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Introduction: Triple-negative breast cancer (TNBC) has the high degree of malignancy and 
aggressiveness. There is no targeted therapy drug. Many studies have shown that RBC 
membrane-coated nanoparticles achieve biological camouflage. In addition, the RGD module 
in the iRGD mediates the penetration of the vector across the tumor blood vessels to the 
tumor tissue space. Therefore, we developed iRGD-RM-(DOX/MSNs) by preparing MSNs 
loaded with doxorubicin as the core, and coating the surface of the MSNs with iRGD- 
modified RBC membranes.
Methods: iRGD-RM-(DOX/MSNs) were fabricated using physical extrusion. In addition, 
their physical and chemical characterization, hemolytic properties, in vivo acute toxicity and 
inflammatory response, in vitro and in vivo safety, and qualitative and quantitative cellular 
uptake by RAW 264.7 cells and MDA-MB-231 cells were evaluated and compared. 
Furthermore, we examined the antitumor efficacy of iRGD-RM-(DOX/MSN) nanoparticles 
in vitro and in vivo.
Results: iRGD-RM-(DOX/MSNs) have reasonable physical and chemical properties. iRGD- 
RM-(DOX/MSNs) escaped the phagocytosis of immune cells and achieved efficient targeting 
of nanoparticles at the tumor site. The nanoparticles showed excellent antitumor effects 
in vivo and in vitro.
Conclusion: In this study, we successfully developed biomimetic iRGD-RM-(DOX/MSNs) 
that could effectively target tumors and provide a promising strategy for the effective 
treatment of TNBC.
Keywords: RBC membrane, iRGD peptide, biological camouflage, targeted treatment, 
Triple-negative breast cancer

Introduction
Breast cancer is estimated to account for 30% of the estimated cancer diagnoses 
among women in America in 2021.1 Breast cancer is one of the most severe diseases 
worldwide and poses a serious threat to the health of women. Triple-negative breast 
cancer (TNBC) has the highest degree of malignancy and is the most aggressiveness 
breast cancer subtype, with early metastasis, recurrence and poor prognosis. There is 
no clinical targeted therapy drug for TNBC due to the lack of estrogen receptor, 
progesterone receptor and Her-2 receptor on the cell surface.2–5 At present, surgery, 
chemotherapy, radiation therapy, immunotherapy and hormone therapy have been 
utilized in the treatment of breast cancer. Among them, standard chemotherapy and 
radiation are the main therapeutic options for patients with TNBC. However, such 
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treatments have adverse side effects and usually fail due to 
nontargeted delivery and the acquired resistance to che
motherapy drugs in vivo, resulting in aggressive metastatic 
relapse and short overall survival.6–10 Therefore, it is neces
sary to develop a new strategy to effectively target breast 
cancer cells to improve the effectiveness of chemotherapy 
drugs. An ideal targeting strategy should also possess fea
tures of high efficiency in reaching target sites and strong 
penetration of target cells.

Recently, some tumor-penetrating peptides (TPPs) that 
possess the ability to promote the penetration of nanopar
ticles and molecules into tumor cells have been 
developed.11,12 For instance, iRGD, as a cyclic tumor- 
penetrating peptide, is composed of an RGD module and 
an overlapping C-end R module connected by a disulfide 
bond. Its tumor-specific targeting and penetrating abilities 
are significantly superior to those of the RGD peptide.13–15 

The RGD module in the iRGD sequence has been demon
strated to bind to αvβ3 or αvβ5 integrin, which are speci
fically expressed in tumor vascular endothelial cells. In 
addition, it mediates the penetration of the vector across 
the tumor blood vessels to the tumor tissue space. Then, 
iRGD is cleaved by a cell surface-associated protease to 
expose the C-end R motif and allow for specific binding to 
neuropilin-1 (NRP-1), which is highly expressed on the 
surface of tumor cells, to trigger its interalization.13,16,17 It 
has been reported that iRGD-modified drugs or drug deliv
ery systems can achieve deep penetration of tumors and 
significantly enhance the therapeutic effect of antitumor 
drugs.18,19 Furthermore, the vascular endothelium of tri
ple-negative breast cancer has high expression of αvβ3 and 
αvβ5 integrin, and its tumor cell surface has high levels of 
NRP-1 expression.6,20 Therefore, iRGD is expected to be 
an effective ligand for specifically targeting TNBC in the 
absence of the multiple surface receptors for TNBC.

The liver, spleen and other tissues and organs have 
accumulated considerable amounts of nanoparticles 
from passive or active targeting drug delivery systems. 
Therefore, the immune recognition and elimination of 
nanoparticles is the main obstacle achieving tumor- 
specific targeting with nanoparticles. To overcome the 
immune recognition of nanoparticles, one strategy is to 
modify the surface of nanoparticles with a hydrophilic 
polymer, the most commonly used being polyethylene 
glycol (PEG). PEG-modified nanoparticles can effec
tively reduce phagocytosis through the mononuclear 
phagocyte system (MPS) to achieve long circulation 
throughout the body.21–23 However, PEG-modified 

nanoparticles can also stimulate the immune system 
after multiple administrations, causing subsequent 
administration of nanoparticles to be recognized and 
swallowed by the immune system; therefore, immune 
escape cannot be achieved.24 In recent years, studies 
have focused on the new field of biological camouflage 
nanocarriers, and one of the effective methods is using 
cell membrane-coated nanoparticles to achieve biologi
cal camouflage.25–27 The proteins and glycosyl groups 
on the surface of the membrane endow the nanoparti
cles with prolonged systematic residence, reduced the 
uptake by the reticuloendothelial system (RES), and 
moderate immune recognition, thereby reducing 
immune elimination and improving nanoparticle or 
drug accumulation at tumor sites.28–30 Ligands target
ing tumor site-modified cell membranes are likely to 
further improve the targeting efficiency. Herein, we 
modified the targeting peptide iRGD on the surface of 
the red blood cell membrane to achieve efficient target
ing of tumor cells.

On the other hand, the biocamouflage drug-loading 
system not only enables the carrier to have better biocom
patibility, but also has a higher drug-carrying capacity. The 
cell membrane coating strategy has been widely used in 
nanostructures, such as silica nanoparticles, PLGA nano
particles, nanogels and gold nanoparticles.31–34 Here, we 
chose mesoporous silica nanoparticles (MSNs), which are 
inert porous nanomaterials, that are nontoxic to the body 
with large pore capacity, that can adsorb drug molecules in 
the pores to achieve high drug loading.35,36

In this study, we prepared a tumor-targeting ligand 
iRGD-modified RBC membrane for antitumor drug 
delivery. Specifically, we chose doxorubicin (DOX), 
which is a classic clinical chemotherapy drug, and 
loaded it into mesoporous silica nanoparticles (MSNs) 
to achieve high drug loading. Finally, the iRGD- 
modified RBC membrane was coated on the surface of 
MSNs to form iRGD-RM-(DOX/MSN). In vitro studies 
confirmed the favorable stability and blood compatibil
ity, and the low cytotoxicity of iRGD-RM-MSNs. In 
vivo safety evaluations showed a low immune response 
and low systemic toxicity of iRGD-RM-(DOX/MSNs) 
and RM-(DOX/MSNs) compared with DOX/MSN. In 
the anti-subcutaneous orthotopic breast cancer transplan
tation tumor model, iRGD-RM-(DOX/MSNs) showed 
significant tumor-targeting capability and enhanced anti
tumor efficacy.
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Materials and Methods
RAW 264.7 and MDA-MB-231 Cells 
Culture Methods
RAW 264.7 and MDA-MB-231 cells were obtained from 
the Cell Culture Center of the Shanghai Institutes for 
Biological Sciences of the Chinese Academy of Sciences 
(Shanghai, China) and cultured in Dulbecco’s modified 
Eagle medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS). Cells were cultured in a cell culture 
incubator at 37 °C with 5% carbon dioxide.

Preparation and Characterization of 
iRGD-RM-(DOX/MSNs)
Extraction of Red Blood Cell (RBC) Membrane
The RBC membranes were prepared according to a previous 
study.37,38 First, whole blood was collected from healthy 
male Sprague–Dawley rats into anticoagulant tubes. Then, 
fresh whole blood was centrifuged at 4000 rpm for 5 min at 
4 °C to remove the plasma and buffy coat and washed three 
times with cold PBS to obtain RBCs. The as-washed RBCs 
were resuspended in 0.25 × PBS (volume ratio of RBCs to 
PBS was 1:15), kept in an ice bath for 30 min and centri
fuged at 800 x g for 5 min at 4 °C. Then, the pellet was 
collected and washed with 0.25 × PBS until the supernatant 
was colorless. Finally, the RBC membranes (light pink pel
let) were collected and stored at 4 °C.

Synthesis and Characterization of DSPE-PEG2k-iRGD
DSPE-PEG2k-iRGD was synthesized according to 
a previous report.39 Briefly, 20.4 mg iRGD and 50 mg 
DSPE-PEG2k-NHS (1.2:1 mol ratio) were dissolved in 
10 mL of DMSO, after which 10 μL of triethylamine 
was added, and the mixture was stirred at 37 °C for 12 
h. Then, the reaction mixture was dialyzed in deionized 
water with a dialysis membrane (MWCO=3400 Da) to 
remove solvents and excess iRGD and then lyophilized. 
The chemical structure and molecular weight of DSPE- 
PEG2k-iRGD were characterized by 1H-NMR and 
MALDI-TOF, respectively.

Preparation and Characterization of the 
iRGD-Modified RBC Membrane (iRGD-RM)
For the iRGD-modified RBC membrane (iRGD-RM) pre
paration, the RBC membrane (derived from 200 μL of 
whole blood) was suspended in 820 μL of PBS, and 180 
μL of DSPE-PEG2k-iRGD (100 μg/mL) was added. Then, 
the mixture was stirred at 37 °C for one hour. After that, 
free DSPE-PEG2k-iRGD was washed away by 

centrifugation at 800 x g for 5 minutes, and the pellets 
were washed three times with PBS. The obtained iRGD- 
RMs were resuspended in 0.5 mL of 0.25×PBS for further 
use. Then, the obtained RM or iRGD-RM was sonicated 
for 5 min and extruded through 400 nm and 200 nm 
polycarbonate porous membranes with a liposome extru
der. The hydrodynamic diameters and zeta potentials of 
the newly membranes were characterized by a Malvern 
Instrument (ZS90, Malvern, UK).

Synthesis and Characterization of Mesoporous Silica 
Nanoparticles (MSNs)
MSNs were synthesized from TEOS in the presence of 
CTAB according to a previous study, with some modifi
cations. CTAB (0.1 g), 0.35 mL of NaOH (2 M) and 
50 mL of deionized water were added into a 250 mL 
round-bottom flask and ultrasonically blended. The mix
ture was preheated to 80 °C for 15 min. Then, 0.55 mL 
of TEOS was added, followed by the addition of 0.5mL 
of ethyl acetate when the solution began to turn white. 
The solution was magnetically stirred for an additional 2 
hours at 80 °C. The obtained nanoparticles were first 
centrifuged at 5000 rpm for 5 min to remove large 
aggregates, and the supernatant was collected. 
Subsequently, the mixture was centrifuged and alterna
tively washed with water and ethanol several times. 
Thereafter, the nanoparticles were refluxed in an etha
nol/hydrochloric acid solution (v/v=9:1) for 12 hours at 
80 °C. Then, the nanoparticles were repeatedly washed at 
least three times with water and ethanol. Finally, the 
obtained white precipitates were resuspended in water, 
the pH value was adjusted to 7.0, and the precipitates 
were lyophilized. The product was characterized by N2 
adsorption-desorption isotherm experiments.

Fabrication and Characterization of iRGD-RM- 
(DOX/MSNs)
Thirty-six milligrams of MSNs were mixed with 4 mg of 
DOX in 4 mL of deionized water, followed by stirring for 
24 h in the dark at room temperature. The mixture was 
washed three times in deionized water until a clear super
natant was obtained. For membrane-coated nanoparticle 
preparation, DOX/MSNs (containing 1 mg of MSNs) 
were mixed with 400 nm iRGD-RM (obtained from 100 
μL of blood) and extruded through 400 nm polycarbonate 
porous membranes several times. Subsequently, the nano
particles were centrifuged at 10,000 rpm for 5 min and 
washed with 0.25 x PBS buffer three times. Then, the 
obtained iRGD-RM-(DOX/MSN) nanoparticles were 
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lyophilized. RM-(DOX/MSN) nanoparticles were pre
pared using the same method except that unmodified RM 
was added.

The physicochemical properties of the iRGD-RM 
-(DOX/MSN) nanoparticles were characterized with the 
size, zeta potential, morphology, stability test, adsorption 
with protein, drug loading and encapsulation efficiency. 
The size and zeta potential of the nanoparticles were 
measured by a Malvern Instrument (Nano-ZS 90, 
Malvern, UK). Transmission electron microscopy (TEM) 
was used to visualize the morphology of the nanoparticles 
under a TECNAI-10 microscope (Philips, Netherlands). 
Membrane-coated nanoparticles were stained with uranyl 
acetate before visualization. The drug loading and encap
sulation efficiency of DOX were determined by an indirect 
method. Briefly, the supernatant was collected, and the 
unloaded DOX was detected by HPLC (Agilent 1200, 
USA) through a reversed-phase C-18 column 
(Phenomenex Luna (2), 250×4.6 mm, 5 μm). For HPLC 
analysis, the mobile phase consisted of methanol and 
0.15% H3PO4 water (52/48, v/v), the flow rate was 
1 mL/min, the detection wavelength was 233 nm, the 
column temperature was 40 °C, the injection volume was 
10 μL, and samples were filtered in a 0.45 mm pore filter 
(Millipore, USA) before injection.

In vitro Drug Release of iRGD-RM- 
(DOX/MSNs)
To evaluate the in vitro drug release behavior of drug- 
loaded nanoparticles, 18 mg of DOX-loaded nanoparticles 
were suspended in 72 mL of pH 5.0 or 7.4 PBS. 
Subsequently, 2 mL of the suspension was drawn into 
a series of EP tubes, and maintained at 37 °C with 
a shaking speed of 100 rpm (Thermo, MaxQ 4000). The 
samples were moved at predetermined time intervals and 
centrifuged at 13,000 rpm for 5 min. The supernatant was 
collected, and the DOX concentration was determined by 
a fluorescence method (Ex/Em =469/593 nm, Ex/Em shift 
=5 nm, PMT voltage =500 V). The released amount of 
DOX was calculated as follows: Drug release = 
(Wi/Wwhole) × 100%, where Wi is the amount of accumu
latively released DOX and Wwhole is the whole amount 
of DOX.

Hemolysis Assay of iRGD-RM-MSNs
The hemolysis assay was performed according to 
a previous study. RBCs were obtained according to 

“Extraction of Red Blood Cell (RBC) Membrane”. The 
cells were diluted to 1/10 of their volume with PBS, and 
then 0.3 mL of the RBCs solution was added into a 1.5 mL 
centrifuge tube, followed by centrifuging at 2000 x g for 5 
min to remove the residual PBS. Next, different concen
trations of MSN, RM-MSN, iRGD-RM-MSN in 1.0 mL of 
PBS (7.82–1000 g/mL) were added to the RBCs and 
gently mixed on a horizontal shaker (MaxQ4000, 
Thermo Scientific, USA) at a speed of 100 rpm at 37 °C. 
The groups treated with 1 × PBS or deionized water were 
used as negative and positive controls, respectively. Two 
hours later, the samples were centrifuged at 2000 x g for 5 
min, and the absorbance of the supernatants at 541 nm was 
measured by a microplate reader (M ΜLTISCAN GO, 
Thermo, USA). Hemolysis percentages of the formulations 
were calculated with the following equation: Hemolysis % 
= (Asample-A(-)control)/(A(+)control- A(-)control). A is the absor
bance value.

In vivo Immunogenicity and Acute 
Toxicity of DOX-Loaded Nanoparticles
Healthy female mice were randomly divided into four 
groups (n = 4): (1) PBS; (2) DOX/MSN; (3) RM-(DOX/ 
MSN); and (4) iRGD-RM-(DOX/MSN). The mice were 
administrated different formulations via tail vein at an 
equivalent DOX dosage of 30 mg/kg (threefold higher 
than the therapeutic dosage). Blood samples were col
lected from the orbital venous plexus at 12 and 24 hours 
postinjection. For immunogenicity analysis, blood samples 
were collected and centrifuged at 8000 rpm to collect 
serum. Subsequently, cytokines (IL-1β, IL-6 and TNF-α) 
were detected using ELISA kits according to the manu
facturer’s instructions. For blood analysis, blood samples 
were collected into heparin, and red blood cells (RBCs), 
white blood cells (WBCs), blood platelets (PLTs), the 
mean platelet volume (MPV), the mean corpuscular 
volume (MCV) and hemoglobin (HGB) were analyzed.

In vitro Cellular Uptake of DOX-Loaded 
Nanoparticles
The cellular uptake of different DOX-loaded nanoparticles 
was examined by confocal laser microscopy and flow 
cytometry. Before confocal laser microscopy imaging or 
flow cytometry analysis, RAW-264.7 and MDA-MB-231 
cells were grown on glass coverslips in 24-well plates (or 
cultured in 6-well culture plates for flow cytometry analy
sis) overnight. Then the cells were incubated with free 
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DOX, DOX/MSNs, RM-(DOX/MSNs) or iRGD-RM 
-(DOX/MSNs) at an equivalent DOX concentration of 10 
μg/mL for 0.5 hours or 1 hour. For confocal laser micro
scopy imaging, the cells were fixed with immunostaining 
fixative for 15 min, permeabilized with 0.1% Triton X-100 
for 5 min, incubated with phalloidin-F488 for 30 min and 
then counterstained with DAPI for 5 min at 25 °C. Images 
were taken with an LSM780NLO confocal laser scanning 
microscope (Zeiss, Germany). For flow cytometry analy
sis, the cells were collected after the administration of each 
treatment, centrifuged at 1500 rpm for 5 min, and washed 
three times with PBS (pH 7.4). After that, cells were 
suspended in 300 μL of PBS and analyzed by flow cyto
metry (Accuri C6, BD, American). For the blocking test, 
cells were preincubated with free iRGD for 30 min, after 
which the iRGD was removed, and the cells were incu
bated with iRGD-RM-(DOX/MSNs).

In vitro Cytotoxicity of DOX-Loaded 
Nanoparticles
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) Assay
The cytotoxicity of different DOX-loaded nanoparticles 
treated on MDA-MB-231 cells was measured using the 
MTT assay. Briefly, MDA-MB-231 cells were seeded in 
96-well plates at a density of 4000 cells per well, and 
incubated overnight. Then, the medium was replaced 
with fresh medium containing empty nanoparticles 
(MSNs, RM-MSNs and iRGD-RM-MSNs) or a series of 
concentrations of free DOX, DOX-loaded MSNs (DOX/ 
MSNs), RBC membrane-coated DOX/MSNs (RM-DOX 
/MSNs), and iRGD-modified RM-DOX/MSNs (iRGD- 
RM-(DOX/MSNs)). After 48 hours of incubation, the 
cells were washed with PBS, and 100 μL of fresh medium 
was added to each well. Subsequently, 20 μL of 5 mg/mL 
MTT solution was added to each well and incubated for 
another 4 h. Then, removed the medium containing MTT 
removed, 150 μL of DMSO was added to each well, and 
the absorbance at 490 nm was measured using 
a microplate reader (M ΜLTISCAN GO, Thermo, USA).

Apoptosis Assay by Flow Cytometry
Apoptosis assays were performed to using an apoptosis 
staining kit as described below. Briefly, MDA-MB-231 
cells were seeded in six-well plates at a density of 1×105 

cells/well. The cells were assigned to six groups: (i) con
trol group; (ii) DOX group; (iii) DOX-loaded MSN nano
particles (DOX/MSN); (iv) RM-(DOX/MSN); (v) iRGD- 

RM-(DOX/MSN); and (vi) DSPE-PEG-iRGD + iRGD- 
RM-(DOX/MSN) ((DSPE-PEG-iRGD has tenfold higher 
iRGD than iRGD-RM-(DOX/MSN) and was added 30 
min prior to iRGD-RM-(DOX/MSN)). Each group con
tained 500 ng/mL of DOX. After forty-eight hours of 
treatment, cells were trypsinized, collected, and then 
washed twice with PBS. Cells were resuspended in 100 
μL of binding buffer with 2.5 μL of Annexin V-FITC and 
2.5 μL of 7-AAD (APC Annexin V Apoptosis Detection 
Kit with 7-AAD, BioLegend). After incubation for 15 
min in the dark at 25 °C, an additional 200 μL of binding 
buffer was added to each tube. Finally, the cells in each 
tube were analyzed by flow cytometry (FACSAria 
III, BD).

The Animal Studies
All procedures involving animals were carried out in 
accordance with the National Institutes of Health 
Guidelines for the Care and Use of Laboratory Animals. 
At the same time, it had been approved by the Animal 
Ethical and Experimental Committee of Army Military 
Medical University. Female nude mice (15± 2 g), female 
C57BL/6 mice (20 ± 2 g) and female Sprague–Dawley rats 
(180 ± 20 g) were supplied by the Laboratory Animal 
Center of the Army Military Medical University. 
Animals were housed in cages with six mice in each 
cage and given free access to food and water.

In vivo Antitumor Activity of 
DOX-Loaded Nanoparticles
The therapeutic effects of the drug-loaded nanoparticles on 
breast cancer models in nude mice were determined. An 
orthotopic breast cancer model was constructed by ortho
topic injection of 1×106 MDA-MB-231 cells under the left 
breast fat pad of nude mice. Tumor-bearing mice were 
randomly assigned to five groups (six mice per group): 
(i) saline; (ii) DOX; (iii) DOX/MSN; (iv) RM-(DOX/ 
MSN); and (v) iRGD- RM-(DOX/MSN). When the 
tumor volume reached 50 mm3, the treatments were admi
nistered via tail vein every three days, and the equivalent 
dose of DOX per formulation was 10 mg/kg. Mice were 
measured for tumor volume with a Vernier caliper. The 
formula for calculating the tumor volume is as follows: 
V=0.5 × length × wide.2 Ten days after the first treatment, 
mice were sacrificed, and the tumors were weighted. The 
tumor growth inhibition rate was calculated, and the heart, 

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S321071                                                                                                                                                                                                                       

DovePress                                                                                                                       
7501

Dovepress                                                                                                                                                           Huang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


liver, spleen, lung, and kidney were collected for toxicity 
evaluation.

In vivo Biosafety Evaluation of 
DOX-Loaded Nanoparticles
The tissues (heart, liver, spleen, lung and kidney) were 
fixed in 4% paraformaldehyde, dehydrated and then 
embedded in paraffin. The tissue-embedded paraffin 
blocks were then cut into 4-μm slices and set onto poly
lysine-charged glass slides. The sections were deparaffi
nized, rehydrated through a graded alcohol series and then 
subjected to H&E staining.

Statistical Analysis
Data are shown as means ± standard deviation (SD). 
Statistical analysis was determined using one-way analysis 
of variance. A P value less than 0.05 was considered 
statistically significant (*p< 0.05, **p<0.01, and 
***p<0.001).

Results
Preparation and Characterization of 
iRGD-RM-(DOX/MSN) Nanoparticles
To synthesize iRGD-RM-(DOX/MSNs) that possess tumor 
targeting and immune escape capabilities, MSNs loaded 
with doxorubicin were prepared. Second, the iRGD pep
tide-modified RBC membrane were prepared. Considering 
the iRGD peptide could be better to modified insert the 
cell membrane, DSPE-PEG would be linked to iRGD. 
Then, the iRGD peptide-modified RBC membranes were 
coated on DOX/MSNs to endow the nanoparticles with 
tumor-targeting and immune escape abilities. The fabrica
tion of TNBC-targeted biological camouflage iRGD-RM 
-(DOX/MSNs) is schematically illustrated in Figure 1.

Preparation and Characterization of MSNs
The biological camouflage drug delivery system not only 
requires the carrier to have good biocompatibility, but also 
needs to have high drug loading capacity. MSNs are inert, 
porous nanomaterials that are nontoxic and have large pore 
capacity.40,41 According to the method of a previous 
report, nanoparticles with pores were synthesized to deli
ver high doses of doxorubicin.42 First, MSNs were pre
pared and characterized. The diameter of the MSNs was 
~138.3 ± 2.8 nm with a narrow PDI range (0.075±0.010), 
which suggested that the MSNs had a good mono- 
polymerization dispersion (Figure 2A). The transmission 

electron micrograph showed that MSNs had a well-formed 
spherical shape (Figure 2E and F). The zeta potential of 
MSNs was −25.2±1.4 mV, and such a negative surface 
charge was necessary for RBC membrane coating 
(Figure 2B). N2 adsorption-desorption isotherm experi
ments showed that the adsorbed volume and pore diameter 
of MSNs reached 700 cm3/g and 3.9 nm, respectively 
(Figure 2C and D). These results suggest that the prepared 
MSNs had the potential for loading a high concentration of 
drug.

Preparation and Characterization of iRGD-Modified 
RBC-Coated MSNs
As illustrated in Figure 1B, to prepare the iRGD-modified 
RBC membrane (iRGD-RM), the RBC membrane was 
derived from RBCs and further incorporated the targeting 
peptide- iRGD on the surface of the membranes; this 
peptide binds to integrin 3 (αvβ3) or integrin 5 (αvβ5) on 
tumor cells and tumor neovascularization.

First, DPSE-PEG2k-iRGD was chemically synthesized 
and characterized before the preparation of iRGD-modified 
RM-derived vehicles (Figure S1). DPSE-PEG2k-iRGD was 
prepared by combining DPSE-PEG2k-NHS and iRGD. The 
1H-NMR assay showed that there were characteristic peaks 
of DSPE, PEG, and iRGD in the DPSE-PEG2k-iRGD 
spectrum (Figure S2), and the MALDI-TOP mass spectra 
displayed the molecular mass of DSPE-PEG2K-iRGD m/z 
at 3748.6 (Figure S3), suggesting that iRGD was success
fully linked with DPSE-PEG2k-NHS. Then, iRGD- 
modified RM (iRGD-RM) was successfully prepared by 
co-incubation with DPSE-PEG2k-iRGD and RM. To quan
titatively evaluate the amount of DPSE-PEG-iRGD 
inserted into the RM, FITC was conjugated to DPSE- 
PEG2k-NHS. The insertion efficiency of 15 µg DPSE- 
PEG-FITC into the RM from 200 μL of whole blood was 
approximately 55% (Figure S4). As shown in Figure 3A, 
the average diameter of the iRGD-RM particles was ~3800 
± 350 nm. After sonication for 5 min, the iRGD-RM 
diameters decreased to ~1500 ± 200 nm (Figure 3A), con
tinuous extrusion with 400 nm and 200 nm filters resulted 
in iRGD-RM particles with average diameters of ~400 ± 
20 nm and ~200 ± 10 nm (Figure 3A), respectively. The 
surface zeta potentials of RM and iRGD-RM were negative 
regardless of sonication or extrusion (Figure 3B). To inves
tigate the coating ratio of nanoparticles with RBC mem
branes, the RBC membranes were added to solutions of 
varying MSN weights, with increasing RM volume ratios 
(MSN:RM) of 1:50, 1:100, 1:150, 1:200, 1:250 and 1:300; 
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Figure 1 Schematic illustration of the fabrication process of iRGD-modified RBC membrane-coated mesoporous silica nanoparticles. (A) Synthesis of mesoporous silica 
nanoparticles (MSNs) and preparation of doxorubicin-loaded nanoparticles (DOX/MSNs); (B) Preparation of iRGD-inserted RBC membrane vesicles; (C) The fusion of DOX/ 
MSNs and iRGD-RBC vesicles to prepare iRGD-RM-(DOX/MSNs).
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and the mixtures were subjected to continuous extrusion to 
obtain RBC membrane-coated MSNs (RM-MSNs). As 
shown in Figure 3C and D, the size of RM-MSNs (MSN: 
RM=1:200) was ~195 ± 10 nm and the zeta potential of 
RM-MSNs (MSN:RM=1:200) was ~-25 ± 2 mV. TEM 
images of RM-MSNs (Figure 3E) and iRGD-RM-MSNs 
(Figure 3F) negatively stained with 5% phosphotungstic 
acid showed a characteristic core-shell structure. The aver
age thickness of the outer shell RBC membrane approxi
mately 10 nm, which is consistent with the reported 

thickness of the RBC membrane (approximately 5~10 
nm). By utilizing SDS-PAGE, we tested the composition 
of proteins on the surface of the nanoparticles. As shown in 
Figure S5, RM-(DOX/MSN), iRGD-RM and iRGD-RM 
-(DOX/MSN) exhibited protein bands similar to those 
found in RM, indicating the effective translocation of red 
blood cell membranes on the surface of iRGD-RM-(DOX/ 
MSN) nanoparticles. These results demonstrated the suc
cessful coating of MSN with RBC membranes or iRGD- 
modified RBC membranes.

Figure 2 Characterization of mesoporous silica nanoparticles. (A) Size distribution and (B) zeta potential of MSNs; (C) N2 adsorption/desorption isotherm curves and (D) 
pore diameter; TEM image of MSNs, (E) and (F) at magnifications of 80k × and 120k ×, respectively. Bar = 200 nm.
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Figure 3 Preparation and characterization of RBC membrane coated mesoporous silica nanoparticles. (A) Z-average diameter and (B) zeta potential of RBC membrane 
vesicles or iRGD-modified RBC membrane vesicles (n=3); (C) Z-average diameter and (D) zeta potential of membrane-coated nanoparticles fabricated with varying rations 
of MSN weight to blood volume (n=3); TEM image of (E) RBC membrane and (F) iRGD-inserted RBC membrane-coated nanoparticles at a magnification of 80k ×, Bar = 
200 nm.
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Characterization and Drug Release of RBC 
Membrane-Coated DOX-Loaded MSNs
The diameter of drug-loaded MSNs was not affected after 
DOX loading, but it increased by 25–40 nm after RBC 
membrane coating (Figure 4A). DOX loading also did not 
affect by the zeta potential of the MSNs (Figure 4B). The 
textural properties of DOX/MSNs, RM-(DOX/MSNs) and 
iRGD-RM-(DOX/MSNs) were verified by nitrogen 
adsorption-desorption isotherms and pore size distribution 
curves. After drug loading and encapsulation of the MSNs, 
the pores of the MSNs disappeared (Figure S6), which 
proved that DOX was successfully encapsulated in 
MSNs and that the RBC membrane and iRGD-modified 
RBC membrane were successfully coated on the surface of 
MSNs. The particle states showed good nanometer char
acteristics and good dispersion with regard to drug loading 
and coating the RM (Figure 4C). The drug loading 

efficiency of DOX was 8.37%, and the drug encapsulation 
efficiency was 99.55%.

The drug release profiles of DOX-loaded nanoparti
cles showed a biphasic release pattern, which involved an 
initial burst release followed by sustained release 
(Figure 4D). The release profiles were distinctive 
among the different formulations. Compared with the 
DOX/MSN group, the RM-coated groups (RM-(DOX/ 
MSN) and iRGD-RM-(DOX/MSN)) showed a relatively 
slow drug release pattern. In addition, DOX release from 
all the formulations was significantly faster at pH 5.0 
than at pH 7.4. Thus, the drug release could slower 
while in the circulation and faster once the particles 
reach the tumor site. These findings indicated that iRGD- 
RM-(DOX/MSNs) were released faster and more quickly 
in the pH 5.0 environment, which is a benefit for cancer 
therapy.

Figure 4 Preparation and characterization of RBC membrane-coated DOX-loaded mesoporous silica nanoparticles. (A) Size distribution and (B) zeta potential of the 
different nano-formulations; (C) color of different formulations distributed in water (a. MSNs; b. DOX/MSNs; c. RM-(DOX/MSNs); d. iRGD-RM-(DOX/MSNs)); (D) In vitro 
DOX release profile of different drug-loaded nanoparticles in PBS (pH 5.0 or 7.4) at 37 °C (n = 3).
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iRGD-RM-MSNs Have Excellent Blood 
Compatibility
Evaluating the hemocompatibility of nanoparticles is the key 
to the design of nanoparticles for in vivo drug applications. 
Erythrocyte composure can be used to evaluate hemocom
patibility. Erythrocytes are used as an ideal reference stan
dard for osmotic pressure changes. When the blood is 
disturbed by osmotic pressure or physical changes, the ery
throcytes are destroyed. The destruction of erythrocytes leads 
to a series of reactions induced by the release of hemoglobin, 
which is an indicator of blood poisoning. Therefore, the 
swelling and rupture of erythrocytes is a good parameter to 

evaluate the toxicity of foreign substances to blood cells. 
Blood compatibility is necessary for drug delivery through
out the body when they are administrated intravenously.43 In 
this study, each group of nanoparticles was incubated in 
diluted mouse blood for 3 h at 37 °C (Figure 5C). As 
shown in Figure 5A and B, more than 80% hemolysis was 
induced in the MSN group when concentration of MSNs was 
250 μg/mL. When the concentration of MSNs reached 250 
μg/mL in the RM-MSN and iRGD-RM-MSN group, the 
hemolysis rates were negative, which suggests significant 
improvement in the hemolysis performance compared to 
that of independent MSN nanoparticles. Additionally, the 

Figure 5 Hemolysis assay of MSNs, RM-MSNs and iRGD-RM-MSNs (A) Color of hemolysis at concentrations ranging from 7.8 to 1000 μg/mL. Samples were treated with 
water or 1x PBS as a positive and negative control, respectively. (B) Quantitative characterization of hemolysis (n=3); (C) Schematic illustration of the hemolysis assay.
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adsorption of plasma protein by RM-MSNs and iRGD-RM- 
MSNs was greatly reduced compared with that of MSNs 
(Figure S7). The RM-coated nanoparticles (RM-MSNs and 
iRGD-RM-MSNs) have excellent blood compatibility and 
satisfy the conditions for safe intravenous injection.

iRGD-RM-(DOX/MSNs) Have No Effects 
on Inflammatory Cytokine Secretion and 
Acute Toxicity
To further evaluate the acute toxicity and immunogenicity of 
nanoparticles, mice were systemically administrated a high 
dose of the nano-formulations (30 mg/kg DOX, three times 
higher than the common dose). The results of the blood 
analysis showed that the formulations had almost no influ
ence on MPV, MCV, HGB or the number of RBCs 

(Figure 6A, D–F). Compared with the control group, the 
DOX/MSN showed significant decreases in the number of 
WBCs and PLTs at 12 or 24 hours after administration, 
whereas this decline was negligible in the RM-(DOX/ 
MSN) and iRGD-RM-(DOX/MSN) treated groups (P > 
0.05) (Figure 6B and C). These results reveal that injection 
of RM-(DOX/MSNs) or iRGD-RM-(DOX/MSNs) induces 
a lower inflammatory response than do DOX/MSNs.

Additional information was obtained by measuring the 
serum level of cytokines using ELISA kits. As shown in 
Figure 6G–I, injection of DOX/MSNs stimulated higher 
levels of inflammation-related cytokines after 12 h and 24 
h, including interleukin-1β (IL-1β), interleukin-6 (IL-6), and 
tumor necrosis factor-α (TNF-α), than those after injection 
of RM-(DOX/MSNs) or iRGD-RM-(DOX/MSNs). 
However, there was no significant difference in the levels 

Figure 6 In vivo and acute toxicity and immunogenicity. Mice were intravenously administered a high dosage of different formulations (30 mg/kg DOX), and blood samples 
were collected at 12 and 24 hours after administration. (A) RBC, (B) WBC, (C) PLT, (D) MPV, (E) MCV, (F) HGB levels and (G–I) serum levels of the main proinflammatory 
cytokines (IL-1β, IL-6, and TNF-α). Bars are represented as SD, n.s p > 0.05, *p < 0.05, **p < 0.01 (n=3).
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of inflammatory cytokines in the RBC membrane-coated 
groups compared with the control group. Such results sug
gest that coating nanoparticles with RBC membranes is 
a potential approach to improve the blood compatibility of 
MSNs and reduce the inflammatory response.

Low Cellular Uptake of iRGD-RM-(DOX/ 
MSNs) on RAW264.7 Cells
To further investigate the escape of RBC membrane-coated 
DOX/MSNs from phagocytosis by immune cells, the cellular 
uptake of different formulations in RAW264.7 mouse mono
nuclear macrophage cells was examined by fluorescence 

microscopy and flow cytometry. As shown in Figure 7A, 
only weak red fluorescence of DOX could be observed for 
the DOX-free group. However, the fluorescence intensity of 
the DOX/MSN group was the strongest, which might be 
because the nanoparticles are more easily taken up by cells 
than free drugs and the MSNs contain a large amount of 
DOX. Compared with the DOX/MSN group, the RBC- 
coated nanoparticle groups (RM-(DOX/MSN) and iRGD- 
RM-(DOX/MSN)) had significantly reduced uptake beha
vior, indicating that the RBC-coated formulations achieve 
the function of escaping phagocytosis by immune cells. 
The FCM results were consistent with those of fluorescence 

Figure 7 In vitro cellular uptake of DOX-loaded nanoparticles by RAW264.7 cells at 30 min and 1 hour after treatment. (A) Images were observed by CLSM. The nucleus 
and F-actin were stained with DAPI (blue) and phalloidin (green), respectively. DOX exhibits red fluorescence. (B) Flow cytometry histograms of cells treated with different 
formulations. (C) Quantification of the mean fluorescence intensity of the histograms in (B). **p < 0.01, the two groups were compared by independent Sample t-test (n 
= 3).
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microscopy, which showed that the RBC coated nanoparti
cles had reduced uptake by macrophages (Figure 7B and C), 
thus achieving immune cell escape.

iRGD-RM-(DOX/MSNs) Effectively 
Exhibit Tumor-Targeting Capability and 
Cytotoxicity in Breast Cancer
It has been reported that iRGD is a tumor-penetrating 
peptide that shows tissue-specific penetration ability, 
which improves the targeting ability toward cancer 
cells.44,45 It specifically binds to αvβ3 or αvβ5 integrin 
on tumor vascular endothelial cells.13 To evaluate the 
targeting uptake ability of iRGD-RM-(DOX/MSNs), we 
used fluorescence microscopy and FCM. As shown in 
Figure 8A, the red fluorescence intensity of DOX in 

MDA-MB-231 cells was higher in the iRGD-RM-(DOX/ 
MSN) group, indicating that the iRGD peptide possesses 
a high affinity for cancer cells. To further validate the 
effect of the targeting peptide on the endocytosis of the 
nanoparticles, competitive treatments with a high dose of 
iRGD were performed. The fluorescence intensity was 
significantly reduced in the iRGD-RM-(DOX/MSN) + 
iRGD group, in which MDA-MB-231 cells were treated 
with excessive iRGD in advance for half an hour before 
treatment with nanoparticles (Figure 8A). Meanwhile, the 
cellular uptake ability of NPs in MDA-MB-231 cells was 
quantitatively analyzed by FCM. The FCM results were 
consistent with those of fluorescence microscopy 
(Figure 8B and C). Although the DOX/MSN group had 
a high mean fluorescence intensity in MDA-MB-231 cell, 

Figure 8 In vitro cellular uptake of DOX-loaded nanoparticles by MDA-MB-231 cells at 30 min and 1 hour after treatment. (A) Images were observed by CLSM. The 
nucleus and F-actin were stained with DAPI (blue) and phalloidin (green), respectively. DOX exhibits red fluorescence. (B) Flow cytometry histograms of cells treated with 
different formulations. (C) Quantification of the mean fluorescence intensity of the histograms in (B). **p < 0.01, the two groups were compared by independent Sample 
t-test (n = 3).
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it could not avoid immune escape as indicated by the high 
uptake in immune cells (Figure 7A–C). However, the 
iRGD-RM-(DOX/MSN) group not only showed enhanced 
uptake into cancer cells but also avoided uptake into 
immune cells to achieve efficient targeting.

To further visualize the tumor-targeted iRGD-RM- 
MSNs, DiD was loaded inside MSNs, and the fluorescence 
of DiD was monitored using an in vivo imaging system. In 
brief, DiD-labeled MSNs and iRGD-RM-MSNs were 
intravenously injected into mice with in situ breast cancer. 
DiD signals were detected at different time points in live 
mice and excised tumors. As shown in Figure S8A, the 
fluorescence signal of DiD/MSNs was observed at 2–4 h, 
and the fluorescence signal of iRGD-RM-(DiD/MSNs) 
was observed at 8–24 h. Compared with the DiD/MSN 
group, the iRGD-RM-(DiD/MSN) group displayed 
a stronger fluorescence intensity in the tumor (Figure 
S8B), indicating an excellent targeting ability of iRGD- 
modified RM-coated nanoparticles.

Then, the apoptosis-inducing effect of different formu
lations on MDA-MB-231 cells was also investigated. First, 
the toxicity of the different formulations on MDA-MB 
-231 cells was detected by MTT (Figure 9A). Cell viabil
ities were found to be greater than 85% when the concen
tration of MSNs was less than 100 µg/mL, which 
demonstrated the low toxicity of the nanoparticles. 
However, the DOX-loaded nanoparticles exhibited clear 
toxicity toward MDA-MB-231 cells in a dose-dependent 
manner and were more potent than free DOX (Figure 9B). 
In addition, compared with other groups, the iRGD-RM 
-(DOX/MSN) group showed enhanced antitumor effects. 
When excess iRGD was added to MDA-MB-231 cells for 
half an hour prior to nanoparticle treatment, the cell via
bility was increased (Figure 9B). The results indicated that 
the enhanced cytotoxicity may be due to the targeting 
ability of the coated nanoparticles to MDA-MB-231 cells 
owing to their increased intracellular concentrations 
of DOX.

Furthermore, an Annexin V-APC/7-AAD apoptosis 
detection kit and flow cytometry were used to further 
confirm MDA-MB-231 cell apoptosis after various treat
ments (Figure 9C and D). As expected, the percentage of 
apoptotic cells was the highest in the iRGD-RM-(DOX/ 
MSN) group and was significantly reduced in the group 
treated with excess iRGD in advance. Free DOX, DOX/ 
MSN, RM-(DOX/MSN), iRGD-RM-(DOX/MSN) and 
iRGD-RM-(DOX/MSN) + iRGD induced apoptosis rates 
of 12.7%, 27.7%, 16.8%, 71.1%, and 23.3%, respectively 

(Figure 9D). In summary, the apoptotic and necrotic rates 
of MDA-MB-231 cells treated with iRGD-RM-(DOX/ 
MSNs) were much higher than those of the other nano
particle formulations (P <0.05). These results indicated 
that iRGD-RM-(DOX/MSNs) possessed excellent target
ing and therapeutic effects on MDA-MB-231 cells in vitro.

iRGD-RM-(DOX/MSNs) Effectively 
Inhibit Tumor Growth Without 
Additional Toxic Effects
The in vivo antitumor activity evaluation of the DOX- 
loaded nanoparticles was implemented on the in-situ 
tumor model mice. Model mice were injected with various 
nanoparticles formulations or free DOX via tail vein on 
the 9th and 12th days postimplantation. The in vivo anti
tumor activity results are shown in Figure 10. Tumor 
growth was significantly inhibited after intravenous 
administration of different DOX formulations 
(Figure 10A). To quantitatively evaluate the antitumor 
effect, tumors were excised and weighed at the end of 
the treatment (Figure 10B). All the nanoparticle formula
tions exhibited more effective antitumor activity than the 
DOX-free group (Figure 10C and D). The tumor growth 
inhibition rate of the iRGD-RM-(DOX/MSN) group 
reached to 86.29±5. 12% (Figure 10D), which showed 
the highest inhibitory effect among the experimental 
groups (Figure 10C and D). In particular, the iRGD-RM 
-(DOX/MSN) group exhibited more enhanced antitumor 
efficacy than the RM-(DOX/MSN) group (P < 0.01), 
which is likely attributed to the targeting function of 
iRGD. However, there was no significant difference 
between the DOX/MSN group and the RM-(DOX/MSN) 
group (P > 0.05). Therefore, the iRGD-modified erythro
cyte membrane biomimetic nano-administration strategy 
can effectively inhibit tumor growth and has good tumor- 
targeting and antitumor activity.

The safety profiles of the DOX formulations were 
evaluated by measuring the changes in body weight as 
a function of time (Figure 10E). Body weight curves 
showed some decrease in DOX-treated groups com
pared with the control group. For statistical analysis, 
the body weights before injection and at the end of the 
experiment were compared (Figure 10F). There was an 
appreciable loss in the body weight of tumor-bearing 
mice after treatment with free DOX (P<0.05) or DOX/ 
MSNs (P<0.01), whereas no significant difference was 
observed mice treated with RM-(DOX/MSNs) or 
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iRGD-RM-(DOX/MSNs) (P>0.05). H&E staining of 
the heart, liver, spleen, lung, and kidney from mice 
treated with saline or various nanoparticle formulations 
showed no histologic abnormalities (Figure S9). All the 
results revealed that iRGD-RM-(DOX/MSNs) are safe 
nanoparticles and are expected to be a safe in vivo 
targeted.

Conclusion
TNBC, one of the most aggressive and heterogeneous 
subtypes of breast cancer, is known to be associated 
with high recurrence and metastasis rates because of 
the lack of definitive targets. Novel formulation for 

targeted drug delivery for TNBC treatment has become 
an appealing therapeutic strategy. In the current study, 
by utilizing the tumor-targeting and tumor-penetrating 
properties of iRGD and the biomimetic properties of 
RBC membranes, we have successfully fabricated an 
iRGD-modified RBC membrane nanoparticle drug 
delivery system and demonstrated that this system 
was capable of efficient TNBC targeting and elimina
tion with good biocompatibility. This bio-inspired 
nano-system of our current study provides not only 
a promising formulation strategy for TNBC treatment 
but also a beneficial referee for target treating other 
heterogeneous tumors.

Figure 9 In vitro cytotoxicity of nanoparticles in MDA-MB-231 cells. Cell viability of (A) empty nanoparticles and (B) DOX-loaded nanoparticles in MDA-MB-231 cells at 48 
h. Bars represent the SD (n = 6). (C) Representative flow cytometric patterns and (D) quantitative analysis of apoptosis by flow-cytometric analysis. MDA-MB-231 cells 
were treated with free DOX, DOX/MSNs, RM-(DOX/MSNs), iRGD-RM-(DOX/MSNs) and iRGD-RM-(DOX/MSNs) with free iRGD for 48 h at a DOX concentration of 10 
μg/mL. ap < 0.001 vs DOX; bp < 0.01 vs DOX/MSN; cp < 0.001 vs RM-(DOX/MSN); dp < 0.01 vs iRGD-RM-(DOX/MSN) (n = 3).
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Figure 10 In vivo antitumor activity. (A) Tumor growth curves showing changes in the tumor volume. (B) Images of excised tumors (a control, b DOX, c DOX/MSN, d RM- 
(DOX/MSN), e iRGD-RM-(DOX/MSN)) and (C) tumor weight at the end of the experiment. (D) Tumor growth inhibition rate as calculated with the excised tumor weight. 
(E) Alterations in total body weight of tumor-bearing mice after treatment with different nanoparticle formulations. (F) Comparison of body weight before nanoparticle 
treatment and at the end of the test. Bars are represented as the SD, n.s p > 0.05, *p < 0.05, **p < 0.01 (n=6).
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