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Background: Red blood cell membrane-coated nanoparticle (RBCm-NP) platform, which
consist of natural RBCm and synthetic polymeric core, can extend circulation time in vivo with
an improved biocompatibility and stability of this biomimetic nanocarrier. To achieve better
bioavailability of antitumor drugs that were loaded in RBCm-NPs, the functionalization of
coated RBCm with specific targeting ability is essential. Bispecific recombinant protein anti-
EGFR-iRGD, containing both tumor penetrating peptide (internalizing RGD peptide) and EGFR
single-domain antibody (sdAb), seems to be an optimal targeting ligand for RBCm-NPs in the
treatment of multiple tumors, especially colorectal cancer with high EGFR expression.
Materials and methods: We modified the anti-EGFR-iRGD recombinant protein on the
surface of RBCm-NPs by lipid insertion method to construct iE-RBCm—-PLGA NPs and
confirmed the presentation of active tumor-targeting ability in colorectal cancer models with
high EGFR expression when compared with RBCm-PLGA NPs. In addition, potential anti-
tumor drug gambogic acid (GA) was loaded into the NPs to endow the antitumor efficiency
of iIE-RBCm-GA/PLGA NPs. It was simultaneously evaluated whether GA can reach better
biocompatibility benefiting from the improved antitumor efficiency of iE-RBCm—-GA/PLGA
NPs in colorectal cancer models.

Results: We successfully modified anti-EGFR-iRGD proteins on the surface of biomimetic
NPs with integrated and stable “shell-core” structure. iIE-RBCm—-PLGA NPs showed its
improved targeting ability in vitro (multicellular spheroids [MCS]) and in vivo (nude mice
bearing tumors). Besides, no matter on short-term cell apoptosis at tumor site (terminal deoxy-
ribonucleotidyl transferase-mediated dUTP nick end labeling [TUNEL]) and long-term tumor
inhibition, iIE-RBCm—GA/PLGA NPs achieved better antitumor efficacy than free GA in spite
of the similar effects of cytotoxicity and apoptosis to GA in vitro.

Conclusion: We expect that the bispecific biomimetic nanocarrier can extend the clinical
application of many other potential antitumor drugs similar to GA and become a novel drug
carrier in the colorectal cancer treatment.

Keywords: biomimetic nanocarrier, anti-EGFR-iRGD recombinant protein, gambogic acid,
targeting ability, antitumor efficiency, colorectal cancer

Introduction

Nanoparticle (NP)-based drug delivery platforms are often used for various drugs to
achieve good bioavailability in complex biological environments.' With the develop-
ment of multi-type prepared materials for NPs, it is not limited to the biocompatible and
biodegradable synthetic materials,** such as polylactic acid (PLA), poly(lactic-co-glycolic
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acid) (PLGA),® polycaprolactone (PCL), and polyethyl-
ene glycol (PEG). Natural liposome’ cell membrane with
inimitable structure and function attracts more attention for
another new material of cell membrane-camouflaged NPs.5!!
Different from conventional NPs, the biomimetic nanocar-
riers served as the new class of NPs integrated two distinct
materials — synthetic copolymer with customizability and
flexibility and natural biomembrane with functionality and
complexity. Biomembrane-cloaked NPs can indicate immune
evasion to prolong circulation time in vivo, and NPs are able
to accumulate at tumor sites subsequently via enhanced per-
meability and retention (EPR) effect. Hence, the application
of biomimetic nanocarriers will be of great importance in
antitumor therapy.'>!°

Many kinds of cell membranes have been used to build
the biomimetic NPs, and red blood cell membrane (RBCm)
was the earliest and most widely explored,'®?* benefit-
ing from the enormous quantity in vivo as well as simple
structure and properties. However, compared with passive
target through EPR effect, active target can optimize the
bioavailability of antitumor drugs and minimize off-target
side effects in vivo. The surface of RBCm?* lacks specific
proteins or molecules that can induce active targeting ability.
Tumor-targeting ligands can make it possible by modified
on the surface of RBCm-coated polymeric nanoparticles
(RBCm-NPs). To retain as much biological components
with immune evasion capabilities as possible on the RBCm,
physical lipid insertion approach instead of chemical con-
jugation technique was selected to modify ligands onto the
bilayered RBC lipid membranes®*?’ instead of chemical
conjugation technique®?’ was selected to modify ligands
onto the bilayered RBC lipid membranes. Except modifica-
tion of targeting ligands, other specific cell membranes*2
such as cancer cell membranes have been used to achieve
active targeting ability for NPs in recent research. Due to
adhesion proteins on the surface, cancer cell membrane-
coated polymeric NPs (CCNPs) seem to have self-targeting
ability to homotypic tumor site in vivo.***¢ Nevertheless,
process to capture cancer cells from blood circulation is
complicated and the tumor heterogeneity between cancer
cells is non-negligible as well. Therefore, available RBCm
with active targeting ligands is likely to be a better option
for biomimetic NPs in antitumor therapy.

Due to special microenvironment of solid tumor, which
shows abnormal homeostatic regulation, hypoxic cancer
cells, increased interstitial fluid pressure, and existence of
extracellular matrix (ECM), antitumor drugs can accumulate
preferentially at tumor site via targeting nanocarriers, but
the poor penetration of drugs into solid tumor tissues may

further prevent the antitumor efficiency. For this reason, the
selection of targeting ligands is not only to ensure active
targeting ability but also to promote drugs to penetrate into
solid tumor tissues efficiently. As tumor penetrating and cell
internalizing peptide, iRGD peptide®’** with the sequence of
CRGDK/RGPD/EC can target owvB3/0evB5 integrin receptor
and neuropilin-1 (NRP-1)*“! that highly expressed in tumor
tissues. It has been reported that iRGD peptide promoted
co-administered drugs to penetrate into extravascular tumor
tissue by increasing vascular and tissue permeability 383942746
In addition, epidermal growth factor receptor (EGFR) is
overexpressed in multiple human solid tumors including
colorectal cancer and showed 27.3% high expression of col-
orectal cancer in the previous report.*’ Thus, EGFR targeting-
based therapy has always been of important significance
for colorectal cancer treatment. Therefore, the combination
of iRGD peptide and EGFR antibody seems to be desired
for targeting ligands in colorectal cancer. In our previous
research, we have constructed a new recombinant protein
named anti-EGFR—iRGD,*° containing both iRGD peptide
and EGFR single-domain antibody (sdAb).>*** Besides,
we also confirmed the dual targeting ability and improved
synergistic antitumor effect with antitumor drugs for anti-
EGFR-iRGD recombinant protein.*$4**>> Thus, it can be seen
that anti-EGFR-iRGD recombinant protein is expected to an
optimal targeting ligand for RBCm NPs to achieve better
tumor-targeting ability and antitumor efficiency.

Gambogic acid (GA) is served as the major active
ingredient of gamboge and can be potentially developed
as a new antitumor drug.’*¥ Recently, the incredible anti-
tumor effect of GA on colorectal cancer has been reported
in various researches.’>® Therefore, GA is seemed to be an
appropriate drug loaded in the bispecific targeting biomimetic
NPs. Here, we lipidated anti-EGFR-iRGD proteins with
palmitate chemically® > by detergent dialysis method®-%
and, then, the lipid chain of palmitate—anti-EGFR-iRGD
proteins could insert into bilayered RBC lipid membranes
to obtain RBCm NPs modified with anti-EGFR-iRGD pro-
teins (IE-RBCm—PLGA NPs). We evaluated the targeting
ability of iIE-RBCm-PLGA NPs and antitumor effect of
iIE-RBCm—GA/PLGA NPs loaded with potential antitumor
drug GA in colorectal cancer (Figure 1).

Materials and methods

Materials and reagents

GA (purity =99%), PLGA (molecular weight =40,000), N-N-
succinimidyl palmitate, dichloromethane (DCM), and poly-
vinyl alcohol (PVA) were purchased from Aladdin Industrial
Corporation (Shanghai, People’s Republic of China).
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Figure | Schematic representation of preparations of iE-RBCm-GA/PLGA nanoparticles and re-transfusion into mice to evaluate the targeting ability and anti-tumor

efficacy.

Abbreviations: GA, gambogic acid; PLGA, poly(lactic-co-glycolic acid); RBCm, red blood cell membrane.

Anti-EGFR-iRGD recombinant proteins
Escherichia coli BL21 (DE3), which express recombi-
nant proteins anti-EGFR-iRGD, was preserved by our
laboratory.*®* The E. coli massively proliferated when
cultured in Lysogeny broth (LB) after resuscitation. Proteins
anti-EGFR-iRGD were then expressed in E. coli BL21 (DE3)
after induction by isopropyl B-D-1-thiogalactopyranoside
(IPTG) at 37°C for 4 h. The cells were collected and sus-
pended in 5 mM imidazole buffer solution and subsequently
disrupted using probe sonicator (Sonics, Newtown, CT,
USA). The supernatant of cell lysate was purified using the
protein liquid chromatography system (AKTA™ Pure; GE
Healthcare UK Ltd, Little Chalfont, UK), and the purified
proteins were obtained after dialysis to remove midazole.

Cells and cell culture

Human colon cancer cell lines Caco-2 (ATCC® HTB37™),
HT-29 (ATCC®HTB-38™), and SW480 (ATCC® CCL228™)
were preserved in our laboratory and purchased from Ameri-
can Type Culture Collection (ATCC) (Manassas, VA, USA).
The cells were cultured in Roswell Park Memorial Institute
(RPMI-1640) medium (MultiCell, Calgary, AB, Canada) with
10% calf serum (Every Green, Hangzhou, People’s Republic of
China) at 37°C in a humidified atmosphere with 5% CO,.

Animals
Experimental Animal Center of Nanjing Drum Tower Hos-
pital supplied male BALB/c mice (nu/nu, weight: 18-25 g,

age: 5-8 weeks). All animal-handling procedures were
performed in compliance with guidelines set by the Animal Care
Committee, Nanjing Drum Tower Hospital. All animal experi-
ments were approved by the Animal Care Committee, Drum
Tower Hospital, Nanjing, People’s Republic of China.

Preparation of iEFRBCm—-GA/PLGA NPs
Preparation of RBCm—-GA/PLGA NPs

The membranes of RBCs were collected in low osmotic pres-
sure from broken RBCs, which separated from whole blood
of BALB/c mice. Then, RBCm vesicles were prepared using
sonication approach. Blank PLGA and GA-loaded PLGA
NPs’ core were prepared using O/W emulsion method with
the optimal ratio of GA and PLGA in weight. The fusion
of RBCm-derived vesicles with GA/PLGA NPs’ core was
conducted via mini-extruder (Avanti Polar Lipids, Alabaster,
AL, USA). All the preparation of RBCm—GA/PLGA NPs
was described in detail in our previous report.®

Modification of proteins anti-EGFR-iRGD on the
surface of RBCm—-GA/PLGA NPs

Recombinant proteins anti-EGFR-iRGD were dissolved at
1.5 mg/mL in phosphate-buffered saline (1x PBS), contain-
ing 0.3% sodium deoxycholate (DOC), 0.1% sodium azide,
and 0.1% sodium bicarbonate. N-succinimidyl palmitate was
added to the protein solution, which was prewarmed to 37°C
to yield a final concentration of 0.1 mg/mL. This mixture
was then incubated at room temperature for 12—18 hours.
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The lipid-derivatized proteins (palmitate—anti-EGFR-iRGD
proteins) were purified on a 10 mL sephadex G-25 column
equilibrated with PBS containing 0.1% DOC.

The resulted palmitate—anti-EGFR-iRGD proteins were
incubated with RBCm—GA/PLGA NPs at 37°C for >30 min
and centrifuged to remove excess proteins. Finally, the
targeting moieties (anti-EGFR-iRGD proteins) were incor-
porated into RBCm through the aid of lipid tethers to build
iIE-RBCm-GA/PLGA NPs.

Characterization of iE-FRBCm—-GA/
PLGA NPs

To confirm that the recombinant proteins anti-EGFR-iRGD
were modified on the surface of RBCm—GA/PLGA NPs
successfully, the chemical states of N of iIE-RBCm—-GA/
PLGA NPs and RBCm—-GA/PLGA NPs were characterized
by X-ray photoelectron spectroscopy (XPS; Kratos XSAM
800; Kratos Analytical, Manchester, UK). The samples were
frozen dried before examination.

The composite structure of the iE-RBCm—GA/PLGA
NPs was examined using a transmission electron microscopy
(TEM; JEM-100S, Tokyo, Japan). A drop of the NPs suspen-
sion was deposited onto the cupper grid and, then, air-dried at
room temperature. The sample of iE-RBCm—GA/PLGA NPs
was stained with 1% uranyl acetate before observation.

To measure the diameter and polydispersity of iE—
RBCm—GA/PLGA NPs, the dynamic light scattering (DLS)
method was conducted by using the Brookhaven BI-900AT
instrument/zeta potential analyzer (Brookhaven Instruments
Corporation, Holtsville, NY, USA). To evaluate the stability
of'the NPs, the iE-RBCm-GA/PLGA NPs in 1x PBS buffer
(pH=7.4) were kept at 25°C and the diameter was determined
by DLS everyday for 7 days.

To study drug release, 1 mL of iE-RBCm—GA/PLGA
NPs in dialysis bag with a molecular weight cutoff of 10 kDa
was immersed in 10 mL of 1x PBS buffer (pH =7.4). And
the dialyzing sample was kept in thermostated shaking water
bath (Taichang Medical Apparatus Co., Jiangsu, People’s
Republic of China) at 37°C for 14 days. Every day, the
release buffer was removed for analysis, and 10 mL of fresh
PBS buffer was added for continuing incubation. Then, the
GA content in the release buffer was detected using a HPLC
system (Agilent Technologies, Santa Clara, CA, USA).

Targeting ability in colorectal cancer

EGFR expression levels of colorectal cancer cell lines
Western blot was used to confirm EGFR expression levels of col-
orectal cancer cell lines (Caco-2, HT-29, and SW480). The pro-
teins of three cell lines were collected from each supernatant

fraction after lysed on ice for 10 min. Samples containing equiva-
lent amounts of proteins were then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
blotted onto nitrocellulose membranes (EMD Millipore, Bil-
lerica, MA, USA). Membranes were then blocked with 5%
skim milk and subsequently incubated with the EGFR-specific
polyclonal antibody (Cell Signaling Technology, Danvers, MA,
USA) in Tris-Buffered Saline and Tween 20 (Beyotime, Haimen,
People’s Republic of China) overnight at 4°C. After several
washes with TBST buffer, the membranes were incubated for
1 h with secondary antibody diluted 1:5,000. The membranes
were then processed with enhanced chemiluminescence (ECL)
western blot detection reagents. Signals were digitally captured
using a MicroChemi chemiluminescent image analysis system
(DNR Bio-imaging Systems, Jerusalem, Israel).

Formation of HT-29 MCS, uptake, and penetration

in MCS

To form multicellular spheroids (MCS), colorectal cancer
cells HT-29 were seeded in 96-well ultra-low attachment
plates (Corning Incorporated, Corning, NY, USA) at a den-
sity of 2,000 cells/well and incubated at 37°C with 5% CO,
for 3—4 days (MCS is ~200 um in diameter).

PLGA NPs were fluorescence labeled with green 3,3’-
dioctadecyloxacarbocyanine perchlorate (DiO; Beyotime) dye
orred 1,1’-dioctadecyl-3,3,3",3’-tetramethylindocarbocyanine
perchlorate (Dil; Beyotime). The fluorescent PLGA NPs were
coated with RBCm and modified with proteins anti-EGFR-
iRGD. NPs were added into the cell culture medium for 4 h
of incubation. Then, the HT-29 MCS were collected, washed
with 1x PBS buffer, and placed in confocal dishes (In Vitro
Scientific, Gerasdorf bei Wien Austria). The cellular uptake
of NPs and penetration in MCS were observed using inverted
fluorescence microscope (Olympus Corporation, Tokyo,
Japan) and confocal laser scanning microscopy (CLSM;
Olympus Corporation).

Target and penetration into tumor tissues

A total of 1x107 Caco-2 cells were implanted subcutane-
ously into the right flank of BALB/c mice. The PLGA NPs
were fluorescence labeled with green DiO dye and divided
into four equal groups. The four groups acted as PLGA NPs
(P group), RBCm—-PLGA NPs (RP group), RBCm-PLGA
NPs with free anti-EGFR-iRGD proteins (iE + RP group), and
RBCm—-PLGA NPs modified with anti-EGFR-iRGD proteins
(iIE-RP group). The samples were injected to Caco-2 tumor-
bearing nude mice via the tail vein. Tumor-bearing nude mice
were sacrificed after 24 h, and subcutaneous tumors were
collected. Immunofluorescence analysis was carried out with
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frozen tumor tissues. For immunostaining, slides were first
blocked with 3% bull serum albumin (BSA) for 1 h at room
temperature and then exposed to the primary antibody against
CD31 (1:300 dilution; GeneTech, Shanghai, People’s Republic
of China) at4°C overnight and the second antibody (1:300 dilu-
tion) at 37°C for 30 min. Finally, nuclei were stained with 2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI;
Beyotime) and slides were visualized using CLSM.

Fluorescence images of real-time tumor targeting

in vivo

To investigate the tumor targeting and accumulation of
NPs in vivo, 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotric-
arbocyanine iodide (DiR; Bridgen, Beijing, People’s
Republic of China) dye was used to label the different NPs
as abovementioned. The four different groups (P group, RP
group, iE + RP group, and iE-RP group) were injected to
Caco-2 tumor-bearing nude mice via the tail vein. At different
time points (24, 72, and 168 h), the mice were anesthetized
and imaged using the Maestro EX in vivo fluorescence
imaging system (CRi, Inc., Hopkinton, MA, USA). At the
end of test, the tumor-bearing mice were sacrificed to collect
tumors and main organs including heart, liver, spleen, lungs,
and kidneys for images of biodistribution in vivo.

Antitumor efficiency of iE-FRBCm-GA/

PLGA NPs in colorectal cancer

Cytotoxicity

MTT assay was carried out to evaluate the cytotoxity of iE-
RBCm-GA/PLGA NPs against colorectal cancer cells HT-29
in vitro. Cells were seeded in 96-well plates at the density
of 5,000 cells/well and then incubated at 37°C with 5% CO,
for attachment. Each well was added with 20 uL of 5 mg/
mL MTT solution after cells were exposed to various con-
centrations of NPs and free GA for 12, 24, and 48 h and then
incubated for another 4 h. The supernatant was discarded,
and 150 puL of dimethylsulphoxide (DMSO) was added to
each well to dissolve the formazan crystals. The absorption
at 490 nm was measured by Multiskan Spectrum Microplate
Reader (BioTek, Winooski, VT, USA), and the cell viabilities
were calculated by the following formula:

Cell viability (100%)
_ Abs (sample) — Abs (background)
Abs (control) — Abs (background)

x100%

Apoptosis assay in vitro and in vivo
Apoptosis in vitro was detected using Annexin-V-FLUOS
Staining Kit (Hoffman-La Roche Ltd., Basel, Switzerland)

according to the instruction. A total of 1x10° HT-29 cells
were exposed to certain various concentrations of iE-
RBCm-GA/PLGA NPs and free GA for 12, 24, 48, and
72 h, and then, cells in each wall were collected and washed
with 1x PBS buffer. Washed cells were resuspended in
100 uL of Annexin-V-FLUOS-labeling solution contain-
ing 100 uL of 4-(2-hydroxyethyl)-1-piperazineethanesulf
onic acid; PI: propidium iodide (HEPES) buffer, 2 uL of
propidium iodide (PI), and 2 uL of Annexin-V-Fluorescein,
and then, samples were incubated in the dark for 15 min at
room temperature. The apoptosis of HT-29 was analyzed on
flow cytometer (EMD Millipore).

For in vivo experiment, iE-RBCm-GA/PLGA NPs
(iIE-RGP group), RBCm—GA/PLGA NPs (RGP group), GA,
iIE-RBCm-PLGA NPs (iE-RP group), and normal saline
(NS) were injected to Caco-2 tumor-bearing nude mice via
tail vein. After 48 h, mice were sacrificed. Subcutaneous
tumors were collected and fixed with paraformaldehyde.
Terminal deoxyribonucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL; Hoffman-La Roche Ltd.) method
was used to detect the apoptotic cells of tumor tissues in vivo.
Then, nuclei were stained with DAPI, and slides were visual-
ized using CLSM.

In vivo antitumor effect and safety

Caco-2 tumor-bearing nude mice were randomly divided
into five groups (n=6 per group) and were injected with
IE-RBCm—-GA/PLGA NPs (6 mg/kg, iE-RGP group),
RBCm-GA/PLGA NPs (6 mg/kg, RGP group), GA solu-
tion (6 mg/kg, GA group), iEFRBCm-PLGA NPs (iE-RP
group), and normal saline (NS group) via the tail vein once
a week, a total of four times. The tumor size and weight of
mice were measured on day 7 postimplantation and every
other day after injection. Tumor volume was calculated as
V=Dxd*2, where D and d are the longest and the shortest
diameters of the tumor in millimeters, respectively. Survival
was predefined as tumor size <2,000 mm?® prior to the ini-
tiation of the study. In order to reduce the impact of initial
weight differences among different groups, relative weight
was calculated by the following formula:

. . w
Relative weight = —
WO

wrepresents the absolute weight, and w, represents the aver-
age weight of the group on day 7.

When mice were sacrificed, the tumor tissues and main
organs including hearts, lungs, livers, spleens, and kidneys of
mice in each group were collected for histology observation. The
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Ki67 immunohistochemistry was used to evaluate the prolifera-
tion of the cells in the tumors. And systemic toxicity was assessed
via organ slices that stained by hematoxylin and eosin (H&E).

Statistical analysis

Statistical analysis was performed by the SPSS V.23.0
software (IBM Corporation, Armonk, NY, USA). One-way
analysis of variance (ANOVA) or Independent Student’s
t-test was used to determine the differences between various
treatments. Data are presented as the mean £ SD. Statistically
significant results were subjected to Tukey’s post hoc test
(GraphPad Prism 6.0; GraphPad Software, Inc., La Jolla, CA,
USA). All quantitative data reported represent the mean of at
least three independent experiments. The resultant P-value
was expressed as ***P=0.001, **P=0.01, and *P<<0.05.
Differences were considered to be statistically significant if
P-value was <0.05.

Results

Preparation and physicochemical
characterization of iEFRBCm—GA/PLGA

NPs
The lipid terminus of palmitate—anti-EGFR-iRGD proteins
can be inserted into the coating RBCm of GA/PLGA NPs to
modify the bispecific targeting. To confirm that the proteins
were modified on the surface of NPs, the surface chemistry
of the iIE-RBCm-GA/PLGA NPs and RBCm-GA/PLGA
NPs was characterized using XPS and the spectra of nitrogen
(N) were depicted in Figure 2A. Compared with RBCm-GA/
PLGA NPs, the peak of elemental N of iE-RBCm—-GA/PLGA
NPs moved upward obviously,” demonstrating that the pro-
teins were modified on the surface of NPs successfully.
The structure of the IE-RBCm—GA/PLGA NPs with ura-
nyl acetate negative staining was visualized by TEM and the
shell-core structure was revealed in the image (Figure 2B).
The hydrodynamic diameter of iE-RBCm—-GA/PLGA NPs
was about 15313.83 nm, and little change in the particle size
and polydispersity index (PDI) of iE-RBCm—GA/PLGA NPs
could be observed in a week (Figure 2C). The NPs suspended
in 1x PBS buffer (pH =7.4) showed the long-term stability
in vitro. Besides, the iIE-RBCm-GA/PLGA NPs also dis-
played a slow and sustained release in 14 days (Figure 2D).
Approximately 30% of GA was released from iIE-RBCm—-GA/
PLGA NPs in neutral PBS buffer (pH =7.4) over 14 days.

Targeting ability in colorectal cancer
To select suitable cell line, the EGFR expression of three dif-
ferent colorectal cancer cells (Caco-2, HT-29, and SW480)

was measured. The result showed that EGFR was highly
expressed in Caco-2 and HT-29 (Figure 3A). And compared
with Caco-2 and HT-29, the EGFR levels in SW480 cells
could not be detected. Besides, due to that cells HT-29 could
form MCS with symmetrical and spherical shapes and cells
Caco-2 could be implanted to form subcutaneous tumors,
HT-29 was used in following experiments in vitro, while
Caco-2 was used in in vivo.

The penetration ability of the three groups of NPs (iE-RP,
iE+RP, and RP) were analyzed with MCS. The result showed
that green fluorescence intensity of iE-RP group was higher
than the other two groups under the fluorescence microscope
(Figure 3B), which reflected that more iE-RBCm-PLGA
NPs were taken up by MCS. We also further evaluated the
penetration of the three groups of NPs in MCS under CLSM.
As shown in Figure 3C, the fluorescence signal of iE-RP group
was localized in both interior and periphery of MCS, while RP
group in the vicinity of periphery. The image of iE + RP group
also showed a little increased penetration when compared
with RP group. It may benefit from tumor-penetrating peptide
iRGD, allowing co-administered NPs to penetrate into MCS.
However, the penetration of iIE-RBCm—PLGA NPs was deeper
than RBCm-PLGA NPs without anti-EGFR-iRGD proteins
modified on the surface. Therefore, RBCm-PLGA NPs modi-
fied with anti-EGFR-iRGD proteins on the surface could obtain
positive penetration ability, while the increased penetration
ability from free anti-EGFR-iRGD proteins was limited.

Based on the result that iE-RBCm—PLGA NPs could get
deep penetration into MCS in vitro, target and penetration
into tumor tissues in vivo were also observed and evaluated
by both immunostaining tumor tissue slices and real-time
near-infrared (NIR) fluorescence imaging. In the image
of tumor tissue slice (Figure 4), green fluorescence signal
represents NPs visualized with DiO dye, red fluorescence
signal represents blood vessels of tumor issue, and blue
fluorescence signal represents tumor cells. Except P group,
green fluorescent NPs could be seen in the images of other
three groups (iIE-RP, iE + RP, and RP). Besides, considerable
amounts of green fluorescence NPs were around blood ves-
sels and tumor cells of tumor issue in the iIE-RP group, which
was much more than that in the iE + RP group and the RP
group. It meant that iIE-RBCm—PLGA NPs could accumulate
efficiently at tumor site with active targeting ability. In addi-
tion, a certain number of RBCm-PLGA NPs accumulated at
tumor site benefiting from acceptable biocompatibility and
EPR effect. Only free anti-EGFR-iRGD proteins instead of
being modified on the surface could not obtain obvious active
targeting delivery function for RBCm—PLGA NPs.
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Figure 2 Preparation and characterization of iE-FRBCm—-GA/PLGA NPs.
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Notes: (A) XPS spectrum of N in iEERBCm-GA/PLGA NPs and RBCm-GA/PLGA NPs. (B) TEM visualization of iE-FRBCm—GA/PLGA NPs with uranyl acetate negative
staining. (C) DLS measurements of the size and PDI of iE-FRBCm—GA/PLGA NPs over 7 days. (D) GA release behavior from iE-RBCm—-GA/PLGA NPs for 14 days.
Abbreviations: DLS, dynamic light scattering; GA, gambogic acid; NPs, nanoparticles; PDI, polydispersity index; PLGA, poly(lactic-co-glycolic acid); RBCm, red blood cell
membrane; TEM, transmission electron microscopy; XPS, X-ray photoelectron spectroscopy.

The biodistribution of four groups NPs (iE-RP, iE + RP,
RP, and P) were monitored via real-time NIR fluorescence
imaging (Figure 5A). At 24 hours postinjection, different
fluorescence signals in intensity appeared at the tumor site
of iE-RP, iE + RP, and RP groups except P group and iE-RP
group showed the strongest fluorescence signal among
them. The result demonstrated that iIEF-RBCm—PLGA NPs
have enhanced tumor-targeting ability than RBCm-PLGA
NPs in vivo. At 72 h postinjection, the intensity of the
fluorescent signal continued to increase, which reflected the

“long circulating” advantage of biomimetic nanocarriers.
During the process, the fluorescence intensity of iE + RP
and RP were similar and weaker than that of iE-RP group.
It meant that free anti-EGFR-iRGD proteins cannot guide
RBCm—-PLGA NPs to accumulate efficiently at tumor site. At
168 h postinjection, the fluorescence intensity at tumor site
decreased compared with the previous time point. Then, the
mice of all groups were sacrificed, and ex vivo fluorescence
intensity images were obtained for tumor tissues as well as
other major organs including hearts, lungs, livers, spleens,
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Figure 3 Investigation of the total EGFR expression levels in three different colorectal cancer cell lines as well as cellular uptake of iEFRBCm—PLGA NPs and penetration in MCS.
Notes: (A) Western blot analysis of the whole cell line lysates for EGFR and GAPDH. (B) Images of HT-29 MCS incubated with DiO-labeled iE-RBCm—PLGA NPs (iE-RP),
RBCm—-PLGA NPs with free anti-EGFR-IRGD protein (iE + RP), and RBCm—PLGA NPs (RP) for 4 h under inverted fluorescence microscope; scale bar =100 um. (C) CLSM
images of HT-29 MCS incubated with Dil-labeled iE-RBCm—PLGA NPs (iE-RP), RBCm—PLGA NPs with free anti-EGFR-iIRGD protein (iE + RP), and RBCm—-PLGA NPs (RP)
for 4 h; scale bar =100 um.

Abbreviations: CLSM, confocal laser scanning microscopy; DiO, 3,3’-dioctadecyloxacarbocyanine perchlorate; EGFR, epidermal growth factor receptor; MCS, multicellular
spheroids; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); RBCm, red blood cell membrane.
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Figure 4 Immunofluorescence images of tumor tissue slices in four groups (iE-RP, iE + RP, RP, and P) at 24 h postinjection.

Notes: DiO-labeled nanoparticles (green), CD3 |-labeled blood vessels (red), and DAPI-labeled cancer cells are shown in the images of tumor sections. Scale bar =200 um.
Abbreviations: DiO, 3,3’-dioctadecyloxacarbocyanine perchlorate; iE-RP, iE-RBCm-PLGA NPs; iE+RP, RBCm-PLGA NPs with free anti-EGFR-iRGD protein; RP, RBCm-
PLGA NPs; P, PLGA NPs.
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Tumor Heart Liver Spleen Lung Kidney

Figure 5 Real-time NIR fluorescence images of iE-RBCm-PLGA NPs.

Notes: (A) Images of Caco-2 tumor-bearing mice following intravenous injection of DiR-labeled iE-FRBCm—PLGA NPs (iE-RP), RBCm—PLGA NPs with free anti-EGFR-iRGD
protein (iE + RP), RBCm-PLGA NPs (RP), and PLGA NPs (P) for 24, 72, and 168 h. (B) Images of various organs at 168 h postadministration with four different NPs (iE-RP,

iE + RP, RP, and P).

Abbreviations: DiR, |,|’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide; NIR, near-infrared; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); RBCm,

red blood cell membrane.

and kidneys. As shown in Figure 5B, the fluorescence signal
intensity of subcutaneous tumor in iE-RP group was signifi-
cantly higher than the rest of the three groups. Moreover,
compared with the high intensity of fluorescence signal of
liver and spleen, the fluorescence signal of subcutaneous
tumor in the iE-RP group was also visible. This matched
with above results in vivo.

Antitumor efficiency in colorectal cancer
MTT assay was used to evaluate the cytotoxicity of iE—
RBCm—GA/PLGA NPs against HT-29 cells in vitro. For 12,
24, and 48 h incubation, both iE-RBCm—GA/PLGA NPs and
GA showed a dose-dependent cytotoxicity against HT-29
cells (Figure 6A). In addition, compared with respective cell
viability, IE-RBCm—GA/PLGA NPs and free GA almost had
no difference against HT-29 at all the time points.

To illustrate the possible mechanism of cytotoxicity in vitro,
the further analysis of apoptosis that may lead to cytotoxicity

was also conducted. When HT-29 cells were exposed to
different concentrations of iE-RBCm—GA/PLGA NPs from
12 to 72 h, obvious increase in apoptotic rate (Q2 + Q4)
was observed (Figure 6B). And when the concentration of
iIE-RBCm—GA/PLGA NPs and GA was >1.5 pg/mL, the cell
apoptosis of HT-29 cells was apparent. Therefore, flow cyto-
metric analysis was conducted to assess apoptosis induced by
iIE-RBCm—GA/PLGA NPs and GA at certain concentration
(1.5 ug/mL) for 12, 24, 48, and 72 h (Figure 6C). The result
reflected that the rate of both early (Q4) stage and late (Q2)
stage apoptotic HT-29 cells were increasing with the time. At
all the time points, both two groups showed similar apoptosis
rate of HT-29 cells. It matched with the results of MTT assay
and suggested that both iIE-FRBCm—GA/PLGA NPs and free
GA have the same efficient antitumor effect in vitro.

In vivo, we sequentially investigated whether the anti-
tumor activity of iE-RBCm—GA/PLGA NPs could act
as effective therapy against tumor growth. BALB/c nude
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Figure 6 Antitumor activity of iE-FRBCm—GA/PLGA NPs in vitro.

Notes: (A) In vitro cytotoxicity of E-RBCm—GA/PLGA NPs in comparison with free GA against HT-29 colorectal cancer cells after 12, 24, and 48 h of incubation (n=4,
P>0.05). Data are given (graph bars) as the mean + SD (n=4). Statistical significance. (B) Apoptosis rate of HT-29 incubated with iE-RBCm—-GA/PLGA NPs in increasing
concentration for 12, 24, 48, and 72 h. (C) HT-29 cell apoptosis detected by Annexin V-FITC/PI double staining image of iE-RBCm-GA/PLGA NPs and free GA in 1.5 ug/

mL GA concentration at |2, 24, 48, and 72 h.

Abbreviations: GA, gambogic acid; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); RBCm, red blood cell membrane.

mice-bearing subcutaneous inoculated Caco-2 tumors,
acted as colorectal cancer model, were used to observe both
the apoptosis at tumor site and the long-term tumor burden
in vivo. The treatments were administrated via tail vein with
the solution of iE-RBCm—GA/PLGA NPs, RBCm-GA/
PLGA NPs, GA, iIE-RBCm—-PLGA NPs, and NS. Apoptotic
cells were visualized as green fluorescence signal, and all
the tumor cells were visualized as blue fluorescence signal
in the image of subcutaneous tumor tissue slice (Figure 7).
The result showed a large amount of apoptotic cells and a
small number of tumor cells in the visual field of slice in the
iE-RGP group, which indicated that iIE-RBCm—-GA/PLGA
NPs with active targeting ability accumulated and penetrated
efficiently at tumor site within a short time to lead significant
cell apoptosis in vivo. The presence of fluorescence signal in
the RGP group suggested that RBCm—GA/PLGA NPs also
could passively target and accumulate at tumor site to lead
apoptosis due to the stability, biocompatibility and “long
circulating” characteristic in vivo. However, it still was
slightly inferior than iE-RBCm—GA/PLGA NPs. In addi-
tion, the green fluorescence signal that represents apoptotic
cells was not obvious in the GA group compared with the
control group (iE-RP and NS) within 48 h. It reflected that

GA-loaded NPs achieved better bioavailability than free
GA in vivo, and the NPs with active targeting ability could
expand this advantage.

Antitumor efficacy of iIEFRBCm—GA/PLGA NPs in vivo
was evaluated via the long-term subcutaneous tumor bur-
den in the colorectal cancer model of mice. As shown in
Figure 8A, compared with the control group (iIE-RP and
NS), the tumor volumes of iE-RGP treatment group grew
quite slowly (***P=0.001, n=6), which showed an expected
result of iE-RBCm—GA/PLGA NPs in terms of tumor growth
inhibition. RGP treatment group also showed satisfactory
antitumor efficacy at GA dose of 6 mg/kg, reflecting the
advantage of biomimetic nanocarriers for tumor therapy.
Moreover, the fact that the weights of mice in GA-loaded
NPs groups were increasing gradually rather than remained
as in control groups, indicating that mice of these groups
benefited from antitumor efficiency and did not suffer from
the increasing tumor burden (Figure 8B). GA group showed
certain tumor inhibition effect, but the weight of mice in GA
group was decreased, which indicated that mice suffered
from the toxicity of free GA. It also reflected in the result of
survival (Figure 8C); mice in control group with increasing
tumor burden began to die first (from day 40). In contrast,
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Figure 7 Apoptosis at tumor site following intravenous injection of iEFRBCm—GA/PLGA NPs (iE-RGP), RBCm—-GA/PLGA NPs (RGP), free GA, iEERBCm-PLGA NPs

(iE-RP), and NS.

Notes: Green apoptotic cells and blue active cancer cells are shown in the images of tumor sections. Scale bar =500 pum.
Abbreviations: GA, gambogic acid; NPs, nanoparticles; NS, normal saline; PLGA, poly(lactic-co-glycolic acid); RBCm, red blood cell membrane.

mice in the iE-RGP group began to die after 38 days (from
day 66) after the last administration and extended the median
survival time at least 27 days more compared with the control
group. Simultaneously, mice in the GA group died within
17 days (from days 64 to 80) due to cumulative toxicity
during the treatment.

In Ki67 staining images, the nuclei of positive cells were
stained brown, indicating high proliferation ability. The result
showed that there were less positive cells in the tumor tissue
of the iIE-RGP group compared with the control group and
so was of RGP group (Figure 9A). Moreover, H&E-stained
section images of major organs in each group showed no
noticeable signal of organ damage (Figure 9B). It suggested

that iIE-RBCm—GA/PLGA NPs had optimal antitumor
efficiency and safety in vivo.

Discussion

On the basis of the RBC-NP platform with good stability
and biocompatibility, the modification of anti-EGFR-iRGD
recombinant protein with two target antigens endowed the
active bispecific targeting ability for this synthetic biomi-
metic nanocarrier. The physical insertion into the RBCm
avoided damaging the existing surface proteins and remained
the integrality and stability of structure. Moreover, poten-
tial antitumor drug GA that loaded into iIE-RBCm-PLGA
NPs brought the synthetic nanocarrier antitumor efficacy.
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Figure 8 In vivo antitumor efficacy of iE-RBCm-GA/PLGA NPs.

Notes: (A) Tumor growth inhibition in mice treated with iE-RBCm-GA/PLGA NPs (iE-RGP), RBCm-GA/PLGA NPs (RGP), free GA, iE-RBCm—-PLGA NPs
(iE-RP), and NS by tail vein injection (n=6). Tumor size of mice in each group was measured on day 7 postimplantation and every other day after injection until
the appearance of dead (37 days in total). Data are given (graph bars) as the mean = SD (n=6). Statistical significance. (B) Relative weights of tumor-bearing mice
treated with iEFRBCm—-GA/PLGA NPs (iE-RGP), RBCm—-GA/PLGA NPs (RGP), free GA, iEFRBCm—-PLGA NPs (iE-RP), and NS.Weight of mice in each group was
measured on day 7 postimplantation and every other day after injection until appearance of dead (n=6, P>0.05). Data are given (graph bars) as the mean + SD
(n=6). Statistical significance. (C) Survival of mice treated with iE-RBCm—-GA/PLGA NPs (iE-RGP), RBCm-GA/PLGA NPs (RGP), free GA, iEERBCm—-PLGA NPs
(iE-RP), and NS. **P=0.001.

Abbreviations: GA, gambogic acid; NPs, nanoparticles; NS, normal saline; PLGA, poly(lactic-co-glycolic acid); RBCm, red blood cell membrane.

The resulting iIE-RBCm—GA/PLGA NPs not only lifted in vivo. Besides, RBCm—-PLGA NPs with free anti-EGFR-
restrictions on the application of GA with poor water iRGD protein showed a little advantage in targeting and
solubility but also delivered GA to tumor site efficiently to  penetrating ability when compared with RBCm—-PLGA
improve its bioavailability in vivo. NPs, suggesting that the targeting and penetrating ability
The targeting ability of iIE-RBCm—-PLGA NPs and  of free anti-EGFR-iRGD to guide more RBCm—-PLGA NPs
antitumor efficiency of GA loaded iE-RBCm—GA/PLGA  to tumor site were limited. In consideration of anti-EGFR-
NPs were taken as the object to investigate the effect on the ~ iRGD recombinant protein with dual targeting of oovf3 and
colorectal cancer in vitro and in vivo. In terms of the target- EGFR, we emphatically studied specific EGFR target in
ing and penetrating efficiency of iE-RBCm—-PLGA NPs, we  colorectal cancer in future work. Colorectal cancer models
evaluated it at the level of MCS and nude mice bearing sub-  with the high expression of EGFR and low or no expression
cutaneous inoculated tumors. Compared with RBCm-PLGA  of EGFR were established to explore the target differentia-
NPs, more iIE-RBCm—PLGA NPs could be taken up by MCS  tion of iE-RBCm-PLGA NPs between different colorectal
and showed better penetration into MCS in vitro. IEFRBCm—  cancer models.
PLGA NPs also showed better targeting efficiency in nude In terms of the antitumor efficiency of iE-FRBCm-GA/
mice model of colorectal cancer with obvious accumulation ~ PLGA NPs, we also evaluated it in vitro and in vivo, which
at tumor site in a certain time. It indirectly reflected that  contained cytotoxicity, apoptosis, and tumor inhibition.
anti-EGFR-iRGD protein successfully modified on the sur- iE-RBCm-GA/PLGA NPs and free GA were taken up via
face of NPs via lipid insertion, and iE-RBCm—PLGA NPs  different mechanisms — endocytosis and pure diffusion —and
with the modification of anti-EGFR-iRGD protein achieved  free GA could diffuse into the cancer cells more easily
satisfactory targeting and penetrating efficiency in vitroand  compared with NPs. However, iIE-RBCm—GA/PLGA NPs
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Figure 9 Antiproliferative effect and safety of iIE-RBCm-GA/PLGA NPs in vivo.
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Notes: (A) Ki67 staining images magnification 400x of cell proliferation in tumor issues of iE-RBCm-GA/PLGA NPs (iE-RGP), RBCm—-GA/PLGA NPs (RGP), free GA,
iE-RBCm-PLGA NPs (iE-RP), and NS. (B) Representative H&E-stained slices image of major organs in each group (iE-RGP, RGP, GA, iE-RP, and NS).
Abbreviations: GA, gambogic acid; H&E, hematoxylin and eosin; NPs, nanoparticles; NS, normal saline; PLGA, poly(lactic-co-glycolic acid); RBCm, red blood cell

membrane.

modified with active targeting ligands enhanced the transport
capacity across cellular membrane. As a result, iE-RB-
Cm-GA/PLGA NPs showed similar cytotoxicity compared
with free GA at the same dose in vitro. Simultaneously, the
cell apoptosis of both iIEFRBCm—GA/PLGA NPs and GA
were almost the same in vitro, but the apoptosis of cancer cells
at subcutaneous tumor site in vivo seemed to be different.
Considering complex and changeable biological environment
in vivo, free GA did not induce obvious cell apoptosis as
shown in in vitro. Nevertheless, IE-RBCm—-GA/PLGA NPs
showed significant cell apoptosis within 48 h benefiting from
the active targeting ability. Difference was also observed in
subsequent experiment of tumor growth inhibition. Compared
with control group, iIE-RBCm-GA/PLGA NPs inhibited the
growth of subcutaneous tumor efficiently with safety and
nontoxicity. Although GA exerted certain effect on tumor
inhibition, it accompanied with serious toxicity, which

appeared as decreasing weight and death within a short time.
In addition, RBCm—GA/PLGA NPs with good stability and
biocompatibility achieved a significant inhibition of tumor
growth at a dose of 6 mg/kg, indicating the superiority of
biomimetic nanocarrier in cancer therapy. However, it did not
objectively show that iIE-RBCm-GA/PLGA NPs possess the
ability of active targeting delivery. Subsequently, we repeated
and adjusted this experiment with the dose of GA intended to
be reduced accordingly to observe whether iE-RBCm-GA/
PLGA NPs with active and efficient tumor targeting ability
could improve the bioavailability of GA in vivo at a dose
that is lower than effective dose for free GA.

Conclusion

In our study, recombinant protein anti-EGFR-iRGD was
modified on the surface of RBCm-coated NPs to build bispe-
cific targeting biomimetic NPs, combining biocompatibility,
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stability, and active target. In regard to targeting ability,
when compared with RBCm—PLGA NPs, more iIE-RBCm—
PLGA NPs could be taken up by MCS and penetrate into
MCS in vitro and more iE-RBCm-PLGA NPs targeted and
accumulated at tumor site in vivo. It was confirmed that
the modification of anti-EGFR-iRGD protein significantly
improved the targeting ability of iE-RBCm—-PLGA NPs. In
regard to antitumor efficacy, despite the similar antitumor
effect of iIE-RBCm—GA/PLGA NPs and free GA that shown
in vitro, the antitumor efficacy of GA weakened in vivo,
along with considerable toxicity. In contrast, IE-RBCm—-GA/
PLGA NPs still retained antitumor efficiency via short-term
cell apoptosis at tumor site and long-term tumor inhibition
in vivo. Moreover, IEFRBCm—-GA/PLGA NPs reduced the
side effects of GA and ensured safety in vivo. Therefore, the
bispecific targeting biomimetic NPs reinforce the advantage
of drug delivery. We expected that the new nanocarrier could
extend the clinical application of many other potential anti-
tumor drugs similar to GA in the future.
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