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A B S T R A C T

Background: Extracellular vesicles (EVs) have emerged as a promising pharmacotherapeutic modality for glio
blastoma (GBM) drug delivery. However, the clinical translation of EVs remains restricted due to their low yield 
and demanding extraction steps. Therefore, extracellular vesicle mimetics (EVMs), as alternatives to EVs, have 
received much attention.
Results: Herein, inspired by the inherent GBM tropism of monocytes and the editable target recognition ability of 
chimeric antigen receptors (CARs), we present the synthesis and systemic evaluation of a doxorubicin (DOX)- 
loaded nanoplatform (termed CAR-EVMs@DOX) generated by loading DOX into EVMs derived from CAR- 
modified monocytes (CAR-EVMs) via a modified extrusion method. Due to insufficient GBM drug delivery ef
ficacy and great systemic toxicity caused by the resistance of the blood− brain barrier (BBB), CAR-EVMs@DOX 
can be administered intranasally to bypass the BBB, resulting in dramatic GBM-targeted migration and accu
mulation in the GBM site. Moreover, compared with intravenous administration, intranasal delivery of CAR- 
EVMs@DOX increases tumor inhibition efficacy while protecting against DOX-induced cardiotoxicity.
Conclusions: The findings of our study demonstrate that the intranasal administration of the facile and well- 
designed nanoplatform CAR-EVMs@DOX is an advanced drug delivery tactic for GBM therapy, with the po
tential for future clinical translation.

1. Introduction

Glioblastoma (GBM), as the most prevalent malignant neoplasm of 

the central nervous system (CNS), has a bleak prognosis, with a five-year 
relative survival rate of approximately 5 % [1]. Conventional GBM 
therapy mainly includes surgical resection and postoperative 
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chemoradiotherapy. Unfortunately, due to the highly invasive nature of 
GBM and insufficient tumor drug delivery that is mainly affected by the 
presence of the blood− brain barrier (BBB), GBM patients have a grim 
median overall survival (OS) of 15–18 months [2,3]. Furthermore, 
chemotherapeutic agents lacking efficiency for drug delivery to the 
brain and targeting abilities are accompanied by substantial systemic 
toxicity [4]. Thus, these obstacles remain great challenges in the effi
cient accumulation of chemotherapeutic agents in the tumor site.

Extracellular vesicles (EVs) are cell-secreted phospholipid bilayer- 
enclosed structures that serve as intercellular messengers to transport 
intracellular cargos to recipient cells [5–7]. EVs can be divided into 
three subtypes according to particle size: exosomes (30–150 nm), 
microvesicles (50–1000 nm) and apoptotic bodies (50–2000 nm). Due to 
their superiority in terms of stability in circulation, biocompatibility, 
intrinsic tropism, inherent targeting ability and capability to cross bio
logical barriers, the application of EVs as drug delivery platforms has 
emerged as a novel pharmacotherapeutic treatment modality for GBM 
[8,9]. Despite these advantages, the applications of EVs are limited due 
to the low yields and demanding extraction steps required to obtain 
naturally secreted EVs [10].

Recently, extracellular vesicle mimetics (EVMs), as alternatives to 
EVs, have received much attention [11–13]. EVMs can be manufactured 
in high yield through mechanical extrusion and possess lipids and pro
teins similar to those of the derived cells. In addition to their superior 
yield, compared to natural EVs, EVMs have preferable stability and 
targeting abilities [14] and thus have been applied to treat various types 
of tumors [15,16]. Additional research on the applications of EVs/EVMs 
for tumor therapy has focused on how to increase the tumor-targeting 
ability while minimizing the uptake by other organs to the greatest 
extent. Various attempts have been made to achieve these aims, 
including exploring different source cells with intrinsic tumor tropism, 
amending vesicles with molecules or materials that have a specific tar
geting capacity, and seeking different modes of administration [17–19].

Monocytes, a main type of blood cell, have been shown to be capable 
of invoking GBM tropism and infiltrate in response to the chemokines 
secreted by GBM cells [20]. Monocyte-derived macrophages and 
microglia together constitute tumor-associated macrophages (TAMs), 
which account for nearly 30 % of cells in the GBM tumor microenvi
ronment (TME) [21]. It is worth noting that recent studies have 
demonstrated that most TAMs originate from circulating precursor cells, 
although some are derived from tissue-resident microglia [20,22]. These 
features may allow monocytes and their EVMs to become advanced 
carriers for GBM drug delivery.

Chimeric antigen receptors (CARs) are human-modified receptors 
that can recognize a target antigen without major histocompatibility 
complex presentation [23]. CAR recognition capacity is mainly based on 
single-chain variable fragments (scFvs) derived from monoclonal anti
bodies [24]. Compared to other types of engineered antigen-binding 
domains, CAR sequences are entirely human, induce lower immunoge
nicity and can be engineered to recognize virtually all tumor-associated 
antigens [25,26]. To date, cell therapy based on CARs has exhibited 
tropism with various types of tumors [27–30]. Epidermal growth factor 
receptor variant III (EGFRvIII) is an ideal GBM-associated target in 
CAR-based therapy, as it is overexpressed in nearly 30 % of GBM pa
tients [31]. Herein, to better elevate the tumor-targeting ability of 
EVMs, we employed membrane-bound EGFRvIII-specific CARs to endow 
the EVMs with the capability to selectively accumulate in 
EGFRvIII-overexpressing GBM.

Notably, intranasal administration is a noninvasive nose-to-brain 
drug delivery approach that not only bypasses the BBB but also re
duces drug-related systemic toxicity [32]. As an ideal route to deliver 
drugs to the CNS, the trigeminal and olfactory nerve pathways can be 
utilized to ensure highly efficient accumulation of the therapeutic drug 
in the brain [33].

Taking these factors into consideration, we developed an intranasal 
drug delivery nanoplatform (CAR-EVMs@DOX) based on EVMs derived 

from CAR-modified monocytes to deliver doxorubicin (DOX) for the 
treatment of GBM. DOX was encapsulated by CAR-EVMs to facilitate 
GBM targeting. Compared to conventional intravenous administration, 
intranasal delivery of our nanoplatform produced superior therapeutic 
effects and reduced systemic cardiotoxicity (Fig. S1).

In summary, the engineered CAR-EVMs@DOX, when administered 
intranasally, is a neoteric nanomedicine for targeted GBM therapy with 
feasible potential for biomedical use and clinical translation in the 
future.

2. Materials and methods

2.1. Cell culture and animals

All the cell lines involved in this study were obtained from the Na
tional Infrastructure of Cell Line Resource. The U87MG cell line stably 
expressing EGFRvIII, U87MG cell Negative Control (U87NC) and a 
firefly luciferase (fluc) tag was obtained and amplified in our previous 
study [34]. The anti-EGFRvIII-CAR-THP-1 cell line was constructed via 
viral transfection and sorted with flow cytometry. Anti-EGFRvIII-CAR 
was encoded by a lentiviral vector and contained a humanized 
anti-EGFRvIII scFv, the hinge and transmembrane domains of CD8, the 
costimulatory domain of 4-1BB and the CD3ζ T-cell activation domain. 
U87MG cells and HOPC cells were incubated in DMEM. HUVECs, THP-1 
cells and bEnd.3 cells were incubated in RPMI-1640 medium. Ten 
percent fetal bovine serum (FBS) and 1 % penicillin‒streptomycin were 
added to the medium, and the cells were cultivated in a humid atmo
sphere with 5 % CO2 at 37 ◦C. In line with the NIH Animal Research and 
Care guidelines, the animal experimental protocol was established and 
approved by the Ethics Committee of Huazhong University of Science 
and Technology (No. 2022–3008). Six-week-old female BALB/c-nu nude 
mice were obtained from Hubei Biont Biotechnology Co., Ltd. (China).

2.2. Preparation and characterization of CAR-EVMs@DOX/ 
EVMs@DOX

CAR-EVMs@DOX/EVMs@DOX was synthesized as described previ
ously with some modifications [15]. Briefly, 1 × 106 CAR-THP-1/THP-1 
cells were collected and mixed with DOX (400 μg mL-1) and then serially 
extruded through 10 μm, 1 μm, and 400 nm polycarbonate membranes 
(Whatman, UK) using an extruder (Avestin, Canada). The extruded 
product was then incubated for 4 h to enhance DOX loading. Next, the 
solution was filtered through a 0.22 μm filter followed by ultracentri
fugation (110,000×g, 70 min) and washing with cold PBS to remove the 
dissociated DOX. The ultracentrifugation and washing steps were 
repeated twice, and the final CAR-EVMs@DOX was resuspended in PBS. 
Native CAR-EVs were isolated from the supernatant of CAR-THP-1 cells 
as described previously [4]. Briefly, after 1 × 106 CAR-THP-1 cells had 
been cultured for 72 h, the supernatant was collected and centrifuged at 
1000×g for 10 min, 2000×g for 10 min and 10,000×g for 30 min, fol
lowed by filtration through a 0.22 μm filter to remove cell debris and 
large EVs. The filtered supernatant underwent ultracentrifugation (100, 
000×g, 70 min), and the product was washed with cold PBS. The ul
tracentrifugation and wash steps were repeated twice. Finally, CAR-EVs 
were resuspended in PBS. All of the above incubation and centrifugation 
procedures were carried out at 4 ◦C. The morphology of the EVs and 
EVMs was analyzed using a Hitachi HT7000 transmission electron mi
croscope (Hitachi, Japan). The protein profile of CAR-EVMs@DOX and 
native CAR-EVs, including EV protein markers (CD9, CD63, TSG101) 
and some classic chemokine receptors expressed on THP-1 cells (CCR2, 
CXCR4, CSF1R), was analyzed via western blotting. The size distribution 
and yield of native EVs and EVMs presented in this manuscript were 
quantified by NTA using a ZetaVIEW S/N 17–310 (Particle Metrix, 
Germany). EVMs and EVs derived from 1 × 108 THP-1 were collected 
and analyzed by Western blot. The fluorescence colocalization of 
CAR-EVMs labeled with PKH67 and DOX was recorded with a confocal 
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microscope (PerkinElmer, USA), and the results were analyzed by 
ImageJ software. CAR expression on CAR-EVMs@DOX and CAR-EVs 
was assessed with FITC-conjugated Protein L (2 μg/107 particles; Acro 
Biosystems, China). In brief, the nanoagents or native EVs were incu
bated with FITC-conjugated Protein L for 2 h at 4 ◦C followed by 
washing steps with PBS. Then, the samples were analyzed using a 
NanoFCM N30E instrument (NanoFCM, UK). The results were analyzed 
with FlowJo V10 software (FlowJo, USA).

2.3. Measurement of DOX loading capacity and DOX loading efficiency

The amount of DOX loaded in the CAR-EVMs@DOX and EVMs@DOX 
was measured as the weight of DOX per number of particles. Briefly, 100 
μl of CAR-EVMs@DOX solution was mixed with 100 μl of 0.5 % Triton X- 
100 and vortexed to release the DOX that had been loaded into the 
EVMs/CAR-EVMs. Then, the solution was incubated at 37 ◦C for 1 h, the 
absorbance was measured with a UV–visible spectrophotometer (Life
Real, China) at a wavelength of 480 nm, and the amount of DOX was 
calculated according to a preestablished DOX standard curve (Fig. S2a). 
The corresponding number of particles was determined using NTA. The 
encapsulation efficiency (EE) of DOX in CAR-EVMs@DOX and 
EVMs@DOX was determined as follows: EE = MDOX-loaded/MDOX-added. 
The loading efficiency (LE) of DOX in CAR-EVMs@DOX and EVMs@
DOX was determined as follows: LE = MDOX-loaded/M particle. MDOX-loaded 
is the amount of DOX loaded in the CAR-EVMs@DOX and EVMs@DOX 
calculated previously. Mparticle is the total masses of CAR-EVMs@DOX 
and EVMs@DOX synthesized previously. MDOX-added is the amount of 
DOX extruded and incubated with THP-1 mentioned above.

2.4. CCK8 assay

CCK8 Assay was performed by CCK8 kit (MCE, China) following the 
standard manual. Briefly, EVMs@DOX/CAR-EVMs@DOX (103 parti
cles/cell), equal mess of doxorubicin hydrochloride (freeDOX, 2.3 ×
10− 3 ng/cell) or equal volume DMEM were incubated with U87NC and 
EGFRvIII-positive U87 cells respectively. After co-cultured for 8 h, cells 
were digested and resuspended. Then the above suspension was added 
into a 96-well plate (2000 cell/well) and cultured at 37 ◦C in 5 % CO2 for 
48 h. CCK8 was then diluted with serum-free DMEM and 100 μl 10 % 
CCK8 solution was added into the 96-well plate from which the culture 
medium was discarded. After incubation for 2 h in dark, the absorbance 
of the solution in each well at a wavelength of 450 nm was detected by 
Full wavelength microplate reader (Thermo Fisher, USA).

2.5. Clonal formation assay

Clonal formation assay evaluated the inhibition on the proliferation 
of glioblastoma cell lines. Briefly, U87NC and EGFRvIII-positive U87 
cells were seeded in six-well plates, with 2000 cells per well. Subse
quently, the two types of cells were added with CAR-EVMs@DOX/ 
EVMs@DOX (103 particles/cell), equal mess of doxorubicin hydro
chloride (free DOX, 2.3 × 10− 3 ng/cell) or equal volume of DMEM for 8 
h. Next, the culture medium was replaced with DMEM (with 10 % FBS 
and 1 % penicillin‒streptomycin) and cultured at 37 ◦C in 5 % CO2 for 
14 days. The cells in six-well plates were then washed twice with PBS 
and fixed in 4 % paraformaldehyde for 30 min. The fixed cells were 
stained with 0.1 % crystal violet solution for 1 h and then washed three 
times with PBS. The colored clones were photographed and counted.

2.6. Western blot

Western blot was used to detect the protein characteristics expressed 
by cells and EVMs. Briefly, the proteins of EVMs/CAR-EVMs and CAR- 
THP-1/THP-1 were extracted by PIPA lysis buffer (Beyotime, China), 
and the protein content was determined using BCA kit (Thermo Fisher, 
USA). The primary and secondary antibodies were used to indicate the 

bands of target proteins. Finally, enhanced chemiluminescence (ECL) 
solution (Epizyme Biotech, China) and protein imager (baygenebiotech, 
China) were used to visualize protein bands. Equal volumes of DMEM, 
EVMs@DOX/CAR-EVMs@DOX (103 particles/cell) or equal mess of 
doxorubicin hydrochloride (freeDOX, 2.3 × 10− 3 ng/cell) were added 
into the mediums of U87NC and EGFRvIII-positive U87 cells and 
cultured for 8 h. Then the above eight groups were collected and sub
jected to Western blot according to the method described in this 
experiment. To extract protein of cardiac tissue, we cut the myocardium 
of the sacrificed mice, then add the lysis buffer and grinded it at a low 
temperature. The tissue homogenate after grinding was filtered and 
centrifuged. Then supernatant was used to measure the protein con
centration and perform Western blot as described above. The primary 
and secondary antibodies used in this study are listed in Table S1. The 
protein bands were analyzed by ImageJ software.

2.7. Flow cytometry

Flow cytometry was used to detect the proportion of apoptotic cells. 
FITC-conjugated Annexin V was used to stain apoptotic cells. Briefly, 
equal volumes of DMEM, EVMs@DOX/CAR-EVMs@DOX (103 particles/ 
cell) or equal mess of doxorubicin hydrochloride (freeDOX, 2.3 × 10− 3 

ng/cell) were added into the mediums of U87NC and EGFRvIII-positive 
U87 cells and the samples were harvested after 8 h of culture. After being 
washed twice with PBS, the harvested cells were resuspended in 1 ×
loading buffer at a concentration of 1 × 106 cells/ml. 100 μl of cell 
suspension was taken and 5 μl of FITC-conjugated Annexin V was added, 
and incubated at room temperature (RT) in the dark for 15 min. Sub
sequently, 400 μl of 1 × loading buffer was added. Cell fluorescence was 
then detected by flow cytometry (Becton, Dickinson and Company, 
USA). The results were analyzed with FlowJo V10 software (FlowJo, 
USA).

2.8. Fluorescent labeling of CAR-EVMs@DOX/EVMs@DOX

For in vitro cellular uptake studies, native EVs and EVMs were 
labeled with PKH67/PKH26 for tracing. In brief, EVs or EVMs were 
incubated with 5 μM PKH67 (MINI67, Sigma, USA) or PKH26 (MINI26, 
Sigma, USA) for 30 min at room temperature (RT) and diluted with cold 
PBS, followed by a washing step via ultracentrifugation (110,000×g, 70 
min). For the in vivo distribution studies, native EVs and EVMs were 
labeled with the lipophilic carbocyanine dye DiIC18 (DiR) (Yeason, 
China) at a DiR concentration of 50 μg/mL. The other labeling and 
washing procedures were the same as those for PKH67/PKH26. The 
procedure by which EVMs@DOX and CAR-EVMs@DOX were labeled 
was the same as that described above.

2.9. Assessment of the tumor targeting ability and drug delivery properties 
of CAR-EVMs@DOX In vitro

First, to assess the tumor-targeting abilities of CAR-EVMs and EVMs, 
0.5 × 105 cells (EGFRvIII-positive U87 cells, bEnd.3 cells, HUVEC cells 
or HOPC cells) were seeded on a 24-well culture plate and cultivated to 
attach. Then, filamentous actin (F-actin) was labeled with Alexa Fluor 
488-conjugated phalloidin (Invitrogen, USA), and the cell nuclei were 
stained with DAPI. Next, the cells were incubated with PKH26-labeled 
EVMs or CAR-EVMs (103 particles/cell) for 2, 4 or 8 h. Thereafter, the 
cells were washed with PBS and fixed with 4 % paraformaldehyde for 
further detection via an UltraVIEW VoX Spinning Disk confocal micro
scope (PerkinElmer, USA). The fluorescence images were analyzed by 
ImageJ software.

In addition, the procedure by which the drug delivery properties of 
CAR-EVMs@DOX and EVMs@DOX were evaluated was similar to that of 
CAR-EVMs and EVMs, except that CAR-EVMs@DOX and EVMs@DOX 
were labeled with PKH67. To evaluate the BBB penetration ability of 
CAR-EVMs and EVMs, an in vitro BBB model with a Transwell chamber 

Q. Cheng et al.                                                                                                                                                                                                                                  Bioactive Materials 52 (2025) 228–243 

230 



was constructed according to a previous study [4]. Briefly, 0.5 × 105 

EGFRvIII-positive U87 cells were seeded in the bottom chamber, and 1 
× 105 bEnd.3 cells were seeded on precoated Matrigel (BD Biosciences, 
USA) in the upper chamber (pore size = 0.4 μm). The bEnd.3 layers with 
transepithelial electrical resistance (TEER) values higher than 300 Ω 
cm2 were considered a qualified model for further evaluation. DAPI was 
applied to label the cell nuclei. PKH67-labeled EVMs@DOX and 
CAR-EVMs@DOX were added to the upper chamber (103 particles/cell) 
and incubated for 2, 4, or 8 h. Afterward, the cells in the upper and 
bottom chambers were washed with PBS and fixed with 4 % para
formaldehyde for detection via confocal microscopy.

2.10. Evaluation of the tumor targetability of CAR-EVMs@DOX In vivo

An orthotropic GBM mouse model was constructed in line with a 
previously described procedure [17]. In brief, 5 × 105 EGFRvIII-positive 
U87 cells expressing the luciferase gene were injected into the right 
striatum (2 mm lateral, 1 mm longitudinal and 3 mm deep) of 6-week-
old female BALB/c-nu nude mice postanesthesia. Ten days later, the 
mice were treated with an intraperitoneal injection of D-luciferin 
(Yeason, China) 150 mg/kg followed by in vivo bioluminescence im
aging using an in vivo spectrum imaging system (IVIS Spectrum, Caliper, 
America) to determine the success of tumor inoculation. The tumori
genic mice were randomly divided into six groups (I: intranasal delivery 
of free DiR (n = 3); II: intranasal delivery of EVMs@DOX (n = 3); III: 
intranasal delivery of CAR-EVMs@DOX (n = 3); IV: intravenous delivery 
of free DiR (n = 3); V: intravenous delivery of EVMs@DOX (n = 3) and 
VI: intravenous delivery of CAR-EVMs@DOX (n = 3)). Free DiR was 
administered at a dose of 1 mg/kg, and EVMs@DOX and 
CAR-EVMs@DOX were administered at a dose of 3 × 1010 particles 
dissolved in 20 μl of saline. EVMs@DOX and CAR-EVMs@DOX were 
labeled with DiR before intranasal or intravenous administration (tail 
vein injection). Then, the mice were transferred to cages and subjected 
to observation with the IVIS imaging system (IVIS Spectrum, Caliper) to 
monitor the migration of DiR fluorescence (excitation wavelength: 740 
nm; emission wavelength: 780 nm) toward the tumor site at 4, 8, 16 and 
24 h postadministration. After the last images were taken, the mice were 
sacrificed, and the brain and heart tissues were collected and subjected 
to ex vivo imaging to monitor DiR fluorescence. Next, for 
CAR-EVMs@DOX tracing, the brain tissue of the mice in the intranasal 
CAR-EVMs@DOX delivery group was immediately frozen at − 80 ◦C, and 
7 μm frozen sections were stained with DAPI followed by detection via 
confocal microscopy.

2.11. In vivo evaluation of Anti-GBM efficacy with orthotropic GBM 
models

To determine anti-GBM efficacy, the same orthotropic GBM model 
that was constructed and applied in the previous section was used. 
However, after tumor inoculation was determined to be successful at 
Day 10, the tumorigenic nude mice were randomly divided into seven 
groups (I: intranasal delivery of saline (n = 8); II: intravenous delivery of 
saline (n = 8); III: intranasal delivery of free DOX (n = 8); VI: intrave
nous delivery of free DOX (n = 8); V: intranasal delivery of EVMs@DOX 
(n = 8); VI: intravenous delivery of EVMs@DOX (n = 8); VII: intranasal 
delivery of CAR-EVMs@DOX (n = 8); and VIII: intravenous delivery of 
CAR-EVMs@DOX (n = 8)). The dose of DOX given to the nude mice was 
3 mg/kg each time. The doses of EVMs@DOX and CAR-EVMs@DOX 
given to each nude mouse were calculated according to the amount of 
loaded DOX to ensure a DOX concentration of 3 mg/kg. Intranasal or 
intravenous administration of the different agents was carried out every 
three days for five consecutive administrations. Additionally, the tumor 
growth inhibition efficacy in each treatment group was monitored by in 
vivo bioluminescence imaging using an IVIS imaging system (IVIS 
Spectrum, Caliper) once a week followed by analysis with Live Image 4.4 
software (Caliper Life Sciences). The mouse body weights were recorded 

every 2 days, and their survival status was confirmed each day. At the 
termination of the in vivo experiments (Day 25), the nude mice in each 
group (n = 3) were sacrificed according to the standard procedure, and 
the brain and heart tissues were immediately frozen at − 80 ◦C. Then, 7 
μm frozen GBM brain sections from each group were subjected to H&E 
staining to compare the tumor areas and malignancy. The other nude 
mice were kept for further survival assessment.

2.12. In vivo evaluation of the cardiotoxicity of CAR-EVMs@DOX

For the cardiotoxicity evaluation, the heart tissue that was obtained 
from the nude mice after termination of the experiment (Day 25) was 
immediately frozen at − 80 ◦C and sliced into 7 μm thick sections. Then, 
the sections were subjected to H&E, TUNEL and DHE staining (Beyotime 
Biotechnology, China). H&E and DHE staining were performed with the 
appropriate kits obtained from Beyotime Biotechnology (Shanghai, 
China). The TUNEL assay was performed with an in situ TUNEL kit 
(Roche, Switzerland). DAPI was employed to stain cell nuclei. The 
staining procedures mentioned above were all performed in accordance 
with the manufacturers’ instructions.

After the mice were sacrificed, serum was collected and the con
centration of CK-MB and LDH was detected by ELISA kit (Yanjin Bio
logical, China) following the instructions. Briefly, blood was 
centrifugated 3000 rpm for 30 min after collected. Absorbance at 450 
nm wavelength was measured using ELISA kits of CK-MB and LDH 
respectively, and concentrations of CK-MB and LDH in serum were 
calculated according to the standard curve.

To measure the apoptosis-related gene expression, heart tissue ob
tained from the nude mice was used to perform quantitative Polymerase 
Chain Reaction (qPCR) assay. In brief, cardiomyocyte RNA was extrac
ted by the RNAeasy™ Animal RNA Isolation Kit (Beyotime, China) ac
cording to the instructions. Then RNA was reverse transcripted by 
HiScript III RT SuperMix (Vazyme, China). ChamQ Universal SYBR 
qPCR Master Mix (Vazyme, China) and primer of Bax, Bcl-2 and GAPDH 
were used to performed qPCR. The sequence of primers used in the study 
are listed in Table S2.

2.13. Statistical analysis

All the data in this study were measured in triplicate at least and are 
presented as the mean ± standard deviation (SD). Statistical variance of 
two groups was analyzed with Student’s t-test, statistical variance of 
Kaplan-Meier plot of the survival study was analyzed with Log-rank test, 
and statistical variance of multiple groups was analyzed with one- and 
two-way ANOVA with Bonferroni post hoc tests using SPSS version 16.0 
software (SPSS, USA). A p value < 0.05 was considered statistically 
significant.

3. Results

3.1. Preparation and characterization of CAR-EVMs@DOX

In this study, we constructed a biomimetic intranasal drug delivery 
nanoplatform to load and deliver the chemotherapeutic drug DOX for 
GBM treatment. First, EGFRvIII-CAR-modified THP-1 cells were 
collected and mixed with DOX. Next, CAR-EVMs@DOX was synthesized 
by serial physical extrusion and purified by ultracentrifugation and 
washing steps. The extrusion method offers CAR-EVMs@DOX the op
portunity to carry membrane-bound EGFRvIII-specific CARs and 
inherent chemokine receptors from the parental CAR-THP-1 cell mem
brane to selectively deliver DOX to EGFRvIII-overexpressing GBM cells 
(Fig. 1a).

To examine the effectiveness of CAR-EVMs@DOX as a drug delivery 
nanoplatform, a series of tests were performed. Transmission electron 
microscopy (TEM) demonstrated that synthetic EVMs@DOX and CAR- 
EVMs@DOX possessed typical phospholipid bilayer-enclosed 
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Fig. 1. Characterization of the drug delivery system. a) Schematic diagram of drug-loaded vesicles prepared by physical coextrusion using monocytes and 
doxorubicin (Created in BioRender. Cheng, Q. (2025) https://BioRender.com/c05d120). b) TEM images of EVMs@DOX/CAR-EVM@DOX; Scale bar: the length of 
white rectangle indicates 100 nm. c) Size distribution of EVMs@DOX/CAR-EVM@DOX. d) Yield of synthesized CAR-EVMs@DOX and native CAR-EVs from CAR- 
THP-1 cells (n = 3). e) Western blot analysis of CAR-EVMs@DOX (diluted 1:100) and native CAR-EVs derived from 1 × 108 CAR-THP1. f) Western blot analysis of 
EVMs@DOX/CAR-EVMs@DOX. g) Polydispersity index (PDI) of CAR-EVMs@DOX and native CAR-EVs (n = 3). h) Flow cytometry analysis of CAR-positive per
centage in CAR-EVMs@DOX and native CAR-EVs; FITC-conjugated Protein L was used to mark the CAR-positive particles (n = 3). i) Drug loading capacity of 
EVMs@DOX/CAR-EVMs@DOX measured as the weight of DOX per number of particles (n = 3). j) Encapsulation efficiency (EE) and loading efficiency (LE) of DOX in 
EVMs@DOX/CAR-EVM@DOX (n = 3). k) Confocal images and colocalization analysis of CAR-EVMs (labeled with PKH67, green) and DOX (red) of CAR- 
EVMs@DOX; Scale bar: the length of white rectangle indicates 20 μm. Statistical variance was analyzed with Student’s t-test. *p value < 0.05; **p value < 0.01; 
***p value < 0.001; ****p value < 0.0001; ns, not significant.
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morphologies (Fig. 1b) that mirrored the classic EV morphology well. In 
addition, nanoparticle tracking analysis (NTA) revealed that the particle 
sizes of EVMs@DOX and CAR-EVMs@DOX were less than 200 nm in the 
majority (Fig. 1c). CAR-EVMs@DOX was obtained by the extrusion 
method in high yield, as 5.2 × 1010 particles were obtained per 1 × 106 

cells. Notably, compared to native EVs, the yield of synthetic CAR- 
EVMs@DOX was more than 150-fold higher (Fig. 1d). The Western 
blot and quantification analysis of EV protein markers on CAR- 
EVMs@DOX and CAR-EVs also revealed that the yield of CAR- 
EVMs@DOX was much more than CAR-EVs (Fig. 1e, Fig. S2b). Impor
tantly, use of the extrusion method requires sacrifice of the parental cells 
to obtain EVMs, but as the native EVs were purified from the supernatant 
of the culture media, the parental cells could be retained. However, 
considering the greater yield of EVMs, high proliferation rate of THP-1 
cells and EV-free culture media requirement to avoid the presence of 
external EVs in the culture medium for native EV purification, large- 
batch production of CAR-EVMs@DOX remained superior. Western 
blotting demonstrated that the synthesized CAR-EVMs@DOX and native 
CAR-EVs were enriched with the EV-associated biomarkers CD9, CD63 
and TSG101 (Fig. 1f, Fig. S2c) [35,36]. Moreover, polydispersity index 
(PDI) was assessed by dynamic light scattering. PDI of CAR-EVMs@DOX 
and CAR-EVs were both lower than 0.25, which showed the size of 
particles with uniform distribution (Fig. 1g).

As CAR-EVMs@DOX was obtained from CAR-THP-1 cells and 
increasing evidence has proven that monocyte surface proteins play key 
roles in signaling and recruitment, three vital GBM-associated chemo
kine receptors, CC-chemokine receptor 2 (CCR2), C-X-C chemokine re
ceptor 4 (CXCR4) and colony-stimulating factor 1 receptor (CSF1R), 
were detected at high levels in CAR-EVMs@DOX and native CAR-EVs 
(Fig. 1f, Fig. S2c). CCR2 is a CC-chemokine ligand 2 (CCL2) receptor 
that is mainly secreted by GBM cells, microglia and macrophages and 
recruits myeloid cells to the tumor site through the CCL2-CCR2 inter
action [37,38]. CXCR4, a C-X-C chemokine ligand 12 (CXCL12) recep
tor, and CSF1R, a colony stimulating factor 1 (CSF1) receptor, have been 
reported to participate in the recruitment of monocytes from blood in 
response to GBM cells and TAM-secreted CXCL12/CSF1 [39,40]. Thus, 
the locations of the above surface proteins on CAR-EVMs@DOX offer 
these nanomedicine opportunities to transfer to the GBM site and lay the 
foundation for the recognition of CARs by the EGFRvIII antigen.

To detect the location of CARs on CAR-EVMs@DOX, we used FITC- 
conjugated Protein L to mark the CAR-positive particles. The results 
revealed that the synthesized CAR-EVMs@DOX exhibited a CAR- 
positive rate similar to that of native CAR-EVs, demonstrating that 
CAR-EVMs@DOX maximally retained CARs on the surface and 
possessed the ability to specifically recognize the corresponding antigen 
of the CAR structure (Fig. 1h).

The average loading of DOX into CAR-EVMs@DOX and EVMs@DOX 
was 237.7 ± 24.2 ng and 227.8 ± 55.6 ng, respectively, per 1 × 108 

particles (Fig. 1i). The average loading of DOX in one previous study 
using the sonication method was 194.6 ± 45.3 ng per 1 × 108 particles. 
Previous studies on EVMs mainly encapsulated their intrinsic cargos via 
sonication, which contributes to efficient encapsulation [2,4,7,41]. 
However, this method increases the complexity and difficulty of the 
manufacturing process. In our study, through coextrusion and incuba
tion, CAR-EVMs@DOX revealed an encapsulation efficiency comparable 
to that obtained in previous studies [15], thus offering a relatively 
simple method to encapsulate cargos into EVMs.

Based on the standard curve of DOX, EE of DOX in CAR-EVMs@DOX 
and EVMs@DOX were calculated to be 49.33 ± 1.60 % and 50.06 ±
2.87 %, while LE of DOX in CAR-EVMs@DOX and EVMs@DOX were 
calculated to be 5.24 ± 0.02 % and 5.69 ± 0.03 %, respectively (Fig. 1j). 
Fluorescence images revealed that PKH67-labeled CAR-EVMs (green) 
and DOX (red) mostly overlapped. Moreover, semiquantitative analysis 
of the images showed that the fluorescence of CAR-EVMs (green) was 
coupled with that of DOX (red) (Fig. 1k). These results suggested that 
DOX was successfully loaded into CAR-EVMs@DOX.

Taken together, after analysis by a series of tests, the data show that 
our synthesized CAR-EVMs@DOX had basic characteristics that were 
similar to those of native EVs. Moreover, CAR-EVMs@DOX was pro
duced in high yield suitable for mass production, displayed engineered 
surface proteins for GBM targeting, and had an efficient and simple 
drug-loading capacity, which may advance its clinical translation for 
GBM treatment.

3.2. Tumor targetability In vitro and BBB transport

The coating of the CAR-EVMs endowed the final synthesized CAR- 
EVMs@DOX with the ability to target GBM and penetrate the BBB. A 
schematic diagram described the processes for evaluating the charac
teristics of EVMs/CAR-EVMs uptake by cells (Fig. 2a). The characteristic 
of protein expression of EGFRvIII in U87NC and EGFRvIII-positive U87 
cells was shown in Fig. S2d. To analyze the capability of CAR-EVMs to 
target EGFRvIII-positive GBM (determine EGFRvIII specificity), we first 
compared the cellular uptake of EVMs and CAR-EVMs by EGFRvIII- 
positive U87 cells. The fluorescence images showed time-dependent 
uptake of both EVMs and CAR-EVMs by EGFRvIII-positive U87 cells. 
In addition, the images revealed that compared to EVMs, significantly 
more CAR-EVMs were taken up by EGFRvIII-positive U87 cells (Fig. 2b, 
Fig. S3a–b). The corresponding quantification of the mean fluorescence 
intensity supported these results, suggesting that the CARs were suc
cessfully engineered on the surface of the CAR-EVMs and worked as 
intended (Fig. 2b).

In addition to amenable tumor-targeting ability, another key issue 
for therapeutic drugs is reducing their uptake by normal tissue to the 
greatest extent [42,43]. Thus, we tested CAR-EVMs and EVMs in two 
normal tissue cell lines, HUVECs and bEnd.3 cells. The results revealed 
that the uptake of CAR-EVMs and EVMs by HUVECs and bEnd.3 cells 
was significantly lower than that by EGFRvIII-positive U87 cells (Fig. 2c, 
Fig. S3c). In addition, compared to that of the EVM-treated EGFRvIII-
positive U87 cells, the fluorescence of the CAR-EVM-treated HUVECs 
and bEnd.3 cells was significantly weaker (Fig. 2c). Moreover, the up
take of CAR-EVMs and EVMs in HOPC cells (human oligodendrocyte 
precursor cells) was also much lower than EGFRvIII-positive U87 cells 
(Fig. S3c). This suggests that the EVMs themselves possessed a specific 
ability to target U87 cells, while CARs enhanced the specific uptake into 
EGFRvIII-positive U87 cells, further demonstrating that CAR-EVMs 
could specifically target EGFRvIII-positive GBM.

Previous studies have verified the BBB penetration ability of EVs/ 
EVMs [15,44,45]. Thus, before we administered CAR-EVMs via different 
routes in vivo, we constructed an in vitro BBB model as previously 
described to assess whether our CAR-EVMs could pass through the BBB 
in vitro (Fig. S4a) [4]. As the fluorescence images show, EVMs and 
CAR-EVMs both penetrated the BBB in a time-dependent manner, which 
is in agreement with previous studies. Moreover, the bottom 
EGFRvIII-positive U87 cells took up more CAR-EVMs than EVMs, which 
could be due to the CAR function (Fig. S4b). To summarize, CAR-EVMs 
possess an advanced tumor-targeting ability and can pass through the 
BBB in vitro, which can be attributed to the inherent targeting ability of 
the parental cells and the engineered surface CAR proteins.

3.3. Drug delivery properties

DOX is a common anthracycline chemotherapeutic agent that is used 
clinically for the treatment of multiple cancers, including leukemia, 
lymphoma and many solid tumors [46]. However, DOX fails to pass 
through the BBB due to its affinity for efflux transporters that are 
resistant to multiple drugs, thereby limiting its utility in the treatment of 
brain tumors [47]. Regardless, DOX efficacy against GBM was proven to 
be nearly 2000-fold greater than that of the standard clinical agent 
temozolomide in vitro [48]. Therefore, in addition to seeking new 
chemotherapeutic agents with BBB penetration capacity, it is worth 
exploring new routes and delivery vesicles to apply existing powerful 
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therapeutic agents.
Based on this, we assessed the DOX delivery properties of EVMs@

DOX and CAR-EVMs@DOX in vitro before carrying out animal experi
ments. In order to verify the efficiency of DOX loaded nanoparticles, 
CCK8 assay was performed to detect the variability of U87NC and 
EGFRvIII-positive U87 cells. The results showed that after 8 h of incu
bation with equal amounts, there was no significant difference in the 
inhibition of U87NC by CAR-EVMs@DOX and EVMs@DOX. While the 
viability of EGFRvIII-positive U87 cells incubated with CAR-EVM@DOX 
was significantly lower than that of the EVMs@DOX group (Fig. 3a). In 
addition, the results of clonal formation and flow cytometry were 
consistent with the above results (Fig. 3b). To clarify the reasons for a 
decrease of viability, the expression of apoptosis-related proteins in each 
group was analyzed by Western blot (Fig. 3c). The effect of CAR- 
EVMs@DOX on inducing apoptosis of EGFRvIII-positive U87 cells was 
the strongest and significantly different from EVMs@DOX (Fig. 3d–e). 
However, free DOX exhibited significantly cytotoxicity within 8 h 
incubated with U87NC and U87EG compared to EVMs@DOX/CAR- 
EVMs@DOX. This difference is primarily attributed to the distinct 
cellular uptake and drug release mechanisms of the two formulations. 
Multiple researches referred that due to EVMs release delay and high 
toxicity of free DOX, free DOX is more toxic in a short time [49–52]. 
Therefore, the structure of EVMs weakened the short-term toxicity of 
free DOX.

EGFRvIII-positive U87 cells represented more sensitive to CAR- 
EVM@DOX compared with U87NC. Conversely, the anti-tumor effect 
of EVM@DOX in two kinds of cells was similar. Since free DOX is able to 
induce apoptosis of various tumor cells such as U87MG, we believe that 
apoptosis of EGFRvIII-positive U87 cells is mainly due to the more 
efficient DOX delivery into cells [46,53]. To verify this hypothesis, 
fluorescence confocal microscopy was used to compare the DOX de
livery efficiency between CAR-EVMs@DOX and EVMs@DOX.

As shown in Fig. 3f, compared to EVMs@DOX treatment, CAR- 
EVMs@DOX-treated EGFRvIII-positive U87 cells exhibited signifi
cantly stronger green and red fluorescence, which represents PKH67- 
labeled CAR-EVMs@DOX, EVMs@DOX and DOX, respectively (Fig. 3f, 
Fig. S5a–b). Additionally, these results were supported by the corre
sponding quantification of mean fluorescence intensity (Fig. 3g–h).

Notably, although less EVMs@DOX was taken up by EGFRvIII- 
positive U87 cells than CAR-EVMs@DOX, the uptake of EVMs@DOX 
was considerable, further supporting that CAR-EVMs@DOX, with the 
combined targeting abilities received inherently from the parental cells 
and via the engineered surface CAR proteins, was equipped with 
antigen-specific properties for efficient DOX delivery to cancer cells.

3.4. In vivo tumor targeting and cardiac distribution study

Next, the tumor-targeting capacities of CAR-EVMs@DOX and 
EVMs@DOX were analyzed using an intracranial EGFRvIII-positive 
GBM mouse model. DiR-labeled CAR-EVMs@DOX/EVMs@DOX or free 
DiR was administered intranasally to tumor-bearing mice, and the mice 
were observed at different time points after compound administration 
using an in vivo spectrum imaging system (IVIS). Additionally, equiva
lent amount of EVMs@DOX/CAR-EVMs@DOX or free DiR was admin
istered via tail vein injection to the other groups of GBM model mice to 
compare the intranasal and intravenous targeting efficiencies (Fig. 4a). 
The approximate location of the tumor is marked with a black circle 
according to the bioluminescence images obtained from the IVIS 

imaging system. As Fig. 4b shows, due to its mucoadhesive nature, DiR- 
labeled CAR-EVMs@DOX mainly accumulated in the nasal cavity at first 
and then revealed time-dependent migration toward the brain tumor 
site.

As time passed, the CAR-EVMs@DOX was absorbed through the 
nasal mucosa, migrated through the trigeminal and olfactory nerve 
branches into the brain, and was finally recruited into the tumor site [54,
55].

In addition, intranasal administration of DiR alone and intravenous 
administration of three treatments exhibited little fluorescence in the 
tumor site, while CAR-EVMs@DOX administered via the intranasal 
route exhibited the highest accumulation in the tumor location among 
all groups, suggesting that CAR-EVMs@DOX could efficiently migrate 
and accumulate in EGFRvIII-positive GBM sites. Moreover, compared to 
intravenous administration, CAR-EVMs@DOX and EVMs@DOX 
administered via the intranasal route accumulated higher than intra
venous route in tumor region. In particular, intranasal administration of 
CAR-EVMs@DOX exhibited an earlier peak arrival time (8 h) and higher 
accumulation at the tumor site, which demonstrated that intranasal 
administration of this engineered tumor-targeting nanoplatform is 
advanced and highly efficient for brain tumor treatment. It is worth 
mentioning that although the tumor location was marked according to 
the bioluminescence images, the actual successful migration of CAR- 
EVMs@DOX into the brain was hard to define in the living animal 
images.

Thus, the exceptional capacity to target tumors in the brain was 
further verified by ex vivo imaging of brain tissue from mice sacrificed 
24 h postadministration (Fig. 4c–d, Fig. S6). As shown in Fig. 4c and d, 
mice treated with CAR-EVMs@DOX intranasally exhibited the overall 
highest DiR fluorescence signal, whereas free DiR-treated mice exhibited 
the overall lowest fluorescence signal, which was in accordance with the 
in vivo fluorescence images. Notably, the mice treated with CAR- 
EVMs@DOX via tail vein injection showed a higher fluorescence 
signal than those treated with EVMs@DOX intranasally and intrave
nously, a result that differed from the in vivo imaging data. Considering 
that ex vivo brain tissue imaging is a visual observation method, these 
results could be more in line with the actual physiological conditions, 
which further confirmed that CAR-EVMs@DOX possessed the abilities of 
specific targeting and superb migration to EGFRvIII-positive GBM.

In clinical applications, DOX is mainly injected intravenously or used 
as a liposome-encapsulated injectable formulation [56]. Despite its 
powerful anticancer abilities, the administration of DOX is mainly 
restricted by its serious cardiotoxicity [57]. The symptoms of 
DOX-induced cardiotoxicity mainly manifest as arrhythmia, cardiomy
opathy and congestive heart failure [58]. Hence, the enrichment of the 
DOX-loaded nanoagents in the heart was evaluated via ex vivo imaging 
of heart tissue from mice sacrificed 24 h after intranasal/intravenous 
administration (Fig. 4c–d, Fig. S6). As shown in Fig. 4c and d, weak 
fluorescence was observed in the hearts of mice treated with free DiR 
and those intranasally administered DiR-labeled EVMs@DOX, and 
negligible fluorescence was observed in the intranasal 
CAR-EVMs@DOX-treated group. In contrast, intravenous administra
tion of EVMs@DOX and CAR-EVMs@DOX resulted in obviously more 
accumulation in the heart than intranasal administration, which verified 
that intranasal administration of CAR-EVMs@DOX could superbly pro
tect against DOX-induced cardiotoxicity.

Next, we analyzed the particles distribution in the brains of mice 
with EGFRvIII-positive GBM that were sacrificed 24 h after intranasal 

Fig. 2. In vitro tumor targetability of the EVMs-based drug delivery platform. a) Schematic diagram for evaluating the characteristics of EVMs/CAR-EVMs 
uptake by cells (Created in BioRender. Cheng, Q. (2025) https://BioRender.com/y48m203). b) Confocal images and quantification analysis of the EVMs/CAR- 
EVMs uptake by the EGFRvIII-positive U87 cells after incubation of 2, 4, 8 h (n = 3); Scale bar: 25 μm. c) Confocal images and quantification analysis of the 
EVMs/CAR-EVMs uptake by the bEnd.3 cells and HUVECs after incubation of 8 h (n = 3); Scale bar: the length of white rectangle indicates 25 μm. DAPI (blue) labeled 
nucleus, PKH26 (red) labeled EVMs/CAR-EVMs and Alexa Fluor 488-conjugated phalloidin (green) labeled F-actin. Statistical variance was analyzed with Student’s t- 
test (two groups) and one-way ANOVA (multiple groups). *p value < 0.05; **p value < 0.01; ***p value < 0.001; ****p value < 0.0001; ns, not significant.
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administration of EVMs@DOX/CAR-EVMs@DOX or free DiR. Encour
agingly, images of the EGFRvIII-positive GBM brains had significantly 
higher CAR-EVMs@DOX accumulation in the tumor site than in the 
normal tissue, and negligible signals from CAR-EVMs@DOX were 
observed in the normal tissue sites (Fig. 4e).Furthermore, there was no 
significant difference between fluorescence of EVMs@DOX in the tumor 
site and normal tissue (Fig. S7). In summary, these data support our 
hypothesis that CAR-EVMs@DOX possesses a superb and specific 
EGFRvIII-positive GBM-targeting capacity and may reduce DOX- 
induced cardiotoxicity.

3.5. Antitumor effect In vivo

The in vivo therapeutic effect of CAR-EVMs@DOX was analyzed 
using the intracranial EGFRvIII-positive GBM mouse model, and a 
schematic of the workflow is shown in Fig. 5a. Ten days after GBM 
inoculation, different treatments administered either intranasally or 
intravenously were given to mice every three days for five consecutive 
treatments. Tumor growth was measured every seven days via in vivo 
imaging using an IVIS imaging system and reflected by the biolumi
nescence intensity. As shown in Fig. 5b and c, mice treated intranasally 
with CAR-EVMs@DOX exhibited significantly more efficient GBM 
growth inhibition than the other groups. Despite not being administered 
intranasally, intravenous injection of CAR-EVMs@DOX also produced 
significant GBM growth inhibition and better than intravenous injection 
of EVMs@DOX. Then the efficacy of intranasal EVMs@DOX ranked 
third, which was in line with the results of the in vivo targeting ability 
tests. In contrast, although present, limited GBM growth inhibition was 
observed after intranasal and intravenous treatment with free DOX.

In addition, a negligible body weight decline was observed for the 
mice in the intranasal CAR-EVMs@DOX group. Comparatively, mice 
treated with saline, free DOX, EVMs@DOX and intravenous CAR- 
EVMs@DOX exhibited varying degrees of weight decline (Fig. 5d). 
The weight decline could be attributed to two main factors, brain 
dysfunction caused by GBM proliferation and systemic toxicity, partic
ularly cardiotoxicity, induced by DOX. These data also aligned with the 
finding that intranasal administration of CAR-EVMs@DOX enhances the 
amount of DOX transported to the tumor site and concurrently reduces 
the systemic toxicity induced by DOX compared to intravenous 
administration.

In terms of survival time, the median survival time of mice in the 
intranasal CAR-EVMs@DOX group was 37 days, which was significantly 
longer than that of mice in the intranasal saline (25 days), intravenous 
saline (24 days), intranasal free DOX (27 days), intravenous free DOX 
(24 days), intranasal EVMs@DOX (30 days), intravenous EVMs@DOX 
(28.5) and intravenous CAR-EVMs@DOX groups (33 days) (Fig. 5e).

Next, hematoxylin and eosin (H&E) staining was performed to 
analyze the histology of the GBM mouse brains, and the section of each 
sample with the largest tumor area is shown. As displayed in Fig. 5f, the 
H&E staining results revealed that mice intranasally administered CAR- 
EVMs@DOX exhibited a significantly smaller tumor area, which further 
confirmed that intranasal CAR-EVMs@DOX administration efficiently 
inhibited tumor growth.

Together, these results reconfirm that intranasal administration of 
CAR-EVMs@DOX offers a highly safe and reliable method to deliver 

powerful therapeutic agents into the GBM site for efficient antitumor 
efficacy.

3.6. In vivo protection against DOX-induced cardiotoxicity

The enrichment of intranasally administered CAR-EVMs@DOX in 
the heart was proven to be negligible in mice sacrificed 24 h after 
administration (Fig. 4c–d). We further analyzed the protective effects of 
CAR-EVMs@DOX against DOX-induced cardiotoxicity during the ther
apeutic process. In terms of cardiac muscle morphology, the results of 
H&E staining showed that mice treated with free DOX intranasally/ 
intravenously and with CAR-EVMs@DOX intravenously had signifi
cantly lower cardiomyocyte density and enhanced nuclear chromatin 
condensation, which indicated cardiotoxicity. In contrast, not including 
the intranasal saline group, the fewest changes in cardiomyocytes were 
observed in the intranasal CAR-EVMs@DOX group (Fig. 6a, Fig. S8a). As 
DOX has been proven to stimulate the generation and accumulation of 
reactive oxygen species (ROS) and induce apoptosis in cardiomyocytes 
[59–61], cumulative ROS levels and apoptosis were assessed by exam
ining histological sections. ROS accumulation and apoptosis levels were 
determined by dihydroethidium (DHE) and TUNEL fluorescence, 
respectively (Fig. 6a, Fig. S7b–c). The results revealed that intranasally 
delivered CAR-EVMs@DOX dramatically reduced the cumulative ROS 
levels and degree of apoptosis that accompanies DOX-induced car
diotoxicity (Fig. 6b–c). Meanwhile, ELISA assay was used to detect LDH 
and CK-MB in the blood of mice to estimate the severity of myocardial 
injury. The results were consistent with the histological sections of 
myocardium (Fig. 6d–e). DOX has shown inducing myocardial cell 
damage by apoptosis [62–64]. Thus, we compared the mRNA expression 
of apoptosis-related genes in myocardial tissue of mice in different 
treatment groups. Bax and Bcl-2 are the key genes regulating apoptosis, 
and the increase of the mRNA ratio of Bax to Bcl-2 indicates the acti
vation of apoptosis pathway. We observed that the apoptosis of car
diomyocytes was similar to the above experimental results (Fig. 6f–g). 
Apparently, intranasal administration shows lower cardiotoxicity 
compared to intravenous administration. On the other hand, under the 
same administration mode, CAR-EVMs@DOX can be more effective in 
reducing cardiac toxicity. Notably, these histological results concur
rently revealed that compared to intravenous administration, intranasal 
delivery of nanoagents may emerge as a more secure tactic to circum
vent peripheral systemic toxicity for brain tumor treatment.

In summary, these data verified that intranasal administration of 
CAR-EVMs@DOX was a feasible tactic to reduce the cardiotoxicity of 
encapsulated DOX.

4. Discussion

Recently, an increasing number of studies have explored the brain 
delivery potential of native EVs [65,66]. Despite various breakthroughs, 
the application of native EVs remains limited by their poor yield and 
tedious workflow. As a solution, EVMs with exceptionally high yields 
and relatively low costs have emerged as a research hotspot, and pre
vious studies have demonstrated that EVMs have characteristics and 
targeting abilities that are similar to those of native EVs [19,67,68]. In 
our study, we successfully synthesized CAR-EVMs@DOX in high yield 

Fig. 3. In vitro drug delivery properties of the drug delivery system. a) CCK8 assay shows the relative viability of U87 EGFRvIII positive cells (U87EG) and U87 
negative control cells (U87 NC). Data was normalized by groups of U87NC and U87EG (n = 18). b) Clonal formation and quantification analysis of U87 NC and 
U87EG in four treatments (added DMEM culture medium, EVMs@DOX,CAR-EVMs@DOX and freeDOX respectively, n = 3). c) Apoptosis-related protein bands of 
U87NC cells and U87EG tasted by Western blot and quantification analysis for each band. Data was normalized by groups of U87NC and U87EG (n = 3). d-e) Flow 
cytometry and quantification analysis of the apoptosis of U87EG and U87NC; FITC-conjugated Annexin V was used to marked the apoptotic cells (n = 3). f) Confocal 
images of the EVMs@DOX/CAR-EVMs@DOX uptake by the EGFRvIII-positive U87 cells after incubation of 8 h; Scale bar: the length of white rectangle indicates 50 
μm; DOX (red); DAPI (blue) labeled nucleus and PKH67 (green) labeled EVMs@DOX/CAR-EVMs@DOX. g-h) Quantification analysis of the PKH67 (green fluo
rescence) and DOX (red fluorescence) uptake that labeled EVMs@DOX/CAR-EVMs@DOX by the EGFRvIII-positive U87 cells after incubation of 8 h (n = 3). Sta
tistical variance was analyzed with Student’s t-test (two groups) and one-way ANOVA (multiple groups). *p value < 0.05; **p value < 0.01; ***p value < 0.001; 
****p value < 0.0001; ns, not significant.
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Fig. 4. In vivo tumor targeting and cardiac distribution analysis. a) Schematic illustration of the procedures for evaluating tumor targeting and cardiac dis
tribution (Created in BioRender. Cheng, Q. (2025) https://BioRender.com/u63h983). b) In vivo fluorescence tracking of DiR or DiR-labeled nanoagents tumor 
accumulation and in vivo bioluminescence images of nude mice bearing EGFRvIII-positive GBM. The black circles in in vivo fluorescence images marked the 
approximate location of the tumor. c) Ex vivo fluorescence images of DiR or DiR-labeled nanoagents in brain and heart tissues from nude mice 24 h post
administration of CAR-EVMs@DOX. d) Fluorescence intensity quantification of Dir or DiR-labeled nanoagents in brain and heart tissues (n = 3). e) Confocal images 
of brain section from intranasal CAR-EVMs@DOX administration group 24 h postadministration; Scale bar: the length of white rectangle indicates 100 μm; N: normal 
site, T: tumor site; DOX (red); DAPI (blue) labeled nucleus and DiR (pink) labeled CAR-EVMs@DOX. Statistical variance was analyzed with one-way ANOVA. *p 
value < 0.05; **p value < 0.01; ***p value < 0.001; ****p value < 0.0001; ns, not significant.

Fig. 5. In vivo anti-tumor effects of the drug delivery system using orthotropic GBM models. a) Schematic illustration of the treatment process with nude mice 
models bearing EGFRvIII-positive GBM. b) Representative in vivo bioluminescence images indicating the tumor size in each treatment group. c) Bioluminescence 
intensity quantification curve of the different treatment groups (n = 3). d) Body weight changes of the different treatment groups (n = 5). e) Kaplan-Meier survival 
curve of the different treatment groups (n = 5). f) H&E staining of the whole brain section and relative tumor area in different treatment groups at the termination 
point (day 25). The black dotted circles marked the tumor area. Scale bar: the length of black rectangle indicates 1000 μm. Statistical variance was analyzed with one- 
way ANOVA (bioluminescence intensity and weight on day 25) and Kaplan-Meier plot of the survival study was analyzed with Log-rank test. *p value < 0.05; **p 
value < 0.01; ***p value < 0.001; ****p value < 0.0001; ns, not significant.
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via mechanical extrusion and verified its specific GBM-targeting abilities 
both in vitro and in vivo. To maximize the engineered targeting ability 
and reduce the undesired uptake by normal tissue to the greatest extent, 
we employed a dual-targeting design combining the specific recognition 
ability of CARs with the inherent GBM tropism capacity of monocytes. 
Notably, although EVMs@DOX was not engineered with CARs, it 
exhibited background targeting and therapeutic capacity against 
EGFRvIII-positive GBM, which confirms that this dual-targeting design 
is a feasible tactic. Moreover, due to the highly editable attributes of 
CARs for almost all natural antigens, this dual-targeting tactic offers new 
insight into the treatment of tumor patients with one or more 
tumor-associated targets and is not restricted to a concrete target. In 
current GBM treatment, most therapeutic agents are intravenously 
administered through the peripheral venous system. However, due to 
the intact BBB, nearly 98 % of these therapeutic agents are not allowed 
access to brain tumor locations [69]. Intranasal drug delivery, as a route 
that administers the drug from the nose to the brain via nerve branches, 
has been proven to be a superb strategy for EV delivery to the brain [33]. 
Because this route bypasses but does not penetrate the BBB, intranasal 
delivery offers a completely new approach for more efficient drug de
livery to treat CNS disorders. Another vital strength of intranasal EV 
delivery is that it avoids the direct processes that occur in peripheral 
blood, thus significantly reducing serum degradation, biological elimi
nation and accumulation in non-CNS organs, which may cause unde
sired side effects [17]. In our study, intranasal delivery of 
CAR-EVMs@DOX led to dramatically higher accumulation of the 
nanomedicine in the GBM site and better protective effects against 
DOX-induced cardiotoxicity than intravenous delivery. Thus, our study 
confirms that, as EV alternatives, EVMs delivered intranasally possess 
the strengths of intranasally delivered EVs.

However, there are some insufficiencies in our study that need to be 
explored. First, due to their intrinsic inability to load DOX into native 
EVs via the same mechanical extrusion procedure, native CAR-EVs 
loaded with DOX (CAR-EVs@DOX) were not analyzed in this study. In 
addition, we adopted only the EGFRvIII antigen as the model target. 
Although different CARs recognize their targets via scFvs, it is necessary 
to attempt to target different GBM-associated targets or combinations of 
multiple targets to achieve better therapeutic efficacy for brain tumor 
treatment in the clinic. Moreover, as a nanoplatform dual-targeting 
GBM, the targeting ability of EVMs derived from monocytes or CARs 
was not evaluated. As a consequence, the synergy between these factors 
was not confirmed in depth in our research, and more research is ur
gently needed to seek the optimal combination. However, our research 
demonstrated that both CARs and EVMs derived from monocytes 
contributed to the successful migration of CAR-EVMs@DOX into the 
GBM site. Meanwhile, the superb improvements of CAR-EVMs@DOX 
administered intranasally shown in antitumor effect and animal sur
vival time in vivo experiments reconfirmed the efficacy of the dual- 
targeting nanoplatform.

In addition, this study primarily evaluated the targeting capability of 
CAR-EVMs@DOX by comparing their delivery efficiency and thera
peutic efficacy against those of non-targeted EVMs@DOX. Due to the 
significant differences in membrane composition, surface modification, 
particle size, and drug loading capacity between the clinically approved 
doxorubicin liposomes and the THP-1-derived EVMs/CAR-EVMs devel
oped in this study, we were unable to identify a suitable method to 
incorporate these commercial formulations into a direct comparative 
control group. As a future research direction, it is necessary to 

comprehensively evaluate the pharmacokinetic properties of EVMs and 
CAR-EVMs—including in vivo release kinetics, circulation half-life, and 
intratumoral drug delivery efficiency—and benchmark them against 
mainstream clinically used doxorubicin liposomal formulations, such as 
Doxil®, Myocet®, and LipoDox®, to further assess their potential for 
clinical translation [51,70]. Moreover, EVMs derived from THP-1 cells 
have been reported to possess higher tissue affinity and tumor-targeting 
ability than synthetic liposomes, rendering EVMs@DOX a more prom
ising platform for glioma therapy [20,71].

However, this study did not include a long-term safety and immu
nogenicity assessment, partly due to the short survival duration of the in 
situ glioma mouse model. According to current researches, repeated 
intranasal administration of DOX may cause cumulative damage to the 
nasal mucosa and olfactory epithelium [72]. In addition, although CAR 
modification improves targeting precision, CAR-EVMs@DOX may still 
release DOX in non-tumor brain regions, such as the hippocampus and 
olfactory bulb, which are first-exposed areas via the intranasal route 
[73,74]. Furthermore, the use of incompletely humanized CAR antibody 
fragments may induce anti-drug antibody responses or immune rejec
tion in clinical settings [75,76]. However, since the mice used in our 
model are immunodeficient nude mice, they cannot adequately reflect 
potential immune responses to CAR-modified vesicles in humans.

Therefore, further studies are necessary to evaluate the long-term 
safety, biodistribution, and immunogenicity of CAR-EVMs@DOX, 
particularly under chronic administration conditions. Nevertheless, 
the structural design of CAR-EVMs, which restricts non-specific DOX 
release, supports their continued investigation as a safe and tumor- 
targeted intranasal therapeutic strategy for glioblastoma [51].

5. Conclusion

GBM remains incurable, demonstrating that traditional surgical 
debulking alone is insufficient as a cure. Responses of GBM to standard- 
of-care therapies, including chemoradiotherapy, are transient, and 
drugs usually become stuck in the narrow margin around the initial 
lesion. Applications of EVs/EVMs for tumor therapy have focused on 
how to increase the tumor-targeting ability while minimizing uptake by 
other organs to the greatest extent. In this study, a novel GBM-targeting 
drug delivery nanoplatform, CAR-EVMs@DOX, was synthesized via 
mechanical extrusion and evaluated after intranasal administration as a 
targeted GBM therapy. The coextrusion method successfully loaded DOX 
into CAR-EVMs and endowed the nanoagents with superior GBM dual- 
targeting ability. In addition, the extrusion method is likely to achieve 
the encapsulation and targeted delivery of various therapeutic agents, 
which are not restricted to chemotherapeutic agents. After intranasal 
administration, the nanoplatform bypassed the BBB and exhibited 
higher targeted delivery efficiency to the GBM site, which concurrently 
reduced DOX-induced cardiotoxicity compared with intravenous 
administration. Taken together, our study results demonstrated the 
advanced GBM-targeting ability, tumor inhibition efficacy and car
dioprotective effects of intranasally administered CAR-EVMs@DOX for 
GBM treatment, and the strategy to deliver EVM-based nanoplatforms 
via the intranasal route can potentially advance its future clinical 
translation.
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GBM glioblastoma
EVMs extracellular vesicle mimetics
CARs chimeric antigen receptors
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BBB blood− brain barrier
CNS central nervous system
OS overall survival
TAMs tumor-associated macrophages
TME tumor microenvironment
scFvs single-chain variable fragments
EGFRvIII epidermal growth factor receptor variant III
TEM transmission electron microscopy
NTA nanoparticle tracking analysis
CCR2 CC-chemokine receptor 2
CXCR4 C-X-C chemokine receptor 4
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CCL2 CC-chemokine ligand 2
CXCL12 C-X-C chemokine ligand 12
IVIS in vivo spectrum imaging system
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