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Purpose: Although the neutrophil membrane (NM)-based nanoparticulate delivery system 
has exhibited rapid advances in tumor targeting stemmed from the inherited instinct, the 
antitumor effect requires further improvement due to inefficient cellular internalization in the 
absence of specific interactions between NM-coated nanoparticles and tumor cells.
Methods: Herein, we fabricated drug-paclitaxel loaded NM camouflaging nanoparticles 
(TNM-PN) modified with tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL), favorable for the cellular internalization.
Results: The results showed that TNM-PN exerted a significant cytotoxicity to tumor cells 
by TRAIL-mediated endocytosis and strong adhesion to inflamed endothelial cells in vitro. 
Due to TRAIL modification as well as the adhesive interactions between neutrophil and 
inflamed tumor vascular endothelial cells, tumors in TNM-PN group exhibited almost 2-fold 
higher fluorescence intensities than that of NM camouflaging nanoparticles and 3-fold higher 
than that of bare nanoparticles, respectively. Significant tumor inhibition and survival rates of 
mice were achieved in TNM-PN group as a consequence of prolonged blood circulations to 
48 h and preferential tumor accumulations, which was ascribed to targeting adhesion 
originated from NM to immune evasion and subsequent excellent cellular internalization.
Conclusion: The research unveiled a novel strategy of amplifying cellular internalization 
based on NM coating nanotechnology to boost antitumor efficacy.
Keywords: neutrophil membrane camouflaging, nanoparticulate delivery, tumor targeting, 
cellular internalization, antitumor therapy

Introduction
In the past decades, nanoparticular drug delivery systems have shown considerable 
advances for cancer therapy,1 while there exist many unsettled obstacles, such as 
insufficient tumor-targeting accumulation and subsequent cellular internalization,2–4 

to limit their clinical applications. Among the implements for extending the appli-
cations, biomimetic nanotechnology, which may help bypass potential bottlenecks 
and has attracted substantial attention in recent years, provides an inspiring 
vision.5,6 Biomimetic nanoparticles disguised with cell membranes derived from 
original cells can usually escape immune surveillance to prolong the circulating 
half-life.6–8 Simultaneously, due to the inherited instinct in terms of circulation and 
targetability, nanoparticles with the cell membrane cloak are more likely to accu-
mulate in tumors.9–12 In respect of employing cell membranes for tumor-targeting, 
neutrophil membrane (NM) has been an ideal alternative mostly resulting from the 
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interaction between the neutrophil and inflamed endothe-
lium of tumor tissue.13,14 It has been evidenced that the 
specific mechanism of targeting depends on the active 
neutrophils’ adhesion naturally to intercellular adhesion 
molecule-1 (ICAM-1) overexpressed in tumor-associated 
vasculature.15 Consequently, NM-coated nanoparticles are 
prone to target the tumor, which has been utilized for 
antitumor applications.16

However, as it stands, biomimetic nanoparticles load-
ing cargoes have to overcome an additional barrier of 
unmet cellular internalization after releasing drugs into 
tumor tissue gaps to exert therapeutic function. In the 
current stage, neutrophil coated nanoparticles face the 
added challenge of indistinct interactions between NM 
and solid tumor cells.16,17 To circumvent the limitation, 
there is an urgent need to remodel NM-coated nanoparticle 
with potent internalization capacity for better targeting 
therapy efficiently.18 To the best of our knowledge, very 
little research has focused on the investigation of how to 
help drug-loaded biomimetic nanoparticle realize interna-
lization by tumor cells.

As for mediating the cellular internalization, many 
functional groups, such as cancer-specific targeting ligands 
(eg, antibodies, small molecules, and peptides), have been 
extensively explored to potentiate tumor targeting.18 Of 
note, the ligands on the nanoparticles are probably 
endowed with abilities of recognition and adherence to 
tumor cells by corresponding receptors and trigger recep-
tor-mediated endocytosis. Tumor necrosis factor-related 
apoptosis-inducing ligand (TRAIL), an immune cytokine 
secreted by immune cells, is capable of bounding to death 
receptors 4 and 5 (DR4 and DR5) overexpressed on the 
surface of various tumor cells to trigger caspases or mito-
chondrial-dependent death without toxicity in vivo.19–21 

TRAIL also plays a pivotal role as a targeting ligand 
mediating the cellular internalization by directly binding 
with its receptor.22,23 Thus, TRAIL-based therapies have 
been applied in clinical trials and have shown minimal 
adverse effects for patients with several kinds of tumors, 
but little therapeutic efficacy as monotherapy due to poor 
circulation half-life, inefficient tumor targeting, and 
TRAIL resistance.21,24,25 Nanoparticulate delivery systems 
hold promise for eliminating the TRAIL delivery barriers 
in vivo to facilitate tumor ablation.21,26–28 For instance, 
TRAIL and transferrin were modified onto the surface of 
human serum albumin nanoparticles (NPs) containing dox-
orubicin (Dox) to induce various types of tumor cells 
apoptosis.29 Besides, Dox-loaded liposomes, coated with 

both TRAIL and the cell-penetrating peptide R8H3, were 
engineered with hyaluronic acid gels, which had also been 
designed for tumor therapy.30 Hence, the alternative for 
optimizing TRAIL is compelling for phagocytosis of bio-
mimetic nanoparticles.

Based on this rationale, a novel NM-based biomimetic 
nanoparticle delivery system was developed, achieving 
specific internalization into tumor cells and robust antitu-
mor effect by virtue of the engineering of TRAIL. In this 
research, FDA-approved PLGA was employed as the core, 
which was preloaded with the chemotherapeutic drug- 
paclitaxel (PTX).28,31 After camouflaged with NM, 
TRAIL was introduced into the hybrid system to bind to 
tumor cells for the promotion of cellular internalization, 
which further induced apoptosis (Figure 1). Particularly, 
the adherence to the inflamed endothelial cells by the 
neutrophil membrane boosted the accumulation of biomi-
metic nanoparticles at the tumor site, as well as 
a significant inhibition of tumor growth. The highlight in 
this work was the prominence of mediating cellular inter-
nalization to achieve efficient tumor-targeting, which was 
different from the prevailing designs on functional cell 
membrane camouflaged nanoparticles.

Materials and Methods
Materials
Acetonitrile, dimethyl sulfoxide (DMSO) and paclitaxel 
were purchased from Aladdin Chemistry Co. Ltd. 1, 1ʹ- 
dioctadecyl-3, 3, 3ʹ, 3ʹ-tetramethylindodicarbocyanine, 
4-chlorobenzenesulfonate salt (DiD) dye, were provided 
by Invitrogen (USA). Tumor necrosis factor-related apop-
tosis-inducing ligand (TRAIL) was provided by Genscript 
Biotech (China). Recombinant human TNF-α, 4, 6-diami-
dino-2-phenylindole (DAPI), CCK-8 KIT, paraformalde-
hyde solution, SDS-PAGE gel, annexin V-fluorescein 
isothiocyanate (Annexin V-FITC)/propidium iodide (PI) 
apoptosis and necrosis detection kit, trypsin and penicillin- 
streptomycin were purchased from Beyotime 
Biotechnology Co. Ltd. (China). Roswell Park Memorial 
Institute (RPMI) 1640 medium, Dulbecco’s modified 
Eagle’s medium (DMEM) and fetal bovine serum (FBS) 
were obtained from Gibco Life Technologies (USA). 96- 
well plates, 6-well plates, confocal laser dishes and cell 
culture dishes were provided by Corning. All other 
reagents were used as received directly. FITC-CD11b anti-
body and PE/Cy7-Ly-6G/Ly-6C antibody were purchased 
from BD Biosciences. Antibodies used in Western Blot 
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were purchased from Abcam China. SKOV3 cells, 
RAW264.7 cells and human umbilical vein endothelial 
cells (HUVECs) were purchased from the Chinese 
Academy of Sciences Cell Bank (Shanghai, China). 
Female Balb/c nude mice were purchased from Shanghai 
Slack laboratory animal Co., Ltd. All the animal proce-
dures were performed in accordance with the Guidelines 
for Care and Use of Laboratory Animals of Tongji 
University (Shanghai, China) and approved by the 
Animal Ethics Committee of Tongji University, School 
of Medicine (Shanghai, China).

Isolation of Neutrophil and NM
Neutrophils were harvested by sucrose gradient centrifu-
gation according to the previous report.32 Briefly, 3–4 
weeks old mice were euthanized to isolate neutrophils 
from peripheral blood in advance, followed by suspending 
in PBS and centrifuging to collect purified neutrophils. 
Afterwards, 2 mL separation mixed solution containing 
55, 65, and 78% (v:v) Percoll in PBS was added into the 
tube with collected neutrophils. The mixed solution was 
centrifuged for 25 min at 2000 rpm. Subsequently, neu-
trophils were harvested at the interface of the 65 and 78% 
fractions. Before analyzing the purity by FCM, the neu-
trophils were doubly stained with PE/Cy7-Ly-6G/Ly-6C 
and FITC-CD11b.

To isolate the NM, neutrophils were firstly treated with 
hypotonic lysing buffer (PBS). Before centrifugation to get the 

cell pellet, the cell suspension with buffer was further homo-
genized with the speed of 12,000 rpm. Afterwards, the pellet 
and the supernatant were centrifuged again at 120 000 g for 60 
min at 4 °C. The cell membranes in the bottom of the tube 
were collected, which were also washed with PBS twice. The 
purified cell membrane was freeze-dried and stored at 4 °C.

Synthesis of PN, NM-PN and TPN-NM
PLGA nanoparticles were synthesized according to the pro-
cedures: PLGA (4 mg) was resolved in acetonitrile (1 mL), 
which was added to water (3 mL) dropwise. The organic 
phase in the mixture was removed under a vacuum aspirator 
which can evaporate acetonitrile entirely. During this process, 
PTX could be encapsulated to produce PTX-loading PLGA 
nanoparticles (PN). To generate NM-coated PN (NM-PN), 
cell membranes were pre-treated by sonication and extruded 
by 400 nm and 100 nm carbonate membrane before mixing 
with PN. The mixture was following treated by the extrusion 
with 100 nm carbonate membrane and further sonication to 
homodisperse. TRAIL modified NM-PN (TNM-PN) was 
synthesized by the crosslinker reagents of sulfosuccinimi-
dyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate 
(Sulfo-SMCC) reported in the previous literature.8

In vitro Evaluations of Stability and 
Cumulative Release
TNM-PN and NM-PN were suspended in DMEM contain-
ing 10% FBS. At an interval of 24 hours, the sizes of 

Figure 1 Schematic illustration of the structure and assembly of TNM-PN and in vivo antitumor therapy mechanism. (A) The neutrophil membranes were isolated to coat 
PLGA-PTX nanoparticles to form NM-PN, which subsequently were modified with TRAIL to achieve TNM-PN. (B) Schematic illustration of in vivo antitumor therapy of 
TNM-PN through the adhesion between inflamed tumor vascular endothelial cells and neutrophil membranes onto the nanoparticles, and subsequent active targeting to 
tumor cells as a consequence of the interaction of TRAIL with its receptors.
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nanoparticles were monitored by Dynamic light scatter-
ing (DLS).

In vitro cumulative release profile of PTX in TNM-PN 
and NM-PN was carried out. Briefly, the solutions of PN, 
NM-PN and TNM-PN was placed in the dialysis bags 
(MWCO of 10 kDa) immersed in 50 mL of PBS, followed 
by the continuous stirring in a water bath at 37 °C. At 
predetermined time intervals (0.5, 1, 2, 4, 8, 12, 24, 48, 
and 72 h), 5 mL aliquots were withdrawn from the dialysis 
solution to measure PTX. The amounts of released PTX 
were determined by High Performance Liquid 
Chromatography (HPLC). In total, 5 mL fresh PBS was 
added to remain the total volume of the dialysis solution 
constant after each sampling.

Cell Viability Evaluation
Ovarian cancer cell line-SKOV3 cells were seeded in a 96- 
well plate and incubated with RPMI 1640 medium at 37 °C, 
5% CO2, respectively. After the cell confluence reached 
around 70%-80%, then the medium was removed and 
replaced with fresh medium containing T-NM, NM-PN, 
TRAIL+NM-PN and TNM-PN for another 24 
h incubation. The concentration of PTX varied from 0.5 to 
10 μg mL−1 and TRAIL varied from 0.04 to 0.64 μg mL−1, 
respectively. The cells were washed with PBS twice after 
co-incubation and 10 μL of the CCK-8 solution was added 
to each well and further incubated for 2 h. Cells without 
treatment were used as control. The absorbance was mea-
sured at 450 nm to calculate the viability using a microplate 
reader (Thermo Scientific, USA).

In vitro Tumor Cell Uptake Behavior
Fluorescent labeled TNM-PN and NM-PN were obtained 
by DiD dye loaded nanoparticles and dissolved in the 
medium. SKOV3 cells were cultivated in the laser con-
focal dishes to 80% −85% confluences. Then, the cells 
were washed by PBS twice and incubated with fluores-
cent-labeled TNM-PN and NM-PN for 4 h, respectively. 
The cells were rinsed with PBS twice, fixed with 4% 
paraformaldehyde for 5 min and rinsed three times with 
PBS. The cell nuclei were stained with DAPI for 5 min. 
The prepared samples were recorded to observe TNM-PN 
intracellular distributions by a confocal laser scanning 
microscope (CLSM).

To quantitatively evaluate the cellular uptake of TNM- 
PN and NM-PN, flow cytometry was employed to measure 
the fluorescence intensity of cells after the incubation at 
various time points. Briefly, cells were seeded in a 6-well 

plate to 70% confluence and then incubated with DiD- 
labeled TNM-PN and NM-PN for 4 h. After washing 
cells twice, the fluorescence intensity was determined.

Binding to Endothelial Cells
To determine the interaction between NM coating biomi-
metic nanoparticles and inflamed endothelium, the experi-
ment of binding to endothelial cells in vitro was performed. 
Briefly, human umbilical vein endothelial cells (HUVECs) 
were planted in laser confocal dishes at a density of 2×105 

cells/well in 2 mL of fresh medium. The cytokine of TNF-α 
was added into the medium to stimulate inflammatory 
responses for 6 h to 70% confluence. DiD-labeled TNM- 
PN was added into the dishes and further incubated for 
another 4 h. Cells without stimulation with TNF-α were 
incubated with DiD-labeled TNM-PN as a negative control. 
After that, the cells were washed and fixed with 4% paraf-
ormaldehyde, followed by staining with DAPI. The binding 
behavior was visualized and recorded by CLSM. To quanti-
tatively analyze the binding profile in vitro, HUVECs were 
collected after incubation with DiD-labeled TNM-PN to 
measure the mean fluorescence intensity by flow cytometry.

In vitro Uptake by Macrophage
RAW264.7 cells were seeded in 6-well plates (1.5×106 

cells/well) for 24 h. Then fresh medium containing sam-
ples (TNM-PN, NM-PN and PN preloaded with DiD) was 
added into 6-well plates to incubate for another 4 
h. Subsequently, the cells were washed with PBS thrice, 
fixed with 4% paraformaldehyde solution, stained with 
DAPI, and finally observed by the CLSM. To quantita-
tively analyze the uptake of nanoparticles, RAW264.7 
cells incubated with samples were harvested to determine 
mean florescence intensity by flow cytometry.

Pharmacokinetics in the Mice
To investigate the pharmacokinetics in the mice, TNM- 
PN, NM-PN and PN pre-labeled with DiD were injected 
intravenously into the mice. Then, the blood of the mice 
was collected at the predetermined time points (0.5, 1, 2, 
4, 8, 12, 24, and 48 h). The blood samples were centri-
fuged at the speed of 800 rpm for 3 min to separate the 
serum, followed by determining the fluorescence intensity 
of biomimetic nanoparticles.

In vivo Investigation of Monocyte Uptake
TNM-PN, NM-PN and PN labeled with DiD were injected 
intravenously into the nude mice and the blood was 
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collected at 4 h post-injection. Red blood cell lysis buffer 
was added to remove erythrocytes, followed by collecting 
the remaining cells with centrifugation at 800 × g for 5 
min. Afterwards, the cells were stained by CD16/CD32 
antibody to block non-specific interactions for 15 min, 
followed by staining with FITC-anti-mouse CD11b for 
30 min. The samples were then washed twice and re- 
suspended in a flow buffer. The monocyte uptake behavior 
was analyzed by flow cytometry.

In vivo Investigation of Tumor Targeting
The nude mice were inoculated with SKOV3 cells in the 
right flank to establish the tumor-bearing model. When the 
volume of the tumor arrived at around 100 mm3, Ce6- 
encapsulated PN, NM-PN and TNM-PN were injected 
intravenously into the mice. At regular intervals (4, 12, 
24, and 24 h), the mice were imaged by in vivo imaging 
system (CRI maestro). Following that, the mice were 
euthanized and tumors as well as major organs, including 
heart, liver, spleen, lung and kidney, were isolated to 
image directly. In the last stage, the fluorescence intensi-
ties of region-of-interests (ROI) were calculated by Living 
Image Software.

In vivo Investigation of Antitumor 
Therapy
The tumor-bearing models were established as mentioned 
above. When the tumor volume reached around 100 mm3, 
five groups of the mouse (n=6) were intravenously injected 
with PN, NM-PN, TRAIL+NM-PN and TNM-PN every 
other day for 7 times, while PBS as the control. Tumor 
growth was measured at 2 days interval for 24 days using 
an electronic digital caliper. The volume of the subcuta-
neous tumor was estimated using the following formula: 
(short diameter) 2 × long diameter × 0.5. The weight of the 
mice was monitored to evaluate the side effects, and the 
survival rate was also recorded within 30 days. To further 
analyze the antitumor therapy outcome, the mice were 
euthanized to isolate tumors to image and weigh on the 
17th day. Afterwards, H&E staining and Western blot 
assay of tumor tissues were preformed to observe the 
cell apoptosis.

Results and Discussions
Neutrophils were isolated from the peripheral blood and 
purified by density-gradient centrifugation according to 
the manufacturer′s instructions. The purity of CD11b+ 

Ly6G/Ly6C+ cells was quantified to be over 96% by FCM 
(Figure 2A, insert) and the morphologies of isolated cells 
were rounded with a diameter of 8–12 μm assessed by 
microscope (Figure 2A). PTX loaded PLGA nanoparticles 
(PN) were synthesized and the morphology was observed 
via Transmission Electron Microscope (TEM). 
Representative TEM images of PN showed well- 
dispersed, regular spherical nanoparticles with an average 
size of 55 nm (Figure 2B). After being coated with cell 
membranes and modified with TRAIL, TNM-PN exhibited 
a typical core-shell structure with an increased average 
diameter of around 70 nm (Figure 2C). The hydrated size 
distributions of PN, NM-PN and TNM-PN determined by 
dynamic light scattering (DLS) were consistent with TEM 
results (Figure 2D). The surface charges of TNM-PN and 
NM-PN were around −20 mV but PN with −33mV, indicat-
ing that cell membranes were successfully coated onto PN 
(Figure 2E). NM-PN modified with FITC labeled TRAIL 
exhibited typical absorbance peak of FITC, indicating that 
TRAIL was successfully decorated onto the surface of NM- 
PN (Figure 2F).

Following that, SDS-PAGE (sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis) was performed to ana-
lyze the membrane protein components before and after 
the decoration. As shown in Figure 2G, no significant loss 
of membrane proteins was observed in neutrophils, NM 
and NM-PN groups during the process of cell membrane 
coating. It implied that the integrity of cell membranes 
onto nanoparticles was preserved to assure adhering to 
inflamed vascular endothelial cells effectively.

TNM-PN and NM-PN displayed considerable serum 
stability when cultured in DMEM containing 10% FBS 
(Figure 2H), which contributed to in vivo circulation. The 
release kinetics profiles of PTX in PN, NM-PN and TNM- 
PN were shown in Figure 2I. The results showed that no 
initial burst release was detected for PN, NM-PN and 
TNM-PN. The PTX was released in a sustained manner 
from PN, NM-PN and TNM-PN up to 120 h. There was an 
approximate 50% PTX releasing from TNM-PN and NM- 
PN, exhibiting a comparable level with that from PN, 
suggesting that PTX could be released despite the cell 
membrane camouflaging. Therefore, it can be concluded 
that PTX in TNM-PN exhibited a sustained release profile 
which would be in favor of cancer therapy.

The cytotoxicity of SKOV3 cells treated with biomimetic 
nanoparticles was assessed by CCK-8 kit according to the 
manufacturer′s instructions. As shown in Figure 3A, the 
TNM-PN group displayed the most significant toxic effects 
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against SKOV3 cells in comparison with T-NM, NM-PN and 
TRAIL+NM-PN, but the growth inhibition in NM-PN group 
was indistinguishable from that in TRAIL+NM-PN. The 
severer cytotoxicity towards SKOV3 cells induced by TNM- 
PN than TRAIL+NM-PN attributed to TRAIL-receptor 
mediated endocytosis of nanoparticles, which led to a higher 
rate of apoptosis. TNM-PN displayed a significant late apop-
tosis rate of 55.1% in annexin V/PI staining assays (Figure 3B 
and C), which was constant with the results of CCK-8 assay. 
All these results predicted the excellent potential of TNM-PN 
to induce tumor cell apoptosis in vivo.

To validate the enhanced cellular internalization ability 
of TRAIL onto TNM-PN, the DiD-labeled biomimetic 

nanoparticles were employed to be co-incubated with 
SKOV3 cells for 4 h. The fluorescence signals were 
further detected by CLSM and analyzed by FCM. As 
shown in Figure 4A, SKOV3 cells treated with TNM-PN 
exhibited stronger fluorescence signals than those with 
NM-PN, which confirmed the successful delivery of 
drugs and verified the compelling cellular internalization 
ability of TRAIL modification. The cell uptake of the 
TNM-PN was further quantitatively confirmed by FCM. 
The mean fluorescence intensity (MFI) of TNM-PN was 
nearly 3 times higher than that of NM-PN (Figure 4B), 
which was in line with the phenomena observed by 
CLSM. The results elucidated that the augmented cellular 

Figure 2 Characterizations of the physicochemical properties of biomimetic nanoparticles. (A) The purity (insert) and morphology of isolated neutrophils determined by 
FCM and microscope. Representative morphology imagines of (B) PN (scale bar= 200 nm) and (C) TNM-PN observed by TEM (scale bar= 50 nm). (D) Hydrodynamic size 
distributions and (E) zeta potentials of PN, NM-PN and TNM-PN were analyzed by DLS, respectively. (F) UV spectrum of the FITC labeled TRAIL and NM modified with 
FITC labeled TRAIL. (G) SDS-PAGE analysis was used to investigate the neutrophil membrane coated onto nanoparticles from (1) neutrophils, (2) NM and (3) NM-PN. (H) 
In vitro serum stability evaluation of NM-PN and TNM-PN in DMEM containing 10% FBS. (I) In vitro kinetics of the release of PTX from PN, NM-PN and TNM-PN in PBS 
(pH = 7.2) within 120 h.
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internalization of TNM-PN was mediated via a TRAIL 
receptor-targeted pattern.

The capacity of immune evasion was the main enchanting 
feature of the cell membrane camouflaging delivery system 
to improve the half-life of drugs. PN, NM-PN and TNM-PN 
were pre-labeled with DiD for the evaluations of resistance to 

elimination by the reticuloendothelial system (RES). RAW 
264.7 macrophages were employed as the model to simulate 
the resistance of neutrophil membrane camouflaging nano-
particles to immune clearance in vitro. RAW 264.7 cells were 
cultured with various samples for 4 h and subsequently 
harvested to CLSM observation. Slightest fluorescent signals 

Figure 3 In vitro cytotoxicity of biomimetic nanoparticles. (A) In vitro cytotoxicity of SKOV3 cells treated with T-NM, NM-PN, TRAIL+NM-PN and TNM-PN for 24 h at 
various concentrations. (B) Summary data of apoptosis rate and (C) representative scatter plots of apoptosis of SKOV3 cells was determined by FCM following various 
treatments (5 μg/mL PTX and 0.32 μg/mL TRAIL equivalent) for 24 h. Data was given as the mean ± SD (n = 5).
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were detected for TNM-PN and NM-PN group, while the 
fluorescent intensity was significantly improved for PN 
group (Figure 5A). The mean fluorescence intensities of 
RAW264.7 in PN, NM-PN and TNM-PN group determined 
by FCM were in good accordance with that of CLSM 
(Figure 5B). The discrepancy of neutrophil membrane 
camouflaging nanoparticles and PN showed that macro-
phages had favorable phagocytosis to heterologous sub-
stance, which implied that TNM-PN could resist to 
elimination by the RES due to inheriting from the traits of 
source cells.

DiD-labeled TNM-PN, NM-PN and PN were intrave-
nously injected into nude mice to evaluate the blood cir-
culation of TNM-PN, NM-PN and PN. The peripheral 
blood of mice was collected to obtain serum and mono-
cytes at designated time points. As shown in Figure 5C, 
the fluorescence signals of serum in both TNM-PN and 
NM-PN groups were detectable up to 48h, while the 
fluorescence signals in PN group was nearly invisible 
after 4–12 h. The mechanism of immune elimination was 
investigated by detecting fluorescence signal of monocyte 
from peripheral blood at 4 h post-injection. The extended 
circulating time of TNM-PN and NM-PN group should be 
ascribed to neutrophil membranes coated to the biomi-
metic nanoparticles. Intriguingly, hardly was there any 

significant variance between TNM-PN and NM-PN in 
the blood circulation within 48 h, suggesting the blood 
circulation might not be influenced by the decoration of 
TRAIL. The isolated monocytes were purified and stained 
with CD11b antibody, a maker expressed universally on 
mononuclear phagocytes, to analyze using flow cytometry. 
CD11b+ monocytes in the PN group displayed a significant 
positive fluorescence rate of 8.64%, while 1.77% and 
2.35% DiD+CD11b+ monocytes were detected in NM-PN 
and TNM-PN group, respectively (Figure 5D). Therefore, 
neutrophil membrane coating endowed TNM-PN with 
convenience to escape immune elimination, prolong 
blood circulation and target tumors selectively.

To investigate the targeting properties of TNM-PN 
in vitro, HUVECs were stimulated by TNF-α to induce 
inflammation as well as to up-regulate ICAM-1, E-selectin 
and CD44, which were beneficial for cell targeting due to 
the specific adhesion of neutrophil membranes and 
HUVECs. The inflamed HUVECS were treated with DiD- 
labeled TNM-PN for 4 h and observed by CLSM to detect 
the binding behavior of TNM-PN to HUVECs. As shown 
in Figure 6A, HUVECs activated by TNF-α exhibited 
comparatively stronger red fluorescence signals of DiD- 
labeled TNM-PN, while negligible fluorescence signals 
were visualized in the HUVECs without TNF-α treatment. 
DiD-labeled TNM-PN were distributed on the cell mem-
brane of inflamed HUVECs, which attributed to the upre-
gulation of associated adhesion molecules to reinforce 
cell-cell interactions. The inflamed HUVECs incubated 
with TNM-PN were collected to quantitatively analyze 
the binding efficiency using FCM. The MFI in the 
inflamed HUVES group showed around 2.5-fold higher 
than that without pre-incubation with TNF-α, which was 
consistent with the phenomenon observed by CLSM 
(Figure 6B). These results indicated that TNM-PN retain-
ing the membrane proteins of the source cells preferred 
sticking to inflamed endothelial cells, which was essential 
for subsequently targeting tumor tissues.

The in vivo biodistribution of TNM-PN was performed 
to analyze tumor targetability using in vivo imaging system. 
SKOV3 tumor-bearing nude mice were established and 
administrated intravenously with Ce6 preloaded TNM-PN, 
NM-PN and PN to imaging at 4 h, 12 h, 24 h and 48 h. As 
shown in Figure 7A, the TNM-PN and NM-PN tended to 
accumulate into the tumor site rapidly after 4 
h administration, as verified by the significantly increased 
fluorescence signal of Ce6. The distribution profiles in 
major organs as well as tumors were quantitatively 

Figure 4 In vitro tumor cell uptake of biomimetic nanoparticles. (A) 
Representative confocal microscopy images of SKOV3 cells treated with NM-PN 
and TNM-PN for 4 h. (B) Quantitative analysis by FCM (left) and statistical analysis 
(right). Data are given as the mean ± SD (n = 3). Statistical significance was 
calculated via two-tailed Student’s t-test, P-value: **p < 0.01.
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determined at 12 h post-injection. The fluorescence inten-
sities at tumor site in TNM-PN and NM-PN group were 
notably higher than that in mice of PN group, while PN 
displayed more accumulation in the liver (Figure 7A–C), 
indicating that neutrophil membrane coating was available 
for highly efficient in vivo tumor-targeting delivery, and 
decreased the clearance by the RES. Moreover, the fluores-
cence was undetectable at the tumor site after 12 h for the 
PN, while the TNM-PN and NM-PN treated group showed 
a prolonged signal even after 48 h (Figure 7A–C). These 
results indicated that neutrophil membrane coated PLGA 
nanoparticles improved the biomimetic nanoparticles’ cir-
culation time in blood effectively to tumor targeting. The ex 
vivo biodistribution analysis of major organs showed that 
tumor tissues in TNM-PN group exhibited higher fluores-
cence intensity in comparison with the PN group, which 
further confirmed the higher accumulation of TNM-PN and 
NM-PN at tumor sites due to immune evasion (Figure 7B). 
The average fluorescence intensity of isolated tumor tissues 

in TNM-PN group exhibited almost 2-fold higher than that 
of NM-PN and 3-fold higher than that of PN (Figure 7C), 
which was mainly attributed to TRAIL modification on cell 
membranes by receptor-mediated endocytosis as well as the 
adhesive interactions between neutrophil and inflamed 
tumor vascular endothelial cells.

To evaluate the antitumor effect of biomimetic nano-
particles, nude mice bearing SKOV3 tumors with 
a volume of about 100−150 mm3 were randomly separated 
into five groups PN, NM-PN, TRAIL+NM-PN and TNM- 
PN. The mice were intravenously injected with corre-
sponding drugs every other day for seven times. The 
tumor growths of the mice in PN, NM-PN, TRAIL+NM- 
PN and TNM-PN group were significantly inhibited in 
comparison with PBS group (Figure 8A). However, the 
tumor volume of the mice in PN group still increased 
considerably on day 16, which suggested the tumor growth 
could not be controlled efficiently only by the passive 
targeting. The tumor volume in NM-PN group experienced 

Figure 5 The immune evasion of biomimetic nanoparticles in vitro and in vivo. RAW264.7 macrophages treated with PN, TNM-PN and NM-PN with equivalent dose of DiD 
after co-incubation for 4 h. (A) Cells were observed by CLSM and (B) the detected by FCM with the statistical data quantified by mean fluorescence intensity. Scale bar: 25 
μm. Nude mice were intravenously injected with biomimetic nanoparticles. (C) In vivo circulation analysis of PN, NM-PN and TNM-PN within 48 h. (D) Representative 
scatter plots images of monocytes (CD11b+) uptake of control, PN, NM-PN and TNM-PN administrated for 4 h by flow cytometry. Data are given as the mean ± SD (n = 3). 
Statistical significance was calculated via two-tailed Student’s t-test, P value: ***p < 0.001.
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Figure 6 In vitro analysis of binding to inflamed endothelial cells. (A) The fluorescence images of HUVEC endothelial cells pre-treated with TNF-α and then incubated with 
DiD-labeled TNM-PN and observed by CLSM. (B) The binding efficiency quantitatively measured by FCM. The histogram of mean fluorescence intensity and representative 
images of flow cytometry analysis. Data are given as the mean ± SD (n = 3). Statistical significance was calculated via two-tailed Student’s t-test, P-value: ***p < 0.001.

Figure 7 In vivo biodistributions of biomimetic nanoparticles in the tumor-bearing mice. (A) In vivo imaging of tumor-bearing nude mice at 4 h, 12 h, 24 h and 48 h after 
administration with Ce6 encapsulated PN, NM-PN and TNM-PN. (B) Ex vivo fluorescence images of major organs excised from sacrificed mice after 12 h post-injection and 
(C) fluorescence intensities of ROI analysis. Data were given as the mean ± SD (n = 3).
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moderate growth in comparison with PN group, indicative 
of the improved therapeutic outcome due to the adhesive 
interactions between neutrophils and inflamed tumor 
endothelial cells. Remarkably, mice in TNM-PN group 
showed the most retarded tumor growth at the investigated 
period, which was ascribed to TRAIL-mediated active 

targeting of tumor cells for enhanced internalization to 
induce apoptosis. After the mice being sacrificed, the 
SKOV3 tumors were isolated to weigh. The weights of 
the tumor further verified the excellent anti-tumor efficacy 
of TNM-PN (Figure 8B). H&E staining analysis of tumor 
slices was explored to confirm the aforementioned results. 

Figure 8 In vivo antitumor effect in the SKOV3 model. (A) Time-dependent tumor average growth curves after different treatments within 16 days. (B) The tumors isolated 
to weigh on day 16. (C) The body weight curves of tumor-bearing mice. (D) Survival rates of mice after various treatments (n = 6). (E) H&E staining of tumors and (F) 
tumor cell apoptosis detection by western-blot. Data were given as the mean ± SD (n = 6). Statistical significance was calculated via two-tailed Student’s t-test, P-value: *p < 
0.05; **p < 0.01.
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More apoptosis or necrosis cells without nuclei were 
visualized in the tumor tissue of TNM-PN and NM-PN 
groups, while a wealth of tumor cells remained intact in 
the tumor tissues of both PBS and PN groups (Figure 8E). 
Besides, tumor cell apoptosis was further investigated by 
western-bot and the results showed that TNM-PN group 
had the most pro-apoptotic protein Bax and the least anti- 
apoptotic protein Bcl2 which were consistent with H&E 
staining analysis (Figure 8F). During this period, the body 
weights of the mice were also monitored, which exhibited 
slight changes due to the negligible systemic toxicity 
(Figure 8C). Besides, the survival rate in TNM-PN group 
remained much higher (100%) than those of other groups 
with a mean survival time of fewer than 30 days 
(Figure 8D).

Conclusions
In summary, we established a TNM-PN system that can 
adhere to the inflamed tumor vascular endothelial cells to 
boost TRAIL-mediated cellular internalization subse-
quently for amplifying the antitumor effect. TNM-PN 
was endowed with the capacity of preferring for cellular 
internalization, which was responsible for inducing stron-
ger in vitro cytotoxicity and apoptosis. The tests of 
in vitro binding and in vivo imaging verified the compel-
ling performance of active tumor-targeting for neutrophil 
membrane camouflaging and TRIAL modification on 
TNM-PN. Mice in TNM-PN group showed significant 
retarded tumor growth and the highest survival rate at 
the investigated period, which was ascribed to prolonged 
blood circulation and enhanced accumulation in the 
tumor. Moreover, in comparison with the prevalence of 
employing various cell membranes to camouflage the 
drug delivery system, we emphasized on the promotion 
of cellular internalization utilizing biomacromolecules for 
engineering cell membrane-based nanotherapeutics. This 
strategy is highly versatile and provides insights into 
tailoring camouflaging nanoparticles for the improvement 
of drug delivery.
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