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A B S T R A C T   

The blood-brain Barrier (BBB), combined with immune clearance, contributes to the low efficacy of drug delivery 
and suboptimal treatment outcomes in glioma. Here, we propose a novel approach that combines the self- 
assembly of mouse bone marrow-derived macrophage membrane with a targeted positive charge polymer 
(An-PEI), along with low-frequency ultrasound (LFU) irradiation, to achieve efficient and safe therapy for gli-
oma. Our findings demonstrate the efficacy of a charge-induced self-assembly strategy, resulting in a stable co- 
delivery nanosystem with a high drug loading efficiency of 44.2 %. Moreover, this structure triggers a significant 
release of temozolomide in the acidic environment of the tumor microenvironment. Additionally, the macro-
phage membrane coating expresses Spyproteins, which increase the amount of An-BMP-TMZ that can evade the 
immune system by 40 %, while LFU irradiation treatment facilitates the opening of the BBB, allowing for 
enormously increased entry of An-BMP-TMZ (approximately 400 %) into the brain. Furthermore, after crossing 
the BBB, the Angiopep-2 peptide-modified An-BMP-TMZ exhibits the ability to selectively target glioma cells. 
These advantages result in an obvious tumor inhibition effect in animal experiments and significantly improve 
the survival of glioma-bearing mice. These results suggest that combining the macrophage membrane-coated 
drug delivery system with LFU irradiation offers a feasible approach for the accurate, efficient and safe treat-
ment of brain disease.   

1. Introduction 

Glioma is a primary brain tumor associated with poor prognosis and 
high mortality rates [1,2]. The treatment of glioma is a complicated yet 
extensively studied problem. Insufficient toxicity fails to eliminate 
cancer cells, while excessive toxicity can cause irreversible damage to 
brain tissue [3]. Therefore, targeted drug delivery has gained recogni-
tion among researchers as a means to improve therapeutic efficacy and 
reduce the risk of toxic and side effects [4–6]. The blood-brain barrier 
(BBB) is an endothelial membrane sheathed by parietal vascular cells 
and perivascular astrocyte end-feet that protect the brain from exoge-
nous substance invasion [7]. Thus, many chemical drugs and targeted 
drug delivery systems cannot reach glioma due to the BBB, substantially 

limiting the therapeutic effect of targeted drug delivery [8]. Previous 
studies have revealed that low-frequency ultrasound (LFU) irradiation at 
appropriate intensity levels can non-invasively, safely and reversibly 
open the BBB [9–11], rendering it possible for therapeutic drugs to reach 
brain tumors. 

Currently, temozolomide (TMZ) is the sole available frontline DNA 
methylating adjuvant chemotherapy prodrug and the only FDA- 
approved first-line chemical drug for treating glioma [12–14]. The 
administration of TMZ has considerably improved the survival rate of 
glioma patients. However, direct use of TMZ has been frequently 
impeded by adverse events, including fatigue, nausea and cytopenia [15, 
16]. Fortunately, recent studies have demonstrated that nano-based 
drug delivery systems (DDS) not only enhance the pharmacokinetics 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: fantasyxiaodong@163.com (X. Xie), jenifer81@126.com (X. Zhang).  

Contents lists available at ScienceDirect 

Materials Today Bio 

journal homepage: www.journals.elsevier.com/materials-today-bio 

https://doi.org/10.1016/j.mtbio.2024.101067 
Received 15 January 2024; Received in revised form 16 April 2024; Accepted 20 April 2024   

mailto:fantasyxiaodong@163.com
mailto:jenifer81@126.com
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2024.101067
https://doi.org/10.1016/j.mtbio.2024.101067
https://doi.org/10.1016/j.mtbio.2024.101067
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Materials Today Bio 26 (2024) 101067

2

of TMZ but also improve its efficacy in glioma treatment [13]. Moreover, 
using targeted DDS would significantly reduce the systemic side effects 
caused by TMZ’s toxicity [17,18]. 

Targeted drug delivery using nano-sized biomaterials has signifi-
cantly improved cancer treatment [19–21]. Previous studies have 
demonstrated that nano-sized biomaterials can target tumors through 
the enhanced permeability and retention (EPR) effect [22,23]. In recent 
years, cell membrane-coated nanoparticles (CNPs) have emerged as a 
promising avenue for the diagnosis, treatment, and prevention of disease 
[24]. By enveloping synthetic nanoparticulate cores with natural cell 
membranes, CNPs exhibit a diverse array of surface markers that enable 
them to replicate natural cellular interactions and find utility in a variety 

of biomedical applications [25,26]. The specific markers on natural 
membrane-modified DDS integrate the physical and chemical properties 
of cells, which contribute to immune escape, long circulation, and low 
toxicity [27–29]. Among them, macrophage membrane has received 
exceptional attention owing to the abundant "spyproteins" and sponta-
neous targeting ability to tumor cells [30]. Furthermore, macrophage 
membrane shows high expression of CD47, which signals "don’t eat me," 
leading to DDS resistance to phagocytosis by monocytes and macro-
phages [31,32]. Moreover, the integrin Lymphocyte 
Function-Associated Antigen 1 (LFA-1) expressed on macrophages is 
involved in the diapause of macrophages as they cross the endothelial 
barrier. This mechanism facilitates the delivery of cargo by drug 

Fig. 1. Schematic illustration of the design of An-BMP-TMZ, and its mechanism of escaping the immune system and crossing the blood-brain barrier to reach gli-
oma cells. 
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delivery systems to glioma cells within the brain [33]. 
Here we propose that the self-assembly of Angiopep-2 modified 

polyethyleneimine (PEI) with the mouse bone marrow-derived macro-
phage membrane, loaded with TMZ (An-BMP-TMZ), along with LFU 
irradiation could be used for efficient drug delivery to glioma (Fig. 1). 
Although some studies have employed LFU combined with nanocarriers 
for drug delivery across the BBB, most of these investigations have 
neglected the impact of immune cells in the circulatory system on the 
clearance of nanocarriers. In addition, the potential toxicity of nano-
carriers to normal brain tissue after they crossing the BBB is often 
ignored [34–36]. In this investigation, the coating of the cell membrane 
on the nanoparticles’ surfaces formed a diffusion barrier and limited the 
release of TMZ, and the release characteristics under acidic conditions 
potentially lead to enhancing the accumulation of TMZ in tumors and 
minimizing its impact on normal tissues. Proteins such as CD47 and 
LFA-1, which are present on the surface of An-BMP-TMZ, prolong the 
circulation of drug delivery systems. The treatment of LFU irradiation 
significantly enhances the accumulation of An-BMP-TMZ in the brain. 
The Angiopep-2 modification enables the specific delivery of TMZ to 
glioma, resulting in effectively suppressing primary brain tumor recur-
rence and prolonging overall survival in vivo. Moreover, An-BMP-TMZ 
demonstrates excellent safety attributed to their targeting ability and 
high biocompatibility derived from the coverage of mouse macrophage 
membrane, thereby avoiding toxic side effects. This macrophage 
membrane-coated targeted polymer combined with LFU irradiation may 
represent a suitable strategy for accurate, efficient and safe therapy of 
glioma. 

2. Material and methods 

2.1. Materials 

Polyethyleneimine (PEI, 10 kDa) was obtained from Sigma. HOOC- 
PEG (2000)-Angiopep-2 was purchased from Guangzhou Carbon 
Water Technology Co., Ltd. Temozolomide was obtained from Aladdin 
Industrial Corporation. EDC and NHS were obtained from Aladdin In-
dustrial Corporation. The primary anti-CD47 antibody and the second-
ary HRP Goat anti-rabbit IgG antibodies were obtained from ABclonal 
Technology Co., Ltd. The anti-EGFR antibody was obtained from abcam 
(ab214627). Fetal bovine serum (FBS) was purchased from Life Tech-
nologies. The Apoptosis Detection Kit was purchased from Genview. 
PKH26 and PKH67 were obtained from Umibio Science and Technology. 

2.2. Cell culture 

The U87 and U251 glioma cell lines were obtained from the Cell 
Bank of Shanghai, Chinese Academy of Sciences, while the bEnd3 cells 
were purchased from CytoBiotech (Shaanxi, China). Bone marrow- 
derived macrophages (BMDMs) were prepared from BALB/c mice 
using previously published methods [37]. Briefly, bone marrow was 
collected from the femoral bones of BALB/c mice, and the cells were 
isolated by centrifugation at 200g for 10 min. The cells were cultured in 
DMEM medium supplemented with 10 % FBS, 1 % pen-
icillin/streptomycin, and macrophage colony-stimulating factor (50 
ng/mL) from Biolegend. F4/80 antibody was used to characterize the 
BMDMs. The U87 and U251 cells were cultured in DMEM medium 
supplemented with 10 % fetal bovine serum and 1 % pen-
icillin/streptomycin. All cells were maintained at 37 ◦C in a humidified 
incubator with 5 % CO2. 

2.3. Angiopep2 modified polyethylenimine 

Ten mg of HOOC-PEG (2000)-Angiopep-2, 10 mg EDC and 8 mg NHS 
were dissolved in 5 mL of water and stirred for 15 min at 25 ◦C, followed 
by adding 10 mg of polyethylenimine (PEI, 10 kD). The excess EDC, NHS 
and unconjugated HOOC-PEG (2000)-Angiopep-2 were removed 

through the ultrafiltration tube (5 kd) and the resulting product was 
resuspended in water. 

2.4. Isolation of macrophage membrane 

The bone marrow-derived macrophages (BMDMs) were harvested 
and incubated with ice-cold tris-magnesium buffer (TM-buffer, pH 7.4, 
0.01 M Tris, and 0.001 M MgCl2). The mixture was centrifuged at 2000 g 
for 10 min, and the supernatant was collected and centrifuged at 15,000 
g for 30 min to collect cell membrane. The cell membrane was sonicated 
at a frequency of 42 kHz and a power of 100 W for 10 min. 

2.5. Preparation of TMZ loaded nanocarriers 

To prepare BMDMs cell membrane-PEI nanoparticles, we mixed 10 
mg of Temozolomide (TMZ) with either 10 mg of PEI or PEI-Angiopep2 
and the cell membrane from 1 × 108 cells in water. The mixture was 
sonicated at a frequency of 42 kHz and a power of 100 W for 10 min, and 
then extruded through a mini-extruder (Avestin, LF-1, Canada) using a 
200 nm polycarbonate membrane for at least 10 passes. Following 
extrusion, we collected the TMZ loaded nanoparticles via centrifugation 
at 15,000 g for 30 min. The amount of TMZ in An-BMP-TMZ was 
determined by subtracting the amount of TMZ in the supernatant from 
the total added drug amount [30]. The drug concentration in the 
supernate could be determined with absorbance measurement at 330 
nm [38]. 

2.6. In vitro release of TMZ 

The release of TMZ from An-BMP-TMZ was conducted in PBS (pH 7.4 
and pH 5.5) at 37 ◦C. BMP-TMZ or An-BMP-TMZ (TMZ amount = 0.5 
mg) was dissolved in 10 mL PBS at 37 ◦C and shaken at 100 rpm. The 
samples were collected at different time points, and the samples were 
centrifuged at 15,000 g for 30 min. The accumulated release of TMZ in 
the supernatant was calculated by absorbance measurement at 330 nm 
from the established standard curve using TECAN Infinite F200 Micro-
plate Reader. 

2.7. Characterization of an-BMP-TMZ 

The size distribution and zeta potential of An-BMP-TMZ were 
measured with Malvern Instruments Zetasizer HS III (Malvern, UK). The 
shape and surface appearance of An-BMP-TMZ were determined with 
atomic force microscopy (AFM; Bruker Co., Germany) and Transmission 
Electron Microscopy (TEM; JEM-1400plus, Japan). The amount of 
conjugated HOOC-PEG (2000)-Angiopep-2 was calculated by using the 
amount of Angiopep-2 added minus the amount of unconjugated 
Angiopep-2. The amount of unconjugated HOOC-PEG (2000)-Angiopep- 
2 was measured with BCA kit and standard curve [39]. 

2.8. The expression of CD47 and LFA-1 on an-BMP-TMZ 

The CD47 protein on the cell membrane serves as a crucial "don’t eat 
me" signal to the innate immune system, preventing immune clearance 
of An-BMP-TMZ [32]. The LFA-1 expressed on macrophages is involved 
in the diapause of macrophages as they cross the endothelial barrier. In 
this study, the expressions of CD47 and LFA-1 on BMP-TMZ and 
An-BMP-TMZ were quantified using western blot analysis. In brief, 
BMP-TMZ and An-BMP-TMZ were incubated in RIPA lysis buffer with 1 
% protease inhibitor and 1 % PMSF, followed by centrifugation (12,000 
g) at 4 ◦C for 15 min to collect supernatants. Protein concentration was 
measured using the BCA method before electrophoresis. The membranes 
were then incubated with anti-CD47 primary antibodies (Rabbit anti 
mouse, ABclonal) or anti-LFA-1 primary antibodies (Rabbit anti mouse, 
ThermoFisher) for 1 h, washed three times with TBS-T, and incubated 
with secondary antibody. The results were visualized using the Bio-Rad 
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ChemiDoc MP system. 

2.9. Stability of an-BMP-TMZ 

An-BMP-TMZ was incubated in DMEM culture medium with 10 % 
FBS or mouse serum for 4 h, and the stability of the nanoparticles was 
determined with Malvern Instruments Zetasizer HS III (Malvern, UK). 
The results were determined with DLS [14]. 

2.10. In vitro cytotoxicity assay 

To assess the in vitro cytotoxicity of An-BMP-TMZ against glioma 
cells, U87 and U251 glioma cell lines were seeded into 96-well plates at 
a density of 10,000 cells per well and incubated for 48 h at 37 ◦C with 5 
% CO2. Following this, the cells were treated with BMP-TMZ or An-BMP- 
TMZ at various TMZ concentrations (0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 4 
mM) for another 48 h. After treatment, the medium was aspirated and 
cells were washed three times with PBS, followed by incubation with 
MTT for 4 h at 37 ◦C. The supernatant was removed, and 100 μL DMSO 
was added to each well. Absorbance of the solution was measured at 
490 nm using a TECAN Infinite F200 Microplate Reader. To assess the 
cytotoxicity of the drug-free carrier, both modified (An-BMP) and un-
modified (BMP) blank nanocarriers were subjected to an in vitro cyto-
toxicity assay. The assay employed identical PEI concentrations as those 
used in BMP-TMZ and An-BMP-TMZ formulations. 

2.11. Nanoparticle labeling 

To track the nanoparticles, the fluorescent dye PKH26 (λex = 551 nm 
and λem = 567 nm, Umibio) was used to label An-BMP-TMZ according 
to the instructions. 

2.12. In vitro uptake of an-BMP-TMZ 

To evaluate the specific uptake of An-BMP-TMZ by glioma cells, U87 
and U251 cells were seeded into a confocal dish and incubated with 
PKH26-labeled BMP-TMZ or An-BMP-TMZ (TMZ concentration: 200 
μM) for 1 h. After treatment, the cells were washed thrice with PBS and 
labeled with DAPI for 10 min. Confocal microscopy was performed to 
determine the results. 

The specific uptake of An-BMP-TMZ by U87 and U251 cells was also 
assessed using flow cytometry. U87 and U251 cells were seeded into 6- 
well plates and treated with/without anti-LRP-1 antibody to block the 
LRP on glioma cells. After that, the cells were treated with PKH26- 
labeled BMP-TMZ or An-BMP-TMZ (TMZ concentration: 200 μM) for 
1 h. Following this, the cells were washed with PBS and analyzed using 
flow cytometry. 

The expression of LRP protein on U87 and U251 cells was deter-
mined with ELISA Kit (Fine Test) according to the manufacturer’s 
instructions. 

2.13. Cell apoptosis 

To evaluate the potential cell apoptosis effect of An-BMP-TMZ on 
glioma cells, U87 and U251 cells were seeded into 6-well plates and 
treated with free TMZ, BMP-TMZ or An-BMP-TMZ (TMZ concentration: 
200 μM) for 48 h. After treatment, the cells were stained using an 
Annexin V-FITC/PI Apoptosis Detection Kit (GENVIEW) following the 
manufacturer’s instructions. Flow cytometry was used to determine the 
results. 

2.14. Flow cytometry analysis of escaped nanoparticles from 
macrophages 

CD47 serves as a crucial "don’t eat me" signal to the innate immune 
system, and has been shown to protect nanoparticles from immune cell 

clearance. To investigate the role of CD47 in preventing monocyte- 
mediated clearance of nanoparticles, PKH26-labeled An-BMP-TMZ and 
CD47-blocked An-BMP-TMZ (achieved by incubation with excess anti- 
CD47 antibody) were incubated with 5 × 105 macrophages for 3 h at 
37 ◦C. After treatment, the cells were washed with PBS and analyzed 
using flow cytometry. 

2.15. Transport of An-BMP-TMZ across the in vitro BBB 

To establish an in vitro BBB model, bEnd3 cells were seeded at a 
density of 1 × 105 cells into the upper chamber of transwells (0.4 μm 
polyester membrane, Sigma) [40]. U87 cells were plated in the bottom 
of 24-well plates at a density of 1 × 105 cells per well. After reaching 
confluency and forming monolayers, the integrity of the cell monolayer 
was assessed by measuring trans-endothelial electrical resistance (TEER) 
values. The model was deemed suitable for experimentation when TEER 
values exceeded 200 Ω/cm2. PKH26-labeled BMP-TMZ or An-BMP-TMZ 
were then added to the upper chamber, and after 4 h of incubation, the 
amount of An-BMP-TMZ that crossed the membrane was measured using 
confocal microscopy. 

2.16. LFU irradiation 

All animal experiments were conducted following the approved an-
imal protocol procedures by the Institutional Animal Care and Use 
Committee (IACUC) of Fujian Medical University. Animal behavior was 
closely monitored to minimize pain and suffering. Animals were 
euthanized in the event of significant deterioration in their health. To 
assess the impact of LFU irradiation on the ability of An-BMP-TMZ to 
cross the BBB in mice, balb/c female mice were assigned to five groups 
(n = 4 per group): control, BMP-TMZ, An-BMP-TMZ, BMP-TMZ with 
LFU irradiation and An-BMP-TMZ with LFU irradiation. Briefly, 50 μl/kg 
Optison (Molecular Biosystems, USA) was injected into the mice, and 
then EMS-9A model color diagnostic transcranial Doppler equipment 
(transducer diameter = 1.5 cm; frequency = 1 MHz; duration = 20 s, 
power = 12 mW; Shenzhen Delica Company, China) [41,42] was 
applied to the mice. One hour later, saline, PKH26 labeled BMP-TMZ 
and An-BMP-TMZ (TMZ dose = 20 mg/kg) were injected into the mice 
through the tail vein. Two hours after the injection, in vivo imaging 
system (AniView600, Biolight Biotechnology) was used to measure the 
amount of nanocarrier that crossed the BBB. 

2.17. The biodistribution of an-BMP-TMZ 

Balb/c female mice were divided into 5 groups: control, BMP-TMZ, 
An-BMP-TMZ, BMP-TMZ with LFU irradiation and An-BMP-TMZ with 
LFU irradiation. The relevant mice were operated according to the above 
LFU irradiation procedures. One hour later, PBS, PKH26-labeled BMP- 
TMZ, An-BMP-TMZ (TMZ dose = 20 mg/kg) were intravenously injected 
into mice. The organs were collected and determined with IVIS 2h later. 

2.18. In vivo uptake of an-BMP-TMZ in glioma cells 

We further determined the specific uptake of An-BMP-TMZ by gli-
oma tumor cells. Mice were subjected to LFU irradiation, as described in 
the above procedures, followed by the injection of PKH67-labeled BMP- 
TMZ or An-BMP-TMZ (TMZ dose = 20 mg/kg) via tail vein injection. The 
brains of the mice were collected 2h later, fixed in a 10 % formalin so-
lution. Then, the slides were deparaffinized, incubated in 3 % methanol- 
hydrogen peroxide, followed by incubation with anti-EGFR antibody 
(Alexa Fluor 555, red). The results were observed using a confocal 
microscope. 

2.19. Safety study of an-BMP-TMZ in healthy mice 

To assess the safety of An-BMP-TMZ to mice, mice were exposed to 
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LFU irradiation as described above and then respectively injected with 
100 μL PBS (control), free TMZ (20 mg/kg), BMP-TMZ, or An-BMP-TMZ 
(TMZ dose = 20 mg/kg) every three days until day 21. At the end of the 
animal experiment, the blood samples and main organs (brain, heart, 
liver, spleen, lung, kidney) were collected. The organ section was 
stained by using H&E, and routine blood tests were conducted. 

2.20. In vivo tumor inhibition 

Female severely immunodeficient (C-NKG) mice [43] (5 weeks old, 
obtained from Cyagen Biosciences) were used to establish the Luci+ U87 
glioma model. Once the model was established, the mice were randomly 
divided into four groups: control, free TMZ, BMP-TMZ, and 
An-BMP-TMZ. All mice were exposed to LFU irradiation as described 
above and then respectively injected with 100 μL PBS (control), free 
TMZ (20 mg/kg), BMP-TMZ, or An-BMP-TMZ (TMZ dose = 20 mg/kg) 
every three days until day 21. IVIS were used to measure the size of 
tumors. The body weights of the mice were measured. And the brains 
were collected and stained with hematoxylin and eosin (H&E). To assess 
survival rate, animals were monitored daily up to the point of sponta-
neous death or approaching moribund status. 

2.21. Statistical analysis 

All data were presented as the mean ± SD. Student’s t-test was used 
for statistical analysis of two groups, whereas differences among mul-
tiple groups were evaluated using one-way analysis of variance. The P 
value was calculated with the software GraphPad Prism 7. Significant 
differences are indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. ns, not significant. 

3. Results and discussion 

3.1. Characterization of the nano-assembly 

The preparation of the nano-assembly was carried out by self- 
assembly of mouse bone marrow-derived macrophage membranes, 
temozolomide and the targeted polymer (Fig. 1). Briefly, mouse bone 
marrow-derived macrophages were derived from BALB/c mice. The 

isolated BMDMs were lysed to remove its intracellular contents and the 
macrophages membranes were mixed with the targeted An-PEI, and 
then the mixture was physically extruded through an apparatus with 
200-nm pores. The positive charge of An-PEI facilitated conjugation 
with the negatively charged macrophage membrane. The conjugation of 
An-PEI and the macrophage membrane resulted in a stable structure that 
neutralized the excess positive charge. Furthermore, the cell membrane 
coating on the nanoparticles’ surfaces formed a diffusion barrier, 
effectively limiting the release of TMZ. The extracted BMDMs were 
characterized using bright field and flow cytometry, and F4/80 positive 
cells were counted (Fig. S1). The size distribution of the targeted 
nanocarrier (An-BMP-TMZ) and its control (BMP-TMZ) were determined 
using DLS (Fig. 2A–B), with hydrodynamic sizes of 174.9 ± 4.7 nm and 
159.6 ± 1.6 nm, respectively. Atomic force microscopy (AFM) results 
showed sizes of 104 ± 7.2 nm and 95.7 ± 20.9 nm for BMP-TMZ and An- 
BMP-TMZ, respectively (Fig. 2C–D). Zeta-potential measurements were 
9.5 ± 1.0 mV and 2.7 ± 0.2 mV (Fig. S2). The cationic polymer is ad-
vantageous to maintain the stability of the nanocarrier through elec-
trostatic repulsion, and the excessive positive charge was shielded by the 
cell membrane to avoid the non-specific binding and unwanted cyto-
toxicity [44]. Transmission electron microscopy (TEM) revealed a round 
shape with good homogeneity in both BMP-TMZ and An-BMP-TMZ 
(Fig. 2E–F), which is consistent with previous literature that demon-
strates the ability of encapsulating therapeutic payloads [19]. The BCA 
result showed that the conjugation efficiency of Angiopep-2 was 50.2 ±
4.8 %. The results indicate the successful formation of nanocarrier by 
combining macrophage membranes and targeted polymers. The coating 
of the cell membrane on the nanoparticles’ surfaces formed a diffusion 
barrier, and limited the release of the TMZ. 

Utilizing natural cell membranes as coatings for nanoparticles offers 
a promising approach to achieve the objectives of low toxicity, high 
biocompatibility, and to reduce immune clearance within complex in 
vivo environments. For example, the coating of polymeric nanoparticles 
with macrophage membranes has demonstrated effectiveness in im-
mune evasion and homotypic targeting, which can be attributed to the 
presence of specific surface antigens, such as CD47, on the cell mem-
branes [45,46]. CD47 is a “don’t eat me” signal that is critical to the 
innate immune system, and the expression of CD47 on nanocarriers 
prevents their clearance by immune cells. We extracted proteins from 

Fig. 2. The characterization of An-BMP-TMZ. (A–B) The size distribution of BMP-TMZ (A) and An-BMP-TMZ (B). (C–D) Representative AFM images of the BMP-TMZ 
(C) and An-BMP-TMZ (D). (E–F) Representative TEM images of the BMP-TMZ (E) and An-BMP-TMZ (F), scale bar = 100 nm. (G) Western blot analysis of the 
expression of CD47 and LFA-1 on BMP-TMZ and An-BMP-TMZ. (H) In vitro release of TMZ from BMP-TMZ and An-BMP-TMZ under pH 5.5 and pH 7.4. 
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BMP-TMZ, and An-BMP-TMZ and applied them to a western blot assay 
(Fig. 2G). Both cell membrane-coated nanocarriers expressed CD47 and 
LFA-1, suggesting a possible long circulation and the ability of crossing 
the endothelial barrier of BMP-TMZ and An-BMP-TMZ. 

The macrophage membrane-coated nanoparticles described in this 
study share structural similarities with the widely studied lipid-polymer 

hybrid nanoparticles. These hybrid nanoparticles have gained attention 
as a promising multifunctional drug delivery platform, combining 
favorable characteristics of liposomes and polymeric nanoparticles 
[47–49]. Lipid-polymer hybrid nanoparticles have demonstrated a sus-
tained drug release profile, attributed to the diffusional barrier provided 
by the lipid monolayer coating. Given the denser and bilayered lipid 

Fig. 3. The uptake of An-BMP-TMZ by glioma cells. (A–B) Viability of U87 and U251 cells after co-culture with different concentrations of free TMZ, BMP-TMZ or 
An-BMP-TMZ for 48 h. (C–F) Flow cytometry showing the uptake of BMP-TMZ or An-BMP-TMZ by U87 (C) and U251 (E) cells (with/without anti-LRP-1 blocking) 
after 1 h incubation, and the quantification (D, F). n = 3. (G–H) Confocal microscopy showing the uptake of BMP-TMZ and An-BMP-TMZ by U87 cells, and the 
quantification (H). n = 5. Data represent mean ± SD, and are statistically evaluated by one-way ANOVA. Significant differences are indicated as *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant. 
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barrier offered by the macrophage membrane, the drug release kinetics 
from the macrophage membrane-coated nanoparticles is expected to be 
even more gradual. The amount of TMZ in the samples was determined 
by measuring absorbance at 330 nm, and we established a standard line 
between absorbance and TMZ concentration (Fig. S3). The cell mem-
brane structure of the nanocarrier helping to retain the TMZ inside, and 
the encapsulation efficiency was 44.2 %. Considering the acidic envi-
ronment in the tumor, we determined the release of TMZ from BMP-TMZ 
and An-BMP-TMZ under two different simulated pH conditions (pH 5.5 
and pH 7.4). The release of TMZ from the BMP-TMZ and An-BMP-TMZ 
were rapidly raised at pH 5.5, while slowly at pH 7.4. After 72 h incu-
bation, the accumulated release of TMZ from BMP-TMZ and 
An-BMP-TMZ reached 63.9 % and 66.4 % at pH 5.5 and 33.2 % and 33.5 
% at pH 7.4 (Fig. 2H). The accelerated release of TMZ from 
An-BMP-TMZ at pH 5.5 and its decelerated release at pH 7.4 result from 
the protonation of PEI, resulting in enhanced release of therapeutic 
agents such as TMZ when the pH decreases to 5.5. This alteration leads 
to a significant drug release, potentially enhancing the accumulation of 
TMZ in tumors and minimizing its impact on normal tissues [50]. 

3.2. The stability of nanocarriers in mouse serum 

The stability of nanocarriers is a critical factor for the success of 
targeted delivery. To assess stability, we employed a well-established 
absorbance method as described previously, to monitor the changes in 
particle size in the presence of mouse serum [6]. Monitoring the increase 
in size allows us to observe the aggregation of unstable particles. 
Therefore, An-BMP-TMZ were suspended in culture medium with 10 % 
FBS or mouse serum, and incubated for 4 h. The size distribution of 
An-BMP-TMZ did not change significantly in culture medium with 10 % 
FBS after 4 h of incubation, demonstrating the stability of the nano-
carriers (Fig. S4). However, after incubation in mouse serum for 4 h, the 
particle size of the nanoparticles increased due to a large amount of 
protein in the serum forming a protein corona with the nanoparticles. 
Nevertheless, its size remained within an acceptable range (Fig. S5). 
Those properties provide the possibility for effective delivery of the 
nanocarriers to the tumor site in the brain. 

3.3. In vitro cytotoxicity 

The cytotoxicity of free TMZ, BMP-TMZ and An-BMP-TMZ in U87 
and U251 cells was evaluated using an MTT assay after 48 h of incu-
bation at various concentrations. Fig. 3A illustrates that at equivalent 
concentrations, An-BMP-TMZ exhibited significantly higher cytotoxicity 
towards U87 cells compared to BMP-TMZ. After 48 h of incubation with 
BMP-TMZ (containing 0.5 mM TMZ), the survival rate of U87 cells was 
84.8 %, whereas for An-BMP-TMZ (containing 0.5 mM TMZ), it was 
53.7 %. Similar results were observed in U251 cells, as shown in Fig. 3B. 
This enhanced cytotoxicity of An-BMP-TMZ may be attributed to the 
targeting ability of angiopep-2 towards the low-density lipoprotein 
receptor-related protein (LRP) on glioma cells [51]. To ensure the safety 
of the nanocarrier, both BMP and An-BMP underwent an in vitro cyto-
toxicity assay using the same PEI concentrations employed in the 
BMP-TMZ and An-BMP-TMZ formulations. The results were shown in 
Fig. S6. When the concentration of PEI was less than 38.8 μg/ml 
(equivalent to BMP-TMZ or An-BMP-TMZ containing 0.5 mM TMZ), 
nanocarriers showed no significant cytotoxicity. This finding demon-
strates the safety of employing nanocarriers in this experiment. 

3.4. In vitro uptake of nanocarriers 

Previous studies have demonstrated that angiopep-2 exhibits tar-
geting capabilities towards LRP on the BBB and glioma cells [51]. To 
investigate the specific recognition and uptake mediated by angiopep-2, 
PKH26-labeled BMP-TMZ and An-BMP-TMZ were incubated with U87 
and U251 cells for 1 h, and the results were evaluated using flow 

cytometry and confocal microscopy. 
Flow cytometry assays demonstrated that U87 cells exhibited a 15- 

fold and 5-fold increase in the uptake of An-BMP-TMZ compared to 
the control and BMP-TMZ, respectively (Fig. 3C–D). The uptake of An- 
BMP-TMZ by U251 cells showed a 5-fold and 4-fold increase 
compared to the control and BMP-TMZ, respectively (Fig. 3E–F). 
Moreover, after blocking with anti-LRP-1 antibody, the uptake of An- 
BMP-TMZ by U87 and U251 cells decreased obviously (Fig. 3C–F). 
These results can be attributed to the targeting ability of Angiopep-2 on 
An-BMP-TMZ to the LRP-1 on U87 and U251 cells (The expression of 
LRP-1 on U87 and U251 cells were shown in Fig. S7). Confocal micro-
scopy images showed that U87 cells exhibited higher red fluorescence 
when incubated with PKH26-labeled An-BMP-TMZ compared to when 
incubated with PKH26-labeled BMP-TMZ (Fig. 3G–H). Similar result 
was founded in U251 cells. (Fig. S8). Consequently, An-BMP-TMZ 
demonstrates specific recognition of glioma cells, providing a prom-
ising approach for targeted treatment of glioma. 

3.5. Escaping of nanocarriers from macrophages 

The BBB-crossing efficiency is impaired by the rapid clearance of 
monocytes [52,53]. Membrane-modified drug delivery systems (DDS) 
incorporating natural proteins found on macrophages, such as CD47 and 
LFA-1, possess physical and chemical properties that contribute to im-
mune evasion, prolonged circulation, and reduced toxicity (Fig. 4A). 
Above experiment proved the existence of CD47 on the macrophage 
membrane-coated nanoparticles (Fig. 2G). To investigate the role of 
CD47 in preventing nanoparticle clearance by monocytes, 
PKH26-labeled An-BMP-TMZ and CD47-blocked An-BMP-TMZ were 
incubated with macrophages. The results are presented in Fig. 4B–G, 
where the uptake of BMP-TMZ (Figs. 4C and 33.4 %) and An-BMP-TMZ 
(Figs. 4D and 50.5 %) significantly increased after blocking CD47 when 
compared with the unblocked groups (Fig. 4E–F, 17.3 % vs 29.9 %). This 
increase can be attributed to the presence of CD47 on unblocked 
nanocarriers, which prevents their clearance by macrophages. Interest-
ingly, the escape efficiency between BMP-TMZ and An-BMP-TMZ is 
different, macrophages uptake more An-BMP-TMZ than BMP-TMZ. This 
difference may be due to the reduction of the positive charge of PEI by 
Angiopep-2 modification, resulting in a decrease of CD47 membrane 
coating. Conversely, the blocked nanocarriers are more readily cleared 
by macrophages. The natural proteins on An-BMP-TMZ enable efficient 
drug delivery to glioma cells in the brain. 

3.6. Transport of nanocarriers across the BBB 

The BBB is a significant hurdle that limits drug penetration into the 
brain, posing challenges in achieving optimal therapeutic effects for 
glioma-targeting drugs. Even if a drug exhibits good targeting efficacy 
against glioma, its therapeutic potential remains constrained by the 
BBB’s limitations. To assess the BBB penetration ability of An-BMP-TMZ, 
we established an in vitro BBB model using bEnd3 cells (Fig. 5A). PKH26- 
labeled BMP-TMZ or An-BMP-TMZ were added to the upper chamber of 
the in vitro BBB model, in which bEnd3 cells were used to simulate the 
BBB structure. After 4 h of incubation, the amount of An-BMP-TMZ that 
crossed the membrane was measured using confocal microscopy. The 
transmembrane transport of An-BMP-TMZ by the U87 cells from the 
lower chamber was quantified and presented in Fig. 5B–C. Both BMP- 
TMZ and An-BMP-TMZ showed the ability to cross the in vitro BBB, 
with An-BMP-TMZ displaying notably higher transmembrane transport 
than BMP-TMZ. These results indicate that the coating of BMDMs 
membranes onto BMP-TMZ and An-BMP-TMZ is an effective strategy in 
enhancing BBB permeability of the drug delivery system (DDS). This 
effect may be attributed to the proteins present on the BMDMs cell 
membrane [33,54]. Furthermore, the angiopep-2 targeting group on 
An-BMP-TMZ further enhances its BBB crossing ability. These charac-
teristics enable efficient delivery of TMZ to glioma in the brain via 
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Fig. 4. Flow cytometry showing the uptake of BMP-TMZ and An-BMP-TMZ (with or without excess anti-CD47 antibody blocking) by macrophages after 3h incu-
bation. (A) Schematic illustration of CD47 on An-BMP-TMZ prevents the immune clearance of An-BMP-TMZ by immune cells. (B) Control; (C) BMP-TMZ with anti- 
CD47 antibody blocking; (D) An-BMP-TMZ with anti-CD47 antibody blocking; (E) BMP-TMZ without anti-CD47 antibody blocking; (F) An-BMP-TMZ without anti- 
CD47 antibody blocking; (G) The quantification. Data represent mean ± SD, n = 3 and are statistically evaluated by one-way ANOVA. Significant differences are 
indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant. 
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An-BMP-TMZ. 
The effective penetration of the BBB for drug or gene delivery in GBM 

treatment has long been a challenge for researchers [55]. Recent 
breakthroughs in nanotechnology have resulted in versatile therapeutic 
nanoplatforms that possess the ability to cross the BBB, allowing for 
precise diagnosis and effective treatment of GBM. Our macrophage 
membrane-coated nanoparticles possess inherent advantages in terms of 
biocompatibility and their ability to penetrate the BBB, making them 
applicable in the field of brain diseases. However, despite their ability to 
penetrate the BBB, many researchers believe that intravenously injected 
biological nanomaterials are primarily distributed in the liver or spleen, 
with only a small fraction reaching the brain or tumor site [49]. 
Therefore, there is a need to develop a strategy for nanoparticles to 

efficiently target glioma. 
LFU irradiation has become widely utilized in nanocarriers across the 

BBB. The application of LFU irradiation, along with nanocarriers, offers 
a safe method for inducing BBB opening. This approach enables the 
efficient delivery of therapeutic group into the brain, enhancing its 
concentration and facilitating the treatment [36]. In this study, we 
introduced LFU irradiation to further improve the efficiency of drug 
delivery to tumors. We investigated the in vivo BBB transport of 
An-BMP-TMZ under the influence of LFU irradiation (Fig. 5D). Mice 
were subjected to LFU irradiation, followed by injection of saline, 
PKH26-labeled BMP-TMZ, or An-BMP-TMZ (TMZ dose = 20 mg/kg) via 
the tail vein. Imaging with IVIS was performed 1 h later to assess the 
amount of nanocarriers that crossed the BBB (Fig. 5E–F). Ex vivo images 

Fig. 5. Transport of An-BMP-TMZ across the In Vitro BBB. (A) Transwell model simulating in vitro BBB model. (B–C) Confocal microscopy showing nanoparticles 
crossing BBB monolayer. Red represents BMP-TMZ or An-BMP-TMZ (B) and the quantification (C). n = 5. (D) Illustration of LFU promoting nanoparticle to cross 
through BBB. (E–F) IVIS imaging showing the accumulation of An-BMP-TMZ in the brain of mice after i. v. injected with BMP-TMZ or An-BMP-TMZ (TMZ dose = 20 
mg/kg) and treatment with/without LFU irradiation (E) and the quantification (F). n = 4. (G) Confocal microscopy showing the in vivo uptake of BMP-TMZ and An- 
BMP-TMZ in tumor (blue: DAPI, red: EGFR, green: PKH67). Scale bar = 10 μm. Data represent mean ± SD, and are statistically evaluated by one-way ANOVA. 
Significant differences are indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant. 
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revealed conspicuous fluorescence in the brains of LFU-irradiated mice 
treated with BMP-TMZ or An-BMP-TMZ, whereas no significant fluo-
rescence was observed in the brains of mice treated only with BMP-TMZ 
or An-BMP-TMZ. This result may be result from the fact that without 
LFU treatment, the fluorescence of the nanocarrier passing through the 
BBB is obscured by the background, while with LFU treatment, the 
nanocarriers accumulate more in the brain, and the fluorescence be-
comes obvious. These results demonstrate that LFU irradiation promotes 
BBB permeability of BMP-TMZ or An-BMP-TMZ. 

Since An-BMP-TMZ can efficiently cross the BBB under LFU irradi-
ation, we further determined the specific uptake of An-BMP-TMZ by 
glioma tumor cells. Mice were subjected to LFU irradiation, followed by 
the injection of PKH67-labeled BMP-TMZ or An-BMP-TMZ via the tail 
vein injection. The brains of the mice were collected, and the glioma 
cells were labeled with anti-EGFR (red). The results were measured with 
a confocal microscope. As presented in Fig. 5G, more An-BMP-TMZ was 

accumulated in glioma cells than BMP-TMZ. Moreover, the overlay of 
the nanoparticle (green) and glioma cells (red) demonstrated that the 
angiopep-2 on An-BMP-TMZ increased the specific recognition between 
An-BMP-TMZ and glioma cells. 

In summary, the in vitro results proved that both BMP-TMZ and An- 
BMP-TMZ can traverse the BBB through the cell membrane on their 
surface, and the angiopep-2 modification further enhances BBB perme-
ability. In the in vivo experiments, LFU irradiation treatment facilitates 
BBB opening, enabling more nanocarriers to enter the brain (~400 % 
increase). Additionally, the presence of angiopep-2 on An-BMP-TMZ 
enhanced specific recognition and mitigated potential side effects. 

3.7. In vitro inhibition of glioma cells 

Given their ability to cross the BBB and target gliomas, we decided to 
evaluate the inhibitory effect of An-BMP-TMZ on glioma cells. U87 and 

Fig. 6. In vitro apoptosis effect of An-BMP-TMZ on U87 and U251 cells. (A) Flow cytometry showing the apoptosis of U251 cells and U87 cells after treated with PBS, 
free TMZ, BMP-TMZ or An-BMP-TMZ for 48 h, and the quantification (B). Data represent mean ± SD, n = 3 and are statistically evaluated by one-way ANOVA. 
Significant differences are indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant. 
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U251 cells were incubated with PBS, free TMZ, BMP-TMZ, and An-BMP- 
TMZ (TMZ concentration: 200 μM) at 37 ◦C for 48 h. After treatment, the 
cells were stained using the Annexin V-FITC/PI Apoptosis Detection Kit 
and analyzed by flow cytometry. As shown in Fig. 6A–B, the adminis-
tration of An-BMP-TMZ significantly increased the percentage of 
apoptotic cells in U251 cells (73.5 %) compared to the BMP-TMZ (19.3 
%), free TMZ (4.8 %), and control groups (8.5 %). Similar results were 
observed in U87 cells. The disparity between the An-BMP-TMZ and 
BMP-TMZ groups can be attributed to the presence of angiopep-2 on An- 
BMP-TMZ, which facilitated its uptake by U87 and U251 cells. These 
findings suggest that An-BMP-TMZ exhibits potent inhibition of glioma. 

3.8. The biodistribution of an-BMP-TMZ 

The biodistribution of nanocarriers following intravenous injection 
in mice has been extensively investigated by researchers. Previous 
studies reported that only a small portion of nanoparticles reach the 
brain or tumor site after intravenous injection into mice [56,57]. LFU 
irradiation-induced BBB-opening is regarded as a non-invasive, safe, and 
targeted approach for drug and gene delivery [36,58]. Nevertheless, the 
impact of LFU irradiation on the biodistribution of nanocarriers in 
extracerebral organs remains uncertain. To determine the effect of LFU 
irradiation on the biodistribution of An-BMP-TMZ, mice were first 
subjected to the LFU irradiation protocol described earlier, and 1 h later, 
PKH26-labeled BMP-TMZ and An-BMP-TMZ (TMZ dose = 20 mg/kg) 

Fig. 7. In vivo safety of An-BMP-TMZ in healthy mice. (A) H&E staining of brain, liver, spleen in healthy mice after treated with PBS, free TMZ, BMP-TMZ and An- 
BMP-TMZ (Scale bar = 200 μm). (B–E) The platelet levels (B), white blood cells levels (C), neutrophils levels (D) and lymphocyte levels (E) in mice after treated with 
PBS, free TMZ, BMP-TMZ and An-BMP-TMZ. Data represent mean ± SD, n = 4 and are statistically evaluated by one-way ANOVA. Significant differences are 
indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant. 
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were intravenously injected into the mice. The organs were collected 
and imaged using IVIS 2 h later. As shown in Fig. S9, in the absence of 
LFU irradiation treatment, BMP-TMZ and An-BMP-TMZ primarily 
accumulated in the lung and liver. However, after LFU treatment, there 
was an increased accumulation of BMP-TMZ and An-BMP-TMZ in the 
brain. These findings indicate that LFU can significantly enhance the 
accumulation of nanocarriers in the brain while reducing their accu-
mulation in other organs, and mitigating associated side effects. This 
improvement in nanocarrier distribution enhances treatment efficacy 
while minimizing toxic side effects on normal organs. 

3.9. In vivo toxicity evaluation 

Toxic side effects contribute significantly to the failure of glioma 
chemotherapy, making the safety assessment of An-BMP-TMZ a crucial 
objective of this study. To mitigate these toxic side effects, mouse bone 
marrow-derived macrophage membranes were utilized to construct a 
nanocarrier with low toxicity and high biocompatibility. To determine 
the systemic toxicity of An-BMP-TMZ in mice, all mice were exposed to 
LFU irradiation and subsequently administered with PBS, free TMZ, 
BMP-TMZ, or An-BMP-TMZ every three days until day 21. Blood samples 
and major organs (brain, heart, liver, spleen, lung, kidney) were 
collected at the end of the animal experiment. As depicted in Fig. 7A and 
Fig. S10, organs treated with PBS, BMP-TMZ, and An-BMP-TMZ 

Fig. 8. Antitumor efficiency of An-BMP-TMZ. (A) The experimental scheme showing the treatment schedule. (B) Luminescence images of U87-Luc+ tumor-bearing C- 
NKG mice following different treatments and monitored on days 13 and 21. (C) Quantitative analysis of the luminescence images. (D) Mouse body weight changes 
during different treatments. (E) Survival curves of the mice in the different groups. (F–I) The H&E staining images of brain of Control group (F), free TMZ group (G), 
BMP-TMZ group (H), An-BMP-TMZ (I), and scale bar = 200 μm. Data represent mean ± SD, n = 4 and are statistically evaluated by one-way ANOVA. Significant 
differences are indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant. 
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exhibited no evident damage, indicating the favorable biocompatibility 
of BMP-TMZ and An-BMP-TMZ. However, treatment with free TMZ 
resulted in noticeable brain damage. Platelet levels, white blood cell 
levels, neutrophil levels, and lymphocyte levels in mice were also 
assessed (Fig. 7B–E). The findings revealed that treatment with free TMZ 
led to a significant decrease in blood platelet levels in mice. However, no 
noticeable changes were observed in platelet levels when treated with 
PBS, BMP-TMZ, and An-BMP-TMZ. These results demonstrated the 
safety and promising potential of in vivo application of BMP-TMZ and 
An-BMP-TMZ. 

3.10. In vivo therapeutic studies 

Since An-BMP-TMZ exhibits a prolonged circulation delivery profile, 
and LFU irradiation treatment and the targeting ability of An-BMP-TMZ 
can enhance the accumulation of An-BMP-TMZ in gliomas, we con-
ducted a further evaluation of the antitumor effect of An-BMP-TMZ in a 
well-established GBM model. The GBM model was established using 
Luci+ U87 cells to investigate the antitumor effects of the nanocarriers. 
Once the model was established, the mice were exposed to LFU irradi-
ation and then administered with PBS, free TMZ, BMP-TMZ, or An-BMP- 
TMZ every three days until day 21 (Fig. 8A). Bioluminescence assays 
were used to measure tumor sizes. LFU irradiation combined with An- 
BMP-TMZ showed an inhibitory effect on tumor growth, as shown in 
Fig. 8B and the quantitative analysis (Fig. 8C). The tumor size in the An- 
BMP-TMZ group exhibited a significant decrease on day 21 compared to 
the control group, whereas the free TMZ and BMP-TMZ groups showed 
no noticeable changes. The body weights of the mice were monitored, 
and the results indicated that there was no significant difference be-
tween the free TMZ and BMP-TMZ groups compared to the control 
group, while the An-BMP-TMZ group showed a significant increase on 
day 21 (Fig. 8D). This may be attributed to LFU irradiation treatment 
significantly increased the accumulation of nanocarriers in the brain 
(Fig. 5E–F); moreover, the angiopep-2 on An-BMP-TMZ increased the 
specific uptake by tumor cells when compared to BMP-TMZ (Fig. 5G). 
The survival curve of the tumor-bearing mice showed that two mice 
treated with An-BMP-TMZ were still alive on day 55 (Fig. 8E). The We 
further evaluated the therapy effect of An-BMP-TMZ on inhibiting the 
glioma. As shown in Fig. 8F–I, the tumor burden in brains were 
confirmed by the H&E staining images. The An-BMP-TMZ group showed 
the best anti-cancer effect. These results indicate that the combination of 
this nanoplatform and LFU irradiation can efficiently penetrate the BBB, 
significantly inhibit glioma growth, and have no obvious side effects. 

4. Conclusions 

In summary, we have developed a promising nanocarrier by pre-
cisely controlling the self-assembly of the macrophage membrane, 
temozolomide, and the targeted polymer. With the intervention of LFU 
irradiation, the nano-assembly effectively crosses the BBB and accu-
rately promotes apoptosis in glioma. Many studies have utilized LFU 
irradiation in combination with nanocarriers to facilitate drug delivery 
across the BBB, but most of these investigations have omitted consid-
eration of the role of immune cells in the circulatory system regarding 
the clearance of nanocarriers. Furthermore, there is a tendency to ignore 
the potential toxicity of nanocarriers to normal brain tissue after 
crossing the BBB [34–36]. According to the results, there are several 
advantages of our nano-assembly. 1) The coating of the cell membrane 
created a diffusion barrier, which constrained the release of TMZ, and 
the release characteristics in acidic conditions may enhance TMZ 
accumulation in tumors while minimizing its impact on normal tissues. 
2) The nanoparticle coated with the macrophage membrane, derived 
from mouse macrophages, exhibits excellent biocompatibility and 
safety. The presence of specific proteins, such as CD47, on the mem-
brane of An-BMP-TMZ sends a "don’t eat me" signal, thereby enhancing 
the circulation time of the An-BMP-TMZ. 3) The intervention of LFU 

irradiation opened the BBB in mice and significantly enhanced the 
accumulation of An-BMP-TMZ in the mouse brain (up to 400 %). 4) 
Angiopep-2 peptide-modified An-BMP-TMZ exhibits the capability to 
penetrate the BBB and selectively target GBM cells after accumulation in 
the brain, resulting in effective suppression of primary brain tumor 
recurrence and prolongation of overall survival in vivo. 5) An-BMP-TMZ 
demonstrates excellent safety, attributed to its targeting ability and high 
biocompatibility derived from the coverage of mouse macrophage 
membrane, thereby avoiding toxic side effects. Our findings are ex-
pected to significantly contribute to the advancement of brain tumor 
treatment strategies, expanding the possibilities for precise treatment of 
brain tumors in the future. 
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