicles (RBC-
vesicles)

The vesicles derived from RBC membranes were prepared
according to a recent report with modifications.>*” BALB/c
mice were chosen to collect natural RBCs to prepare the RBC
membranes. All the animal procedures complied with the
guidelines of the Institutional Animal Care and Use
Committee at Huazhong University of Science and Technology.
Fresh whole blood was withdrawn from the orbit of BALB/c
mice (male, 6-8 weeks old) with 1.5 mg of EDTA per mL of
blood for anticoagulation. The blood was centrifuged at 3000
rpm for 20 min at 4 °C to collect the erythrocytes. The resul-
tant RBCs were washed with ice-cold 1x PBS three times and
recollected by centrifugation (800g for 5 min at 4 °C) to remove
the plasma. The RBC ghosts were obtained via a hypotonic
treatment by mixing washed RBCs with 1/4x PBS (PBS/de-
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ionized water = 1: 3) for 2 h at 4 °C, during which hemoglobin
was released. This was centrifuged at 15000 rpm for 5 min at
4 °C to collect RBC ghosts and remove the intracellular com-
ponents of RBCs. Then, the RBC membrane-derived vesicles
were prepared from the obtained RBC ghosts by subsequent
extrusions. Briefly, the obtained RBC ghosts were gently soni-
cated using a bath sonicator (53 kHz, 100 W, 5 min) and were
subsequently extruded through 400 nm polycarbonate porous
membranes with a mini extruder (Avanti Polar Lipids, USA).
The resultant RBC membrane-derived vesicles were stored in
PBS at 4 °C before use. Characterization of the RBC mem-
branes is described in the ESL{

2.5. Preparation and characterization of RBC-UCNPs

To encapsulate UCNPs into RBC vesicles, 400 pl of 500 pL
mL~' RBC vesicles were first mixed with 1 mg of NaGdF,:Yb,
Tm UCNPs in 1 mL of PBS and sonicated for 30 s (53 kHz, 100
W). Subsequently, the mixture was repeatedly extruded
through a 400 nm polycarbonate porous membrane 11 times
on a mini-extruder, and then excess RBC membrane-derived
vesicles were removed by centrifugation (1000g for 10 min at
4 °C). The resultant RBCm-UCNPs were stored in 1x PBS at
4 °C for further use. Dynamic light scattering (DLS; Nano-Zen
3600, Malvern Instruments, UK) was used to measure the
hydrodynamic diameter and zeta potential at room tempera-
ture. The morphology of UCNPs and RBC-UCNPs was charac-
terized by using a transmission electron microscope (TEM;
JEM-2010 ES500 W, Japan) operating at 200 keV. The samples
were prepared by contacting the UCNP and RBC-UCNP suspen-
sion droplets with copper grids for 1 min and then negatively
stained with 1% uranyl acetate and 1% phosphotungstic acid
for 30 s before the TEM characterization. UV-vis spectrometry
(Synergy 2, BioTek Instruments Inc., USA) was used to charac-
terize the absorption properties of samples. Protein character-
ization was conducted by using the sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) method
reported previously.”” The RBC lysate, RBC-vesicles, and puri-
fied RBC-UCNPs were added into SDS buffer as measured by
the BCA assay kit. The samples were heated at 90 °C for
10 min and 20 pL of each sample was loaded into each well in
a 10% SDS-polyacrylamide gel. Samples were run at 100 V for
2 h and the obtained gel was stained with Coomassie blue,
washed with deionized water, and then imaged.

2.6. Preparation and characterization of FA-RBC-UCNPs

RBC membrane-derived vesicles were obtained from 1 mL of
blood as described previously and then incubated with 50 pg
of DSPE-PEG-FA at 37 °C for 30 min to form
FA-PEG-DSPE-RBCs.*® All samples were centrifuged at 1000g
for 10 min and then washed with PBS three times before
further use. The FA-modified RBC membranes were recon-
structed into vesicles and then coated onto UCNPs as
described previously. DLS and SDS-PAGE were also conducted
to analyze the differences in physical characteristics and bio-
logical properties before and after surface modification in
hydrodynamic size, zeta potential, and protein content. To
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confirm that the coating of DSPE-PEG-FA onto the UCNPs did
not significantly influence the original UCNP optical pro-
perties, the spectra of RBC-UCNPs and FA-RBC-UCNPs were
characterized with an external 980 nm laser device (FLS 980,
Edinburgh Instruments Ltd, UK).

2.7. Cell cytotoxicity assay

The 4T1 breast cancer cells were seeded in 96-well plates at a
density of 1 x 10" cells per well and cultured for 12 h. UCNPs,
RBC-UCNPs, or FA-RBC-UCNPs at various concentrations (i.e.,
1, 2, 5, 25, 100 and 500 pg mL™") were added to the medium,
and then the cells were incubated for another 24 h or 48 h. In
the control group, the cells were grown without any particles.
At the end of the incubation, 5 mg mL™" CCK-8 PBS solution
was added and continued to incubate for another 2 h. Finally,
the absorbance values of the cells per well were measured with
a microplate reader (iMark™ Microplate Absorbance Reader,
Bio-Rad, USA) at 450 nm for analyzing the cell viability. The
background absorbance of the well plate was measured and
subtracted. The cytotoxicity was calculated by the optical
density (OD) values of treated groups (7) divided by the OD
values of the control group (C) (7/C x 100%).

2.8. Animal models

BALB/c mice (female, 6-8 weeks old) were purchased from
Hubei Provence Center for Disease Control and Prevention
(Wuhan, China). Animals received care under specific patho-
gen-free conditions, within facilities approved by the
Laboratory Animal Care of Huazhong University of Science
and Technology, and in compliance with the regulations and
standards of the Institutional Animal Care and Use Committee
of Tongji Medical College of Huazhong University of Science
and Technology. 4T1 breast tumor grafts were performed by
subcutaneous (s.c.) injection of 80 pL of serum-free cell
medium containing 1 x 107 4T1 cells into the right front leg of
each mouse. After the tumor volume reached approximately
50 mm®, the tumor-bearing mice were used for further
experiments.

2.9. Invivo UCL imaging

For in vivo UCL imaging, 12 BALB/c mice bearing 4T1 tumor
grafts (n = 3 per group) received i.v. injection of 200 puL of PBS
or PBS containing nanoparticles with different surface features
(i.e., UCNPs, RBC-UCNPs, and FA-RBC-UCNPs) at a concen-
tration of 5 mg mL ™", At various time points after the injection
(i.e., 3, 6,12, 24, 36 and 48 h), all mice were anesthetized with
2% isoflurane, and then in vivo UCL imaging was conducted
by using a modified in vivo imaging system (IVIS Lumina
XRMS, Caliper, USA) equipped with fluorescent filter sets (exci-
tation/emission = 980/535 nm). The images obtained before
the injection of various samples were regarded as control
images. The laser power used in the mice experiment was set
as 30 W and the field of view was 12.5 cm in diameter. The
images were acquired for 30 s and further analyzed with Living
Image Software (PerkinElmer, USA).

This journal is © The Royal Society of Chemistry 2020
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2.10. In vivo magnetic resonance imaging

12 BALB/c mice bearing 4T1 tumor grafts (n = 3 per group)
received an i.v. injection of 200 pL of PBS containing various
nanoparticles (i.e., UCNPs, RBC-UCNPs, or FA-RBC-UCNPs) or
Gd-DTPA solutions. The dose level for UCNPs, RBC-UCNPs,
FA-RBC-UCNPs, and Gd-DTPA was set as 15 mg of Gd per kilo-
gram body weight in all imaging experiments. MR images were
acquired on a 7.0 T animal MRI instrument (BioSpec 70/20
USR, Bruker, USA) at 24 h after the injection of nanoparticles
and 10 min after the injection of Gd-DTPA at 24 h post-injec-
tion. The detailed imaging parameters were set as follows:
field of view (FOV) = 3.5 x 4.5 cm?®; matrix size = 128 x 128;
slice thickness = 1 mm; echo time (7y) = 11 ms; repetition
time (Tg) = 90, 150, 300, 500, 800, 1200, 2000, and 3000 ms;
number of excitation (NEX) = 4. T1 maps were calculated by
the pixel-wise fitting of the TR-dependent signal intensity
changes to a single-exponential function. The mice were
anesthetized with 2% isoflurane delivered via a nose cone
during the imaging sessions.

2.11. Pre-targeting injection of DSPE-PEG-N; modified
RBC-UCNPs or FA-RBC-UCNPs

DSPE-PEG-N; was incubated with RBC-vesicles for 30 min at 37 °C
to form N;-PEG-DSPE-RBCm. DSPE-PEG-FA and DSPE-PEG-N;
were both incubated with empty RBC membranes for 30 min at
37 °C to form Nj(FA)-PEG-DSPE-RBC membranes. All samples
were centrifuged at 1000g for 10 min before further use. The
DSPE-PEG-modified RBC membranes were reconstructed into vesi-
cles and then coated onto UCNPs as described previously. N3(FA)-
RBC-UCNPs and N3-RBC-UCNPs were intravenously injected into
the 4T1 subcutaneous tumor-bearing mice by pre-positioning for
36 h.

2.12. Synthesis of AlI'*F-NETA-1-DBCO

Stock solutions were prepared, including 0.4 M KHCO; (for
eluting), metal-free glacial acetic acid, 2 mM AICl; in 0.1 M
sodium acetate buffer and NaOAc (0.1 M pH = 4).
Preconditioning of the Sep-Pak Light Accell Plus QMA car-
tridge was performed by eluting with 0.4 M KHCO; (10 mL)
then water (15 mL). '®F (100 mCi) was loaded into the cartridge
and washed with water (5 mL). The cartridge was eluted with
1 mL of saline to obtain '®F solution in saline, 50 pL per tube.
The hottest fraction was used for labeling. (Usually, the third
or the fourth one was the largest one.) 5 pL of AlCl; solution
(10 nmol) was added to *®F solution, and the pH was adjusted
to 4 by adding glacial acetic acid (~3 pL). The resulting
mixture was incubated at room temperature for 10 min. The
chelator (DBCO-L-NETA) solution (10 pL, 20 nmol) and
10 nmol buffer solution were added. The mixture was incu-
bated in a 100 °C heating block for 15 min. The precondition-
ing of the Sep-Pak Light C-18 cartridge was performed with
10 mL of 95% ethanol and 10 mL of DI water. The solution
was cooled to room temperature, the product was pushed into
the column, and 5 ml of water and 0.5 ml of anhydrous
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ethanol were used to wash the column. Then the product
(AI'®F-NETA-1.-DBCO) was collected.

2.13. Micro PET/CT imaging and biodistribution study

After the in vitro labeling of AI'®F-NETA-L-DBCO was com-
pleted, the mice bearing 4T1 tumor grafts (n = 3 per group)
were injected via the tail vein for click chemistry in vivo. At 0.5,
1, and 2 h after the injection of AI'®F-NETA-.-DBCO, mice were
anesthetized with 2% isoflurane and micro PET/CT static
imaging was performed. Mice were placed in the supine posi-
tion, and static images were collected for 10 min using a
small-animal PET/CT scanner (BioCaliburn LH, Raycan
Technology Co., Ltd, Suzhou, China). PET images were recon-
structed with the ordered-subset expectation maximization
three-dimensional/maximum a posteriori probability algor-
ithm, and then the analysis of images was done using Amide
(http:/amide.sourceforge.net) and OsiriX (Osirix, Geneva,
Switzerland) software.

For the biodistribution study, at 0.5, 1 and 2 h after
AI"’F-NETA-1-DBCO injection, the 4T1 (n = 5 per group) mice
were sacrificed, and the biological samples of interest (e.g.,
blood, brain, heart, lungs, liver, spleen, kidneys, stomach,
small intestine, large intestine, muscle, bones, and tumor)
were collected. Tissues were washed and weighed, and all
tissues were counted with an automatic well-type gamma
counter (2470 Automatic Gamma Counter WIZARD,
PerkinElmer, Norwalk CT, USA). Organ and tissue uptakes
were expressed as a percentage of the injected dose per gram
of tissue mass (% ID g') and corrected for radioactive decay.

2.14. Invivo toxicity evaluation

24 BALB/c mice (n = 6 per group) received an i.v. injection of
200 puL of PBS, or PBS containing UCNPs, RBC-UCNPs or
FA-RBC-UCNPs at the concentration of 5 mg mL™'. The
general status of the mice was evaluated every day and body
weights were measured using a digital scale every three days.
All mice were euthanized on the 30th day after the injection
and their blood samples and major organs (i.e., hearts, livers,
spleens, lungs and kidneys) were collected. Alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and alka-
line phosphatase (ALP), blood urea nitrogen (BUN), and creati-
nine (CRE) were measured with a blood biochemical autoana-
lyzer (Chemray 240, Rayto Life and Analytical Sciences Co.,
Ltd, China). White blood cell count, red blood cell count,
hemoglobin, hematocrit, mean corpuscular volume, mean cor-
puscular hemoglobin, mean corpuscular hemoglobin concen-
tration, platelets, and red blood cell distribution width were
also measured. Parts of their organs were fixed in 4% neutral
buffered formalin, paraffinized, and cut into 4 pm sections.
Then these sections were stained with hematoxylin and eosin
(H&E) and examined using an optical microscope (IX73,
Olympus, Japan).

2.15. Statistical analysis

Statistical analysis was performed with the commercial soft-
ware (GraphPad Prism 6.0 GraphPad Software™, La Jolla, CA,
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USA) to analyze the data of the biodistribution study. All data
are expressed as mean + standard deviation (SD). The differ-
ences between two groups were compared by Student’s t-test
(two-tailed) and were considered statistically significant when
P <0.05.

3. Results and discussion
3.1. Preparation and characterization of RBC-UCNPs

The preparation process of biomimetic RBC-UCNPs consisted
of three steps: (1) preparing membrane-derived vesicles from
natural RBCs, (2) synthesis of hydrophilic UCNPs, and (3)
fusing the RBC-vesicles onto UCNPs. The RBC membrane-
derived vesicles were prepared as recently reported.*>** Briefly,
RBCs from the mouse blood were subjected to a hypotonic
treatment to remove their intracellular components, which
resulted in empty RBCs (i.e., RBC ghosts) (Fig. S1, ESI}). After
purification, the RBC ghosts were subsequently sonicated and
extruded through 400 nm polycarbonate porous membranes
on an extruder to produce RBC-vesicles. The resultant RBC-
vesicles had a hydrodynamic diameter of around 400 nm and
a zeta potential of —12.1 mV (Fig. S21), which is consistent
with recent reports.”> Concurrently, the pristine NaGdF,:Yb,
Tm UCNPs were synthesized as described in previous papers.
Finally, the mixture of RBC-vesicles and synthesized UCNPs
was extruded through 400 nm polycarbonate porous mem-
branes 11 times. The mechanical force induced by the extru-
sion process facilitated the encapsulation of the RBC-vesicles
over the surface of UCNPs, forming the final biomimetic
product RBC-UCNPs. The RBC-UCNPs were monitored for
changes in size, zeta potential, particle morphology, protein
content, and UV-vis absorption properties before and after the
encapsulation process.

Dynamic light scattering was employed to characterize
changes in the UCNPs before and after the cell membrane
coating. The hydrodynamic diameter of UCNPs varied from
115.6 nm to 138.9 nm (Fig. 2a and b). This ~20 nm increase in
diameter is in agreement with the reported thickness (approxi-
mately 8 nm) of two layers of cell membrane lipid bilayers.*”
Accordingly, the zeta potential changed to approximate that of
RBC-vesicles (—12.1 mV) (Fig. 2¢). The shift of surface charge
is likely due to the charge screening effects caused by the RBC
membrane coating, both indicating successful RBC membrane
encapsulation of the UCNPs. Consistently, the transmission
electron microscopy (TEM) images unequivocally showed the
UCNP core of approximately 20 nm in diameter, and the
spherical RBC-UCNPs with a characteristic core-shell structure
as expected of approximately 30 nm in diameter (Fig. 2d-g).
The outer lipid bilayer shell of approximately 8 nm is consist-
ent with the reported RBC membrane thickness of 5-10 nm,
indicating a successful contiguous membrane coating.

Following the structural studies, the protein content of RBC
lysate, RBC-vesicles, and RBC-UCNPs was carried out in paral-
lel using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Compared with the RBC lysate, the cell
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Fig. 2 Characteristics of UCNPs and RBC-UCNPs. (a) Size intensity curves of UCNP cores, RBC-vesicles, and RBC-UCNPs measured by dynamic
light scattering (DLS). (b) Hydrodynamic size of UCNP cores, RBC-vesicles, and RBC-UCNPs. Bars represent means + SD (n = 3). (c) Zeta potential of
UCNP cores, RBC-vesicles, and RBC-UCNPs. Bars represent means + SD (n = 3). Transmission electron micrographs (TEM) of (d) UCNP cores, (e)
RBC-vesicles after extruding through 100 nm polycarbonate porous membranes, (f) multiple RBC-UCNPs, and (g) a RBC-UCNP. TEM samples were
negatively stained with uranyl acetate. All scale bars = 50 nm. (h) SDS-PAGE protein identification photograph of RBC lysate, RBC-vesicles, and

RBC-UCNPs.

membrane proteins were mostly retained in the form of RBC
vesicles and the resulting RBC-UCNPs after the hypotonic and
extruding processes (Fig. 2h), suggesting a successful translo-
cation of the RBC membranes to the UCNPs’ surface. UV-vis
absorption spectra indicated that after the fusion process,
RBC-UCNPs had gained an additional absorption of approxi-
mately 400 nm, which is in agreement with the characteristic
absorption peak of RBC membrane-derived vesicles and is
absent from the curve of the original UCNPs (Fig. S37). Taken
together, these results listed above revealed the successful
translocation of RBC-vesicles onto UCNP surfaces with a
correct membrane orientation and the preservation of most
membrane proteins from the source RBCs.

We further tried to optimize the ratio between RBC mem-
branes and UCNP cores during the fusing process. The result
indicated that RBC-UCNPs displayed the smallest diameter
when 1 mg of UCNPs was added to 200 pl of RBC-vesicles
(Fig. S47). In the following study, we therefore encapsulated
RBC-vesicles and UCNPs in this ratio. The obtained
RBC-UCNPs possessed excellent stability in 1x PBS over 7 d
(Fig. S51). The UCNPs showed strong green upconversion
luminescence under 980 nm NIR irradiation, and the emission
peaks agreed with the typical emission maximum at approxi-
mately 800 nm (Fig. S61).*® It was noteworthy that the RBC
membrane coating barely affected the luminescence emission,
which ensures its further use in in vivo tumor imaging
experiments.

3.2. Preparation and characterization of FA-RBC-UCNPs

The folate receptor is a highly selective tumor marker over-
expressed in various cancers.*® Folic acid (FA), a high affinity
ligand of the folate receptor, has been widely used for tumor

This journal is © The Royal Society of Chemistry 2020

targeting. FA molecules were inserted into the surface of the
RBC-UCNPs to investigate the tumor-targeting ability of nano-
particles. Owing to the fluidity of lipid bilayer membranes, it is
easy to obtain FA-modified RBC membranes by physically
mixing empty RBCs with DSPE-PEG-FA at 37 °C. DLS and
SDS-PAGE showed that unmodified and FA-modified
RBC-UCNPs had similar physicochemical properties and
protein content, correspondingly (Fig. 3a-c and Fig. S77).
These results revealed that the surface modification of
DSPE-PEG-FA had no visual influences on the basic properties
of RBC-UCNPs. After 980 nm NIR irradiation, no significant
UCL intensity reduction of FA-RBC-UCNPs was noticed com-
pared with UCNPs and RBC-UCNPs (Fig. 3d).

A CCK-8 assay was performed to evaluate the cytotoxicity
of nanoparticles to 4T1 breast cancer cells. 4T1 breast
cancer cells were co-incubated with UCNPs, RBC-UCNPs
and FA-RBC-UCNPs at various concentrations (up to 500
pg mL™') for 24 h and 48 h. The results showed that the sur-
vival rate of cells in each group was >80% (Fig. 3e and f).
UCNPs, RBC-UCNPs and FA-RBC-UCNPs had no obvious tox-
icity to 4T1 breast cancer cells. All results listed above pro-
vided a basis for these biomimetic nanoparticles to be tested
in vivo.

3.3. Upconversion fluorescence imaging of tumors in vivo

To investigate the nanoparticles’ optical properties in vivo,
UCL imaging was performed before and at different time
points after intravenously injecting 200 pL of PBS or PBS con-
taining equal amounts of various nanoparticles into mice
bearing 4T1 subcutaneously transplanted tumors. A set of
true-color UCL images was acquired by using a modified
small-animal imaging system. All mice were euthanized at
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Fig. 3 Characteristics of UCNPs, RBC-UCNPs and FA-RBC-UCNPs. (a) Mean diameter, (b) zeta potential, (c) SDS-PAGE protein identification photo-
graph, and (d) the upconversion emission spectrum of unmodified and modified RBC-UCNPs with DSPE-PEG-FA. 4T1 cell viability after 24 h (e) and
48 h (f) incubation with UCNPs, RBC-UCNPs and FA-RBC-UCNPs at different concentrations. Error bars: Standard deviations (n = 3).
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Fig. 4 Left panel: The white light photos of 4T1 tumor bearing Balb/c mice (tumor site: the flank region of the right hind leg). Right panel: Four sets
of upconversion fluorescence images induced by the 980 nm laser beam were captured before and at different time points after intravenous injec-
tion of FA-RBC-UCNPs, RBC-UCNPs, UCNPs, and PBS, respectively. Mice injected with PBS were considered as the control group and placed in the

last row.

48 h after the injection, then their major organs and tumors
were harvested and used for ex vivo imaging.

From the pre-time points of the PBS group (Fig. 4, row 4)
and each experimental group, when upconversion fluorescence
imaging (980 nm excitation) was performed, there was no
spontaneous fluorescence interference. For the UCNP group,
due to the enhanced permeability and retention (EPR) effect,
nanoparticles showed uptake by tumors to a certain extent

1808 | Biomater. Sci, 2020, 8,1802-1814

(Fig. 4, row 3). However, they were quickly recognized by the
RES (liver uptake is relatively higher). The tumor site’s UCL
signal was not visible at the later time points during the
imaging process. Because the RBC-vesicle coating reduced the
generation of a protein corona, the RBC-UCNP group had a sig-
nificantly lower liver uptake (Fig. 4, row 2) compared with the
UCNP group. The mice injected with FA-RBC-UCNPs showed
the brightest UCL signal at the tumor site at all time points

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0bm00029a

Published on 25 February 2020. Downloaded on 4/22/2020 1:16:49 PM.

Biomaterials Science

compared with the other groups. The UCL optical signal could
be observed at the tumor site 3 h after the samples’ injection,
and the signal lasted at least for 48 h, peaking at 36 h (Fig. 4,
row 1). The quick accumulation and long-time retention of
FA-RBC-UCNPs at the tumor site suggest the good targeting
ability of these biomimetic nanoparticles to 4T1 tumor grafts.

3.4. MR imaging of tumors in vivo

To further investigate the feasibility of using biomimetic nano-
particles as high-performance MRI contrast agents, FA-RBC-
vesicle or RBC-vesicle coated UCNPs were used to detect subcu-
taneously grafted 4T1 tumors in vivo. With reference to the
UCL imaging results, T1-weighted MR images were acquired at
36 h post-injection. The mother particles (UCNPs) and Gd-
DTPA were set as control groups and used at the same dose
level with respect to the Gd concentration. The tumor site is
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color-coded to better show the contrast enhancing effects. In
comparison with UCNPs, the RBC membrane-camouflaged
nanoparticles slightly enhanced the signal in the tumor
region, probably caused by the EPR and increased the circula-
tion time of particles at the tumor site. The MR signal is sig-
nificantly increased by the FA-RBC-UCNPs, characterized by
shortened T1 values at the tumor sites (Fig. 5).

3.5. Pre-targeting strategy and click chemistry method
mediating in vivo micro PET/CT imaging and the
biodistribution study

PET imaging technology, which has the advantage of high sen-
sitivity while providing tomographic data, plays a significant
role in tumor diagnosis. The characteristics of PET imaging
can make up for the deficiencies of UCL imaging in detecting
deep tissues. Fluorine-18 (*°F) is the most popular radioiso-

FA-RBC-UCNPs RBC-UCNPs

UCNPs Gd-DPTA

Fig. 5 T1-Weighted MR images of tumor-bearing mice acquired at 36 h after the intravenous injections of FA-RBC-UCNPs (column 1), RBC-UCNPs
(column 2) or UCNPs (column 3) and 10 min of Gd-DTPA (column 4), respectively. The tumor site is color-coded to better show the contrast enhan-

cing effects.
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Fig. 6 PET imaging and bio-distribution study of 4T1 breast cancer bearing mice. (a) The tumor site (white arrows) showed the uptake of both the
N3-PEG-DSPE-RBC-UCNP group (middle panel) and Nz(FA)-PEG-DSPE-RBC-UCNP group (right panel), however, the chelator group (left panel, only
injected DBCO-L-NETA-AL*8F) did not show an obvious radioactivity signal at the tumor site. Bio-distribution study of 4T1 breast cancer bearing mice
(n = 5) at different time points in the N3(FA)-PEG-DSPE-RBC-UCNP group (b) and N3-PEG-DSPE-RBC-UCNP group (c).

This journal is © The Royal Society of Chemistry 2020

Biomater. Sci,, 2020, 8,1802-1814 | 1809


https://doi.org/10.1039/d0bm00029a

Published on 25 February 2020. Downloaded on 4/22/2020 1:16:49 PM.

Paper

tope investigated in PET imaging due to its excellent chemical,
physical and nuclear properties, and can be acquired in
almost all laboratories.’® Therefore, the design of '*F-based
PET imaging will provide an important platform for the future
in vivo applications of nanoparticles. '®F’s half-life is only
110 min, which does not match well with the metabolic
characteristics of most nanoparticles in vivo. To use this short
half-life radioisotope to monitor the in vivo distribution of the
RBC membrane-camouflaged UCNPs, we chose a combination
of a pre-targeting strategy and in vivo click chemistry. Our pre-
targeting strategy involved the separate administration of
tumor-targeted biomimetic nanoparticles and the radio-
nuclide. After the tumor-binding nanoparticles were adminis-
tered and had accumulated in the tumor, the radiolabeled
probe AI'®F-NETA-.-DBCO, which has fast clearance properties,
was administered to realize in vivo copper-free click chemistry.

DSPE-PEG-N; alone or with DSPE-PEG-FA were incubated
with RBC-vesicles for 30 min at 37 °C to form Nj-
PEG-DSPE-RBC and N;(FA)-PEG-DSPE-RBC, respectively. All
samples were centrifuged at 1000g for 10 min before further
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use. The DSPE-PEG-modified RBC membranes were recon-
structed into vesicles and then coated onto UCNPs as
described previously. N;(FA)-PEG-DSPE-RBC-UCNPs (regarded
as  N;(FA)}-RBC-UCNPs) and N;-PEG-DSPE-RBC-UCNPs
(regarded as N3;-RBC-UCNPs) were intravenously injected into
the 4T1 subcutaneous tumor-bearing mice 36 h before PET
scanning. After the in vitro labeling of Al'*F-NETA-.-DBCO, the
mice were also injected via the tail vein for click chemistry
in vivo (Fig. S87). Micro PET static imaging and biodistribution
studies were performed at 0.5, 1, and 2 h after the injection of
AI'*F-NETA-L-DBCO.

PET imaging results indicated that the Nj3(FA)-RBC-UCNP
group (Fig. 6a right panel) displayed a higher tumor uptake of
the tracer compared with N;-RBC-UCNPs (Fig. 6a middle
panel). Both groups had a maximum tumor uptake at 30 min.
However, the control group, only injected with AI'®F-NETA-L-
DBCO, demonstrated no obvious imaging agent uptake at the
tumor site in the whole imaging process (Fig. 6a left panel). In
all three groups, the liver and spleen were not visible, but parts
of the intestinal tract contained the tracer.
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Fig. 7 In vivo toxicity evaluation by mice body weight measurement, blood test and histology analysis. (a) Mice body weight change curves over a
span of 30 d after i.v. injection with PBS or PBS containing UCNPs, RBC-vesicles or RBC-UCNPs. Blood biochemistry data including liver function
markers (b): ALT, AST and ALP and kidney function markers (c and d): BUN and CRE. Representative H&E staining images (e) of major organs from the
euthanized mice on the 30th day after being i.v. injected with PBS or PBS containing UCNPs, RBC-vesicles or RBC-UCNPs. Magnification 20x, Bar =

50 pm. All error bars represent standard deviations (n = 6).
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Quantitative analysis showed that since the unreacted radio-
active probe was quickly cleared from the circulation, the
blood concentration decreased rapidly with time in the N;(FA)-
RBC-UCNP and N3;-RBC-UCNP groups. The 30 min maximum
tumor uptake indicated highly efficient click chemistry in vivo
(Fig. 6b and c). Because the RES did not easily recognize these
biomimetic nanoparticles, there were still many nanoparticles
existing in the circulating blood at 36 h after injection, so the
tumor to blood ratio (T/B) was relatively low. However, the T/B
ratio remained stable or increased slightly over time (Fig. S9,T
left), suggesting that the click-chemical response mediated by
DBCO and N; was robust on the surface of the RBC mem-
brane-camouflaged nanoparticles. The tumor-to-muscle ratio
(T/M) of Nj3(FA)-RBC-UCNPs was higher than that of Nj-
RBC-UCNPs (Fig. S9,t right). All of the above results showed
that we could successfully detect the biomimetic UCNPs at
tumors sites based on the application of the short half-life
radionuclide via a platform combining the pre-targeting strat-
egy and in vivo click chemistry.

3.6 Invivo toxicity studies

The in vivo potential toxicity is always a considerable concern
for nanomaterials used in biomedicine.>® This is particularly
vital for this kind of RBC membrane-camouflaged nano-
particles, as the mismatching of blood type sometimes may
cause transfusion reactions and even death.’> Herein, BALB/c
mice (n = 6) received an i.v. injection of 200 pL of PBS, or PBS
containing UCNPs or RBC-UCNPs at the concentration of 5 mg
mL~", or PBS containing equivalent numbers of RBC-vesicles.
Fluctuation in body weight is a direct indicator of a nano-
material’s in vivo toxicity. Neither death nor a significant
difference in body weight between the control and treated
groups was noted over a span of 30 days after the injection
(Fig. 7a), which suggested that these particles had no overall
in vivo side effects.

On the 30th day after the injection, all the mice were eutha-
nized, and their blood and major organs (i.e., hearts, livers,
spleens, lungs, and kidneys) were collected for the blood test
and H&E stained histology analysis. We observed no signifi-
cant hepatic or renal toxicity induced by these nanoparticles,
as indicated by normal values of liver function markers,
including ALT, AST, and ALP (Fig. 7b) and kidney function
markers, including BUN (Fig. 7c) and CRE (Fig. 7d). Also, the
blood parameters of the treated groups remained normal com-
pared with the control group (Table S1, ESIT). No obvious evi-
dence of major organ damage was observed from the H&E
stained sections (Fig. 7e).

All the above results suggested good biocompatibility of
these RBC membrane-camouflaged nanoparticles, which indi-
cated their suitability as a biomimetic nanoparticle platform
for further clinical applications. Although more work is
needed to systematically study the short- and long-term toxicity
of these nanoparticles at various doses, our small-scale pilot
toxicity study could promote further exploration of these bio-
mimetic nanomaterials in biomedical applications.

This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

In summary, we presented the successful encapsulation of
UCNPs with RBC-membrane-derived vesicles. The resultant
RBC-UCNPs exhibited excellent stealth properties, and MRI
and UCL imaging abilities, which were inherited from natural
RBCs and the pristine UCNP cores, respectively. Tumor-tar-
geted RBC-UCNPs were obtained by inserting DSPE-PEG-FA
into the cell membranes. The combination of a pre-targeting
strategy and in vivo click chemistry successfully realized the
4T1 tumor PET imaging by short half-life nuclide-labeled bio-
mimetic nanoparticles. Finally, ex vivo and in vivo toxicity
studies demonstrated that no significant cytotoxicity or sys-
temic toxicity was induced by the RBC-UCNPs.

In our study, the inserted FA was used to increase the
tumor-targeting ability of RBC-UCNPs. However, we can extend
our platform by inserting various DSPE-PEG functionalized
head-groups to endow the RBC-UCNPs with more plentiful bio-
logical functions. On the basis of the combination of a pre-tar-
geting strategy and click chemistry methodology, we creatively
imaged the in vivo biodistribution of the biomimetic
RBC-UCNPs at a specific time point by using a short half-life
radionuclide. Hence, we can envision our platform for further
applications by introducing other longer half-life nuclides or
therapeutic nuclides to realize the early diagnosis and treat-
ment of tumors, especially for deep-seated lesions. Our work
provides a new angle of these biomimetic nanoparticles for
biomedical applications and suggests that they will play an
essential role in future imaging and treatment of diseases.

Abbreviations

ALP Alkaline phosphatase

ALT Alanine aminotransferase

AST Aspartate aminotransferase

BUN Blood urea nitrogen

CCK-8 Cell counting kit-8

CRE Creatinine

CT Computed tomography

DAPI 4’ /6-Diamidino-2-phenylindole

DLS Dynamic light scattering

DSPE-PEG-FA  1,2-Distearoyl-sn-glycero-3-phosphoethanola-

mine-N-[ folate( polyethylene glycol)-2000]

DSPE-PEG-N;  1,2-Distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[azido(polyethylene glycol)-2000]

EDTA Ethylenediaminetetraacetic acid

EPR Enhanced permeability and retention

FA Folic acid

FA-RBC-UCNPs Folic acid modified red blood cell mem-
brane-coated upconversion nanoparticles

FBS Fetal bovine serum

H&E Hematoxylin and eosin

MPS Mononuclear phagocyte system
MRI Magnetic resonance imaging
NIR Near-infrared
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OD Optical density

PAT Photoacoustic tomography

PBS Phosphate-buffered saline

PCB Polychlorinated biphenyl

PEG Polyethylene glycol

PET Positron emission tomography

PVP Polyvinylpyrrolidone

RBC Red blood cell

RBC-UCNPs Red blood cell membrane-coated upconver-
sion nanoparticles

RES Reticuloendothelial system

SD Standard deviation

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

TEM Transmission electron microscope

T/B Tumor to blood

/M Tumor-to-muscle

UCL Upconversion luminescence

UCNPs Upconversion nanoparticles

%IDg " Injected dose per gram
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