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KEY WORDS Abstract Due to the invasive growth of glioblastomas (GBM) and their resistance to conventional
chemotherapy, the efficacy of GBM treatment remains limited. Biomimetic BBB-penetrating hybrid na-

Transferrin protein . . . .
P novehicles, engineered through homologous cell membrane fusion between cancer cells and protein

Cejfrmoreli;brane corona (PC)-mediated liposomes coated with cancer cell membranes, have been explored for brain-
beminefe targeted drug delivery. In this study, T} peptide-modified cell membrane-coated liposomes were used
nanoparticles; to construct an in situ transferrin (Tf) PC-mediated lipo-complex carrying a respiratory depressant agent

Photodynamic therapy; (metformin, MET) and a photosensitizer (Chlorin, Ce6), creating a transferrin- and cancer cell-targeting

Glioblastoma; delivery system (MET/Ce6@Lipo@CM@T),;). MET/Ce6@Lipo@CM@T,, possesses a spherical core

Blood—brain barrier; —shell structure with uniform distribution while maintaining low systemic toxicity. Upon irradiation,

Brain targeting; MET/Ce6@Lipo@CM@T), effectively inhibited cell proliferation and induced apoptosis via photody-

Hypoxia inhibition relief;

namic therapy (PDT). Simultaneously, the loaded MET alleviated intracellular hypoxia caused by
Immungentic cell death

PDT, thereby enhancing anti-tumor efficacy. The establishment of an in vitro BBB model and 3D tumor
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spheroid experiments confirmed that MET/Ce6@Lipo@CM@T effectively crossed BBB and deeply
accumulated within tumor tissues. As a result, in in vivo animal experiments, MET/Ce6@Li-
po@CM@T, significantly inhibited tumor growth, promoted tumor necrosis and apoptosis, and demon-
strated systemic safety. In conclusion, MET/Ce6@Lipo@CM@T ), demonstrated enhanced PDT effects
on GBM, and will provide new insights and methods for GBM treatment.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glioma, the most common aggressive brain malignancy, accounts
for over 80% of central nervous system-related cancers'* Glio-
blastoma (GBM), the most aggressive form of glioma, is highly
invasive, making complete surgical resection difficult without
impairing normal neurological function®*. Consequently, the me-
dian survival time for GBM patients after diagnosis is less than 15
months, and the 5-year survival rate is only 5%°. Chemotherapy
remains an essential component of GBM treatment, improving
surgical outcomes®. However, it is associated with poor blood
circulation, insufficient tumor penetration, and an inability to cross
the blood—brain barrier (BBB)”®. The BBB, a complex and se-
lective biofilm composed of various cell types, prevents nearly all
large-molecule drugs and over 98% of small-molecule drugs from
entering the brain’. Overcoming the BBB to deliver chemotherapy
drugs effectively for GBM treatment remains a critical challenge'’.

Biomimetic nanodelivery systems—such as those based on
cells, cell membrane (CM), extracellular vesicles, viral vectors,
and endogenous proteins extracted from organisms—offer prom-
ising solutions for enhancing brain drug delivery. By mimicking
natural cell properties, these systems have the potential to bypass
BBB limitations, improve drug delivery efficiency, and overcome
the barrier’s selective permeability''. Biomimetic materials,
disguised as biological substances, retain structural and functional
properties while evading phagocytic clearance'>'?. They offer
advantages such as BBB penetration, biocompatibility, and tumor
targeting'®. In prior work'®, our research group encapsulated the
tumor metabolism regulator Lonidamine and the photosensitizer
Chlorin e6 (Ce6) into the core of zeolitic imidazolate framework-8
(ZIF-8) nanoparticles (NPs). The tumor cell membrane was sub-
sequently coated onto the NP surface via membrane extrusion,
creating biomimetic nanomaterials. Results showed that the CM
coating formed biomimetic nanomaterials with cell-like behav-
iors, enabling them to “disguise” as endogenous substances. This
reduced non-specific protein adsorption, prolonged circulation
time in the body, and facilitated targeted delivery to tumor sites.

While cell membrane-coated biomimetic nanotechnology offers
great potential for crossing the BBB, several challenges remain in
achieving efficient anti-GBM efficacy. After injection, plasma
proteins adsorb onto the NP surface, forming a protein corona (PC)
that can alter NP properties, impair BBB penetration, and reduce
drug accumulation in gliomas. Most studies focus on inert PCs that
inhibit NP function, causing off-target effects or loss of efficacy'®!”.
However, some functional plasma proteins with intrinsic targeting
abilities can adsorb onto NP surfaces, serving as endogenous tar-
geting ligands'®'?. A PC-mediated targeting strategy has been
proposed to leverage absorbable proteins with active ligand prop-
erties to enhance NP functionality in vivo®. Surface engineering of
NPs and in situ regulation of PC formation can promote the

adsorption of specific functional plasma proteins, transporting NPs
to target sites for active targeting?', and were thus used in this study.
Compared with exogenous substances, endogenous proteins elicit
much lower immune and inflammatory responses>>. Advances in
nanotechnology have produced a wide range of NPs capable of
crossing or bypassing the BBB for effective glioma treatment’. For
instance, surface modification with BBB- or glioma-targeting pep-
tides enables NPs to cross the BBB and specifically target tumor
cells®*?°. Transferrin (Tf), a protein found in high concentrations in
blood, and its receptor (transferrin receptor, TfR), a transmembrane
protein highly expressed in most tumor cells, present a promising
PC-mediated targeting mechanism for NPs. We propose using the
spontaneous formation of Tf-PC in blood circulation as an active
targeting ligand to TfR-overexpressing brain tumor cells, improving
BBB penetration and active targeting.

Photodynamic therapy (PDT) is a reactive oxygen species
(ROS)-based anti-tumor strategy that activates photosensitizers
(PS) through irradiation, transferring their excited-state energy to
surrounding oxygen to generate ROS. This process enhances
oxidative stress in cancer cells, ultimately leading to their
destruction®®?’. PDT is widely used in current anti-tumor
research®®. By irradiating the tumor site with a laser of a spe-
cific wavelength, ROS can be produced by the locally aggregated
PSs, causing cell death, which improves safety and reduces sys-
temic toxicity compared with traditional chemotherapy®. By
directly killing tumor cells, PDT activates the host anti-tumor
immune response and induces immunogenic cell death (ICD), a
process referred to as photodynamic immunotherapy (PDIT)**3!,
Photosensitizers activated by localized laser irradiation induce
PDT, selectively damaging tumor tissue while sparing normal
tissue. However, the hypoxic microenvironment of solid tumors
presents a major limitation for PDT?®, as insufficient oxygen
availability significantly reduces its efficacy®>. Addressing tumor
hypoxia is thus crucial for enhancing PDT outcomes. Metformin
(MET), an effective respiratory inhibitor, offers a solution to this
issue. By inhibiting complex I in the mitochondrial respiratory
chain, MET reduces the rate of oxygen consumption, thereby
reversing tumor hypoxia and improving the therapeutic efficacy of
PDT*. This provides a novel strategy for addressing the hypoxic
tumor microenvironment and optimizing PDT.

Building on this foundation, we designed a nanodelivery plat-
form incorporating an endogenous Tf- and homologous dual-
targeting system (Fig. 1). First, the photosensitizer Ce6 and hyp-
oxic inhibitor MET were co-loaded into liposomes. Next, U87
glioblastoma cell membranes were extracted and coated onto the
liposome surface to create biomimetic nanomaterials with cell-like
properties. These materials effectively “disguise” themselves as
endogenous substances, reducing nonspecific protein adsorption,
extending systemic circulation, and specifically targeting diseased
tissues. Finally, the T, peptide (sequence: CGGGHKYLRW),
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Figure 1

which exhibits a high affinity for Tf in blood, was modified on the
surface of the membrane-coated liposomes. This enabled the
preparation of a lipo-complex with BBB-crossing and endogenous
active-targeting capabilities. The aim of this study was to develop a
rational platform for combining PDT with immunoadjuvant ther-
apy to enhance PDT-induced immune responses and improve ROS
production efficiency. Simultaneously, the delivery system lever-
ages the PC effect and homologous cell-homing properties to
efficiently deliver drugs to the brain, addressing lesions and of-
fering a new approach to glioblastoma treatment.

2. Materials and methods

2.1.  Synthesis and structural characterization of DSPE-
PEG>000-T'10

The 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)2000]-T;y (DSPE-PEGyg00-T1¢) copolymer

Schematic illustration of design and preparation of the MET/Ce6@Lipo@CM®@T), and enhanced photodynamic therapy of glio-
blastoma under dual-targeting by transferrin corona and cell membrane.

was synthesized by coupling the N-terminal cysteine-attached Ty
peptide to the terminal Mal group of DSPE-PEG,yy-MAL via a
Michael addition reaction. Specifically, a suspension was prepared
by mixing DSPE-PEG;g00-MAL (29.0 mg, 0.1 mmol) with an
aqueous solution of the Tj peptide (12.2 mg, 0.12 mmol). Then,
10 mL of HEPES buffer (0.1 mol/L, pH 8.0) was added to the
suspension, which was stirred at room temperature for 24 h using a
magnetic stirrer. Unreacted Ty peptide was removed by dialysis
against distilled water (MWCO 2.5 kDa) for 24 h. The purified
DSPE-PEGy(0-T1o Was obtained via freeze-drying, and its struc-
ture was confirmed through "H NMR spectroscopy (600 MHz) and
MALDI-TOF MS.

2.2.  Preparation of MET/Ce6@ Lipo

A mixture of 8 mg DPPC, 4 mg cholesterol, 3 mg DSPE-PEG;,
and 1 mg Ce6 was dissolved in 2 mL chloroform and 2 mL
methanol. After ultrasonic dissolution, the organic solvent was
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removed by rotary evaporation for 30 min in a 45 °C water bath,
forming a uniform lipid-drug film on the container wall. The film
was hydrated with MET solution (4 mg MET dissolved in 1 mL
PBS) under a 45 °C water bath for 60 min, followed by sonication
for 10 min (power: 60 W, 2-s intervals). The resulting product was
MET/Ce6@Lipo.

2.3.  Preparation of U87 cell membrane (CM) vesicles

U87 cell membrane vesicles were prepared using the extrusion
method®!. U87 cells were resuspended in membrane protein
extraction buffer (with PMSF) and centrifuged at 4 °C and 700x g
for 10 min. The precipitate was washed, centrifuged, and freeze-
dried to obtain tumor cell membrane fragments. A portion of
the dry membrane powder was dissolved in ddH,O, subjected to
10 min of ultrasonication, and extruded through a 400 nm poly-
carbonate membrane using a liposome extruder for 10 cycles,
yielding U87 cell membrane vesicles.

2.4.  Preparation of MET/Ce6@ Lipo@CM

Equal volumes (1:1) of prepared CM vesicles and MET/
Ce6@Lipo were mixed. The mixture was extruded through a
400 nm polycarbonate membrane for 10 cycles using a liposome
extruder, followed by centrifugation at 9279xg for 20 min to
remove unbound vesicles and liposomes. The resultant MET/
Ce6@Lipo@CM was washed with PBS.

2.5.  Preparation of MET/Ce6@Lipo@CM@T,

DSPE-PEG;(00-T1¢ and MET/Ce6@Lipo@CM were gently stir-
red in the dark at 4 °C for 6 h at a mass ratio of 2:1 (DSPE-
PEG5000-T10 to CM). The mixture was then ultracentrifuged to
obtain MET/Ce6@Lipo@CM@T),. To mimic the formation of
Tt-PC in vivo, MET/Ce6@Lipo@CM@T,, was incubated with a
10 mg/mL Tf solution for 1 h, followed by two rounds of ultra-
filtration using ultrafiltration centrifugal tubes (MWCO 100 kD,
13,362xg, 1 h, 4 °C). The final product, MET/Ce6@L-
ipo@CM@T,+Tf, was resuspended in PBS (pH 7.4).

2.6.  Characterization of MET/Ce6@ Lipo@CM@T ),

The particle size distribution, PDI, and Zeta potential of the lipo-
complexes were measured using a Malvern particle size analyzer
after dilution with PBS to the appropriate concentration.
Morphological observations were conducted using transmission
electron microscopy (TEM). Storage stability was evaluated at
4 °C over 7 days by measuring changes in particle size and PDI.
The ultraviolet absorption of different formulations was deter-
mined using UV—Vis spectroscopy at detection wavelengths of
236 (MET) and 401 nm (Ce6). The encapsulation efficiency (EE
%) of MET/Ce6@Lipo@CM®@T,, was calculated according to
Eq. (1):

EE (%) = (deg in lipo / Wiotal drug) x 100 (1)

To determine the drug loading of Ce6 and MET in final
preparation, after freeze-drying MET/Ce6@Lipo@CM@T),
2 mg of the product was weighed and dissolved in methanol.
According to the above detection conditions, the content of Ce6
and MET was measured separately, and the drug loading was
calculated according to Eq. (2):

DL (%) = (Wdrug in lipo / VVlipo) x 100 (2)

2.7.  Invitro drug release study

The release profile of MET/Ce6@Lipo@CM@T,, was investi-
gated using the dialysis method. A 1 mL solution of MET/
Ce6@Lipo@CM@T) (containing Ce6 at 0.625 pg/mL and MET
at 2.5 pg/mL) was transferred into a dialysis bag (MWCO 10 kDa)
and immersed in 20 mL of PBS (pH 7.4, containing 0.5% Tween-
80). The solution was shaken at 37 °C at a rotational speed of
100 rpm (SW 23, Julabo, Seelbach, Germany). At predetermined
time points, 0.5 mL samples were collected, and an equal volume
of fresh medium preheated to 37 °C was added. The collected
samples were centrifuged at 13,362xg for 10 min, and the su-
pernatant was analyzed to determine the concentrations of Ce6
and MET using a UV spectrophotometer.

2.8.  SDS-PAGE protein analysis

The immune escape and homologous targeting ability of MET/
Ce6@Lipo@CM@T),, are primarily attributed to the membrane
proteins present on the CM. The retention of these membrane
proteins in U87 tumor cells was analyzed using SDS-PAGE
electrophoresis. Standard solutions of varying concentrations of
samples were placed in 96-well plates, incubated at 37 °C for
30 min, and the absorbance (OD) at 562 nm was measured using
an enzymometer. Each sample was tested in quadruplicate, and
standard curves were drawn to calculate the protein content and
loading amount. The retention of protein bands was observed
following the SDS-PAGE gel reagent instructions.

2.9.  Study of PC formation ability

To evaluate whether NPs modified with the T, peptide bind Tf
and form a PC in vivo, Tf content was analyzed. BALB/c mice
were anesthetized with isoflurane, and blank liposomes (Lipo) and
T;o-modified blank liposomes (Lipo@T;,) were injected intrave-
nously via the tail vein at a lipid dose of 0.125 mmol/L/g body
weight®. Liposomes were recovered from 0.5 mL blood samples
collected 10 min post-injection. Plasma was prepared by mixing
with EDTA through gentle inversion of the collection tubes, fol-
lowed by centrifugation at 835xg for 10 min at 4 °C. Plasma
samples from three mice were further centrifuged at 13,362 x g for
1 h at 4 °C, and the pellet was washed three times with cold PBS
to isolate in vivo PC liposomes. These PC liposomes were purified
using Sepharose CL-4B column chromatography, concentrated by
ultrafiltration, and analyzed via Western blotting.

To identify the specific protein components forming the PC
in vivo, mice were injected with MET/Ce6@Lipo, MET/
Ce6@Lipo@CM, and MET/Ce6@Lipo@CM@T,, through the
tail vein. Samples from each group were recovered and analyzed by
LC—MS. In addition, to study the impact of the cell membrane’s
protein composition on in vivo protein corona formation, we
analyzed CM and MET/Ce6@Lipo@CM®@T, for their protein
compositions. The protein database was searched using MaxQuant
(v. 1.6.2.10) to identify proteins from the mass spectrometry data.

2.10.  Cell culture

U87 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) medium supplemented with 10% FBS and 1%
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streptomycin—penicillin. Similarly, brain-derived Endothelial
cell.3 (bEnd.3) cells were cultured in DMEM with 10% FBS and
1% streptomycin—penicillin. Both cell types were incubated at
37 °C in a 5% CO, atmosphere. Cells in the logarithmic growth
phase were used for subsequent experiments.

2.11.  Cell uptake assay

The cellular uptake of Ce6@Lipo@CM@T,, by U87 cells was
analyzed using confocal laser scanning microscopy (CLSM) and
flow cytometry. U87 cell membranes were labeled with DiO dye
solution, incubated at 37 °C for 30 min, washed with PBS, and
centrifuged to obtain DiO-labeled U87 cell membranes
(DIO@CM).

U87 cells in the logarithmic growth phase were seeded into 12-
well plates at a density of 3.0 x 107 cells per well and cultured for
24 h Ce6@Lipo, DiO@CM, Ce6@Lipo/DiO@CM, and
Ce6@Lipo/DIO@CM@T,, were diluted (Ce6 concentration:
0.625 pg/mL) and added to the corresponding wells for a 4-h
incubation. After incubation, cells were washed three times with
PBS, fixed with 4% paraformaldehyde, and stained with 4',6-
diamidino-2-phenylindole (DAPI). CLSM was used to observe
NP uptake in U87 cells.

In a parallel experiment, U87 cells were seeded at a density of
1.5 x 10° cells per well, incubated for 24 h, and treated with
Ce6@Lipo, Ce6@Lipo@CM, Ce6@Lipo@CM@T,,, or
Ce6@Lipo@CM@T,(+Tf (Ce6 concentration: 0.625 pg/mL).
Serum-free DMEM served as a blank control. Cells were incu-
bated for 4 h, centrifuged, resuspended in PBS, and analyzed by
flow cytometry to determine uptake efficiency.

2.12.  ROS/ID activity

Functional tests of hypoxia and oxidative stress levels in
living cells were performed using fluorescence microscopy to
determine ROS/ID activity. The ROS-sensitive fluorescent probe
DCFH-DA (2/,7'-dichlorofluo-esceindiacetate) and Hypoxiaprobe-
1 were used for these analyses. U87 cells in the logarithmic
growth phase were seeded into 12-well plates at a density of
5.0 x 10* cells per well and cultured at 37 °C with 5% CO, for
24 h, and MET@Lipo, Ce6@Lipo, MET/Ce6@Lipo, MET/
Ce6@Lipo@CM, MET/Ce6@Lipo@CM@T,,, and MET/
Ce6@Lipo@CM@T,(+Tf (Ce6 concentration: 0.625 pg/mL)
were added to the respective wells. For the irradiation group, cells
were exposed to 640 nm laser irradiation for 5 min. Cells were
washed three times with PBS, treated with fluorescent probes
(DCFH-DA at 1:1000 and Hypoxiaprobe-Red in serum-free
DMEM medium at 1:2000), and observed under an inverted
fluorescence microscope.

2.13.  Expression of HIF-1a in cells treated with MET/
Ce6@Lipo@CM@T,

U87 cells in the logarithmic growth phase were seeded into 6-well
plates at a density of 3.0 x 10° cells per well and incubated for
24 h. The cells were treated with MET@Lipo, Ce6@Lipo, MET/
Ce6@Lipo, MET/Ce6@Lipo@CM, MET/Ce6@Lipo@CM@T |,
or MET/Ce6@Lipo@CM@T,(+Tf (Ce6 concentration: 0.625 pg/
mL, MET concentration: 2.5 ng/mL) for 4 h. Cells in the irradi-
ation group were exposed to 640 nm laser irradiation for 5 min,
followed by 20 h of incubation. Cells were collected, and the
expression of HIF-1« was measured by Western blot analysis.

2.14.  Hypoxia-alleviation ability of MET/Ce6@ Lipo@CM@T,,

To study the effect of MET on mitochondrial complex I, Mito-
chondrial Respiratory Complex I Activity Assay Kit (Boxbio,
Beijing, China) was used for measurement. In short, U87 cells in
the logarithmic growth phase were seeded into 100 mm dishes to
about 5 x 10° per dish. Cells were treated with MET@Lipo,
Ce6@Lipo, MET/Ce6@Lipo, MET/Ce6@Lipo@CM, MET/
Ce6@Lipo@CM@T,,, or MET/Ce6@Lipo@CM@T(+Tf (Ceb
concentration: 0.625 pg/mL, MET concentration: 2.5 pg/mL) for
4 h, and were exposed to 640 nm laser irradiation for 5 min. The
sample was homogenized in an ice bath and centrifuged at
11,000x g for 15 min. The pellet was then sonicated to prepare it
for subsequent use. The activity of Mitochondrial Respiratory
Complex I Activity was measured using a spectrophotometer. The
absorbance at 340 nm was recorded at + = 10 s (A;) and at
t = 70 s (A,). The activity was calculated according to Eq. (3):
Activity (U /mg protein) = (3215.43 x (4; — 4,) / Cpr) (3)

where Cpr is the sample protein concentration (mg/mL).

U87 cells in the logarithmic growth phase were seeded into a
Corning 96-well black polystyrene microplate at a density of
1.0 x 10* cells per well and incubated for 24 h. Cells were treated
with  MET@Lipo, Ce6@Lipo, MET/Ce6@Lipo, MET/
Ce6@Lipo@CM, MET/Ce6@Lipo@CM@T,;,, or MET/
Ce6@Lipo@CM@T (+Tf (Ce6 concentration: 0.625 pg/mL,
MET concentration: 2.5 pg/mL) for 4 h, and were exposed to
640 nm laser irradiation for 5 min. According to the steps in the
manual of the OCR detection kit (Elabscience, Wuhan, China),
place the microplate in a multi-functional microplate reader at
37 °C and adopt the dynamic reading mode. The fluorescence
value is plotted over time, and the OCR is represented by the slope
of the curve.

2.15.  Mitochondrial membrane potential analyses

To determine whether MET/Ce6@Lipo@CM®@T;, can induce
mitochondrial damage in tumor cells under irradiation, changes in
mitochondrial membrane potential (AWm) were detected using
the JC-1 fluorescence probe. U87 cells in the logarithmic growth
phase were seeded into 12-well plates at a density of
3.0 x 10° cells per well and incubated for 24 h. The cells were
treated with MET@Lipo, Ce6@Lipo, MET/Ce6@Lipo, MET/
Ce6@Lipo@CM, MET/Ce6@Lipo@CM@T,,, or MET/
Ce6@Lipo@CM@T,(+Tf (Ce6 concentration: 0.625 pg/mL,
MET concentration: 2.5 pg/mL) for 4 h. Cells in the irradiation
group were exposed to 640 nm laser irradiation for 5 min, fol-
lowed by 20 h of incubation. After washing with PBS, JC-1
staining solution was added and incubated at 37 °C for 20 min.
Changes in mitochondrial membrane potential were observed
using CLSM.

2.16.  Investigation of ICD-related signaling factors

U87 cells in the logarithmic growth phase were seeded into
12-well plates at a density of 5.0 x 10* cells/well and
cultured for 24 h. After incubation, MET@Lipo, Ce6@Lipo,
MET/Ce6@Lipo, MET/Ce6@Lipo@CM, MET/Ce6@L-
ipo@CM@T,, and MET/Ce6@Lipo@CM@T (+Tf (with Ce6 at
0.625 pg/mL and MET at 2.5 pg/mL) were added to the corre-
sponding wells and incubated for 4 h. U87 cells in the irradiation
group were exposed to laser irradiation at a wavelength of 640 nm
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for 5 min, followed by incubation for 20 h. After incubation, the
cells were washed three times with PBS, fixed with 4% para-
formaldehyde for 15 min, and permeabilized with 0.1% Triton
X-100 for 10 min. CRT (1:1000) and HMGBI1 (1:400) primary
antibodies were added and incubated at 37 °C for 2 h, followed by
a 1-h incubation with Alexa Fluor 488-conjugated secondary an-
tibodies. The cells were then observed using CLSM.

US87 cells in the logarithmic growth phase were seeded into 6-
well plates at a density of 3.0 x 10° cells/well and cultured for
24 h. The treatment groups, doses, laser wavelength, and irradi-
ation times used were the same as those described for the CRT and
HMGBI analysis. After incubation, 200 puL of ATP lysis buffer
was added to each well, and the samples were centrifuged at 4 °C
and 12,000xg for 5 min. The supernatant was collected and
analyzed using an ATP ELISA kit according to the manufacturer’s
instructions to measure ATP release.

2.17.  Cytotoxicity study

The cytotoxicity of the blank carrier material and the inhibitory
effect of MET/Ce6@Lipo@CM@T, on U87 cells were assessed
using a CCK-8 assay. U87 cells in the logarithmic growth phase
were seeded into 96-well plates at a density of 5 x 10° cells/well
and cultured for 24 h. Blank Lipo, Blank Lipo@CM, and Blank
Lipo@CM@T,, were diluted to concentrations of 3.125, 6.25,
12.5, 25.0, and 50.0 pg/mL and added to the respective wells.
After 24 or 48 h of culture, 10% CCK-8 reagent was added to each
well, and the OD at 450 nm was measured.

For further evaluation, U87 (TfR over-expression), Caco-2
(TfR low-expression), and bEnd.3 (TfR low-expression) cells
were seeded into 96-well plates at the same density and
cultured for 24 h Ce6@Lipo, MET/Ce6@Lipo, MET/
Ce6@Lipo@CM, MET/Ce6@Lipo@CM@T,;,, and MET/
Ce6@Lipo@CM@T (+Tf (with Ceb6 at 0.625 ng/mL) were added
to the wells and incubated for 4 h. Cells in the irradiation group
were exposed to a 640 nm laser for 5 min, then cultured for either
20 or 44 h. OD values were measured after CCK-8 treatment. The
unilluminated group omitted the laser step.

2.18.  Cell apoptosis

U87 cells in the logarithmic growth phase were seeded into 12-
well plates at a density of 1.5 x 10° cells/well and cultured
for 24 h. MET@Lipo, Ce6@Lipo, MET/Ce6@Lipo, MET/
Ce6@Lipo@CM, MET/Ce6@Lipo@CM@T,,, and MET/
Ce6@Lipo@CM@T (+Tf (with Ce6 at 0.625 pg/mL and MET at
2.5 png/mL) were diluted and added to the corresponding wells,
followed by a 4-h incubation. Cells in the light group were
exposed to laser irradiation at 640 nm for 5 min and then cultured
for 20 h. Afterward, the cells were digested with 0.25% trypsin
without EDTA, and the cell suspensions were collected. The cells
were treated with Annexin V-FITC and PI staining solutions, and
apoptosis was analyzed using flow cytometry.

2.19. Calcein-AM live cell staining

U87 cells in the logarithmic growth phase were seeded into 12-
well plates at a density of 3.0 x 10° cells/well and cultured for
24 h. MET@Lipo, Ce6@Lipo, MET/Ce6@Lipo, MET/
Ce6@Lipo@CM, MET/Ce6@Lipo@CM@T,;,, and MET/
Ce6@Lipo@CM@T (+Tf (with Ce6 at 0.625 pg/mL and MET at
2.5 ng/mL) were diluted and added to the corresponding wells,

followed by a 4-h incubation. Cells in the irradiation group were
exposed to a 640 nm laser for 5 min, then cultured for 20 h. Af-
terward, the cells were washed with PBS, and 500 pL of diluted
Calcein-AM working solution was added to each well. The cells
were incubated at 37 °C in the dark for 30 min and then observed
using an inverted fluorescence microscope.

2.20.  In vitro BBB transcytosis study

To assess the BBB penetration efficiency of the lipo-complexes,
bEnd.3 cells in the logarithmic growth phase were seeded into the
upper chamber of a 12-well Transwell plate at a density of
1 x 10° cells/well. The lower chamber was filled with 1.5 mL of
DMEM containing 10% FBS, and the plates were incubated at
37 °C with 5% CO,. The medium was changed every two days,
and rrans-epithelial electrical resistance (TEER) was measured>®.
A TEER value of 200 w.cm? indicated the formation of a dense,
confluent monolayer with tight junctions. When the TEER value
reached 200 w.cmz, U7 cells were seeded into the lower chamber
at a density of 1 x 10° cells/well and cultured for 24 h. Free Ce6,
Ce6@Lipo, Ce6@Lipo@CM, Ce6@Lipo@CM@T;,, and
Ce6@Lipo@CM@T,(+Tf (with Ceb6 at 0.625 pg/mL and MET at
2.5 ng/mL) were added to the upper chamber with serum-free
DMEM and incubated for 4 h. Cells in the light group were
exposed to a 640 nm laser for 5 min and then cultured for 2 h,
while cells in the unilluminated group were cultured for 2 h
without irradiation. The cross-BBB uptake of the lipo-complexes
was observed using CLSM.

2.21.  Permeability of MET/Ce6@Lipo@CM@ T, into 3D
tumor spheres in vitro

A 3D tumor sphere model was established using U87 cells to
evaluate the tissue permeability of the lipo-complexes. U87 cells
in the logarithmic growth phase were seeded onto 2% agarose-
coated plates at a density of 2.0 x 10° cells/well. When the
diameter of the tumor sphere reaches about 300 pm, tumor sphere
were divided into six groups, Free Ce6, MET/Ce6@Lipo, MET/
Ce6@Lipo@CM, MET/Ce6@Lipo@CM@T,,, MET/Ce6@L-
ipo@CM@T(+Tf or MET/Ce6@Lipo@CM@T,(+Tf (L+).
After incubated for 4 h, MET/Ce6@Lipo@CM@T (+Tf (L+)
group was exposed to laser irradiation at 640 nm for 5 min, fol-
lowed by 2 h of culture. Cells in the unilluminated group were
cultured for 2 h without laser exposure. After incubation, tumor
spheres were collected using a 1 mL pipette, washed three times
with PBS, and scanned with CLSM at 10 pm intervals from the
top to the middle plane to assess lipo-complex penetration.

2.22.  Animals and tumor models

All animal experiments were approved by the Laboratory Animal
Ethics Committee of the Institute of Pharmaceutical Sciences,
Chinese Academy of Medical Sciences, and Peking Union Med-
ical College (Approval No. 00004427). U87-Luc cells were
digested with 0.25% pancreatic enzyme, centrifuged, washed
twice with PBS, and re-suspended in PBS at a density of
7.5 x 10* cells/uL. The cell suspension was kept on ice for later
use. Male BALB/c nude mice (4—6 weeks old, weighing
16—18 g) were anesthetized using 2% isoflurane inhalation. The
mice were secured onto a brain stereoscope, and the head skin was
disinfected with alcohol before being incised with surgical scis-
sors. Hydrogen peroxide (5%) was applied using a medical cotton
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swab. A drill hole was made 1.8 mm lateral to the pre-bregma
(near the striatum), and 4 pL of the U87-Luc cell suspension
was injected at a constant rate of 1 pL/min. After the injection, the
needle was left in place for 5 min before being slowly withdrawn.
The drill hole was sealed with bone wax, and the scalp incision
was sterilized and sutured. After surgery, the mice were placed
under an infrared therapy apparatus for recovery and later returned
to their cages. All procedures were performed on a clean bench to
minimize the risk of surgical site infection.

2.23.  Invivo distribution and brain targeting analyses

Nude mice with orthotopic brain gliomas were randomly divided
into four groups seven days after tumor implantation. Each group
received a 200 pL tail vein injection of free Ce6, Ce6@Lipo,
Ce6@Lipo@CM, or Ce6@Lipo@CM@T,, (Ce6 concentration:
0.25 mg/mL). At 2, 4, 6, 8, and 24 h post-injection, the mice were
anesthetized with isoflurane and imaged using a live animal imaging
system to capture fluorescence signals. At the final time point, the
mice were euthanized via cervical dislocation, and major organs
(heart, liver, spleen, lungs, kidneys, and brain tissue) were harvested.
Fluorescence signals were recorded using in vitro fluorescence im-
aging to assess the biodistribution. Quantitative fluorescence signal
analysis was performed using Living Image software.

To further investigate the tumor cell membrane-mediated ho-
mologous targeting and the T;p-mediated active targeting of the
lipo-complexes, brain tissue frozen sections were analyzed for
BBB penetration and glioma distribution. Orthotopic glioma-
bearing nude mice were treated as described above. Three hours
after injection, the mice were anesthetized and euthanized via
cervical dislocation. Brains were harvested, sectioned into 10-pum
slices, stained with DAPI, and analyzed using CLSM to observe
fluorescence distribution in the tumor.

2.24.  In vivo anti-tumor efficacy

Ten days after establishing the orthotopic glioblastoma model,
the mice were randomly divided into seven groups (n = 3):
PBS, PBS(L+), MET@Lipo(L+), Ce6@Lipo(L+), MET/
Ce6@Lipo(L+), MET/Ce6@Lipo@CM(L+), and MET/Ce6@L-
ipo@CM@T,o(L+). Each formulation was administered via tail
vein at a volume of 200 pL per animal. Ce6 and MET doses were
2.5 and 10.0 mg/kg, respectively, and were given every three days
for a total of five doses. Four hours after each injection, laser
irradiation (640 nm, 0.8 W/cm?) was applied to the skull tumor
site for 5 min. The laser’s power, duration, and probe distance
were maintained consistently across all mice. Brain tumor fluo-
rescence signals were monitored using live animal imaging on
Days 10, 17, and 24 post-treatment to assess glioma growth. At the
study’s conclusion, the mice were euthanized via cervical dislo-
cation, and brain tissues were harvested, embedded, and sectioned
for hematoxylin-eosin (H&E) staining. Tumor tissue apoptosis
and HIF-1a expression were analyzed using TUNEL and immu-
nofluorescence staining.

2.25.  Invivo safety

During the treatment period, changes in body weight were
recorded. After the final dose, blood samples were collected to
measure serum levels of aspartate aminotransferase (AST),
alanine aminotransferase (ALT), blood urea nitrogen (BUN), and
creatinine (CRE). Major organs (heart, liver, spleen, lungs, and

kidneys) were fixed in neutral formalin, embedded in paraffin, and
subjected to H&E staining for histopathological evaluation.

2.26.  Statistical analyses

All data are expressed as mean =+ standard deviation (SD) and
analyzed with GraphPad Prism 9.5. Differences between groups
were compared via one-way ANOVAs or Student’s r-test.
*P < 0.05, #P < 0.01, ***P < 0.001.

3. Results and discussion
3.1.  Structural characterization of DSPE-PEG5000-T 0

DSPE-PEG;(-T;¢ Was synthesized via a reaction between the
MAL group of DSPE-PEG,p-Mal and the SH group of the Ty
peptide. As shown in Supporting Information Fig. S1, the char-
acteristic MAL peak at 6 = 6.74 ppm disappeared in the '"H NMR
spectrum of DSPE-PEG;go-T1o. The MALDI-TOF-MS results,
presented in Supporting Information Fig. S2, indicated that the
main peaks of DSPE-PEG;qo-Mal were at 2099 and 2974, while
the molecular weight range shifted to 4002—2970 after synthesis
with Tjo. The Ty peptide had a molecular weight of approxi-
mately 1010, consistent with the additional molecular weight
observed. These results, together with 'H NMR analysis,
confirmed the successful conjugation of Ty to DSPE-PEG(o.

3.2.  Preparation and characterization of MET/
Ce6@Lipo@CM@T),

The preparation scheme for the lipo-complex is illustrated in
Fig. 2A. Initially, MET and Ce6 were encapsulated in liposomes
(MET/Ce6@Lipo). Next, U87 cell membranes were extracted and
coated onto the liposomes to form membrane-coated liposomes
(MET/Ce6@Lipo@CM). Finally, DSPE-PEG;(o-T}¢ copolymer
was incorporated into MET/Ce6@Lipo@CM, resulting in the final
lipo-complex (MET/Ce6@Lipo@CM@T ).

Fig. 2B and C shows the particle size distributions of CM, Blank
Lipo, MET/Ce6@Lipo, MET/Ce6@Lipo@CM, and MET/
Ce6@Lipo@CM@T), all of which exhibited unimodal and uni-
form distributions. The particle sizes of MET/Ce6@Lipo, MET/
Ce6@Lipo@CM, and MET/Ce6@Lipo@CM@T,, were
97.80 £2.43,101.2 £ 2.30, and 108.9 4 2.90 nm, respectively, with
PDIs of 0.186 £ 0.05, 0.229 + 0.04, and 0.263 + 0.03. Their zeta
potentials were —35.6 + 1.80, —34.4 +2.02, and —30.0 == 1.95 mV,
respectively. The increase in particle size and gradual reduction in
zeta potential after membrane coating and Ty modification
confirmed the successful synthesis of the drug-loaded, membrane-
coated, and T;y-modified NPs. The NPs, with sizes between 50 and
200 nm, have been reported to exhibit enhanced tumor tissue
accumulation via the Enhanced Permeability and Retention (EPR)
effect’”. TEM analysis of the NPs, presented in Fig. 2D, revealed
distinct morphologies. CM displayed a spherical vesicle structure,
while Blank Lipo and MET/Ce6@Lipo exhibited smooth, double-
layer spherical structures. MET/Ce6@Lipo@CM, coated with
U87 tumor cell membranes, exhibited a prominent core—shell
structure. Further modification with Ty produced MET/Ce6@L-
ipo@CM@T),,, which retained the core—shell morphology with
increased size, consistent with particle size measurements.

UV spectrophotometry was used to detect the characteristic
absorption peaks of each preparation (Fig. 2E). No significant
absorption peak was observed in the Blank Lipo group. In the
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Figure 2

Preparation and characterization of MET/Ce6@Lipo@CM®@T. (A) Schematic diagram of the MET/Ce6@Lipo@CM@T,, prep-

aration. (B) Particle sizes of different formulations. (C) Zeta potentials of different formulations. (D) TEM images of different formulations. (E)
UV—vis absorption spectra. (F) Storage stability of MET/Ce6@Lipo@CM@T,. (G) In vitro release of Ce6 and MET in MET/Ce6@L-

ipo@CM@T. n = 3.

mono-drug-loaded groups, Ce6@Lipo displayed characteristic
absorption peaks at 404 and 660 nm, while the MET @Lipo group
showed a peak at 232 nm, consistent with literature reports. The
MET/Ce6@Lipo, MET/Ce6@Lipo@CM, and MET/Ce6@L-
ipo@CM@T,, groups exhibited distinct absorption peaks at 232,
404, and 660 nm, confirming the successful encapsulation of Ce6
and MET into the liposomes. In addition, the UV absorption peaks
of the drugs remained intact after lipid encapsulation, membrane
coating, and T, targeting modification, indicating that the carrier
material did not interfere with drug absorption. The EE and DL of
Ce6 in MET/Ce6@Lipo@CM@T,, were 83.3% and 3.05%, while
that of MET in MET/Ce6@Lipo@CM@T,, were 58.0% and
8.86%, respectively.

Storage stability is a crucial parameter in drug delivery sys-
tems. MET/Ce6@Lipo@CM@T),, was stored in PBS at 4 °C for
seven days (Fig. 2F), during which it remained clear and trans-
parent with no visible drug precipitation. Furthermore, particle
size and PDI remained consistent over time, showing minimal
changes. These results demonstrated that MET/Ce6@L-
ipo@CM@T),, possesses excellent stability, supporting its po-
tential for subsequent in vitro and in vivo applications.

The in vitro drug release study of MET/Ce6@Lipo@CM@T,,
revealed that the release rates of MET and Ce6 were 50.12% and
67.05% (Fig. 2G), respectively, within the first 24 h. The release
rates gradually slowed over time, following a sustained-release
profile without any burst release. After 48 h, the cumulative
release rates for MET and Ce6 were 53.01% and 68.18%,

respectively. These findings demonstrated that the synthesis
method and structure of DSPE-PEG,00-T19 Were appropriate, as
confirmed by its characterization. The preparation process of
transferrin-corona-mediated cell membrane-coated biomimetic
nanoparticles (MET/Ce6@Lipo@CM®@T,;) was simple and
resulted in favorable physicochemical properties. Using Ceb6 as a
photosensitizer, MET—a mitochondrial oxidative phosphorylation
inhibitor—was incorporated into the liposomal system via the
thin-film dispersion method. Water-soluble MET and lipid-soluble
Ce6 were encapsulated within the aqueous core and lipid bilayer
of the liposomes, respectively, with the outer layer covered by a
cell membrane. This design facilitated sustained drug release
without burst effects, providing a robust foundation for further
in vitro efficacy studies and in vivo pharmacodynamic evaluations.

3.3.  Evaluation of the Tf binding ability of T;9 and PC
characterization

Liposome—PC complexes (L—PCs) were recovered and isolated
from the blood circulation in BALB/c mice (Fig. 3A). To evaluate
the ability of Tjq to bind Tf in vivo, we administered Blank Lipo
and Blank Lipo@Tq via the tail vein of mice and subsequently
recovered them. Tf levels on the liposome surfaces were then
assessed using WB. As shown in Fig. 3B and C, Tf expression on
the T,o-modified liposomes was significantly higher than on un-
modified liposomes (***P < 0.001). These results demonstrated
that Tp-modified liposomes exhibited excellent Tf binding ability
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Figure 3  Invivo Tf binding and protein corona characterization of MET/Ce6@Lipo@CM@T . (A) Schematic description of the experimental
design and preparation of in vivo protein corona formation. (B) WB measurement of Tf expression and (C) quantitative expression level on the
surface of liposomes. Data are expressed as mean + SD (n = 3), *P < 0.05,%*P < 0.01,***P < 0.001. (D) The most 20 abundant proteins
identified in the protein corona of MET/Ce6@Lipo, MET/Ce6@Lipo@CM, and MET/Ce6@Lipo@CM@T,, by LC—MS/MS. (E) Scores of
different genes identified in the protein corona of MET/Ce6@Lipo, MET/Ce6@Lipo@CM, and MET/Ce6@Lipo@CM@T,, by LC-MS/MS. (F)
Overlap investigation of the top 20 proteins in different groups of formulations.

in vivo, confirming the successful formation of the Tf-protein MS analysis. The top 20 proteins detected in each group are
corona (Tf-PC). presented in Fig. 3D and Supporting Information Tables S1—S3.
To further analyze the protein composition and relative abun- Serum albumin was the most abundant protein class in the Tf-PCs

dance of Tf in the Tf-PC formed in vivo, we performed LC—MS/ formed by all three groups. In the MET/Ce6@Lipo group, Tf
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(serotransferrin) accounted for 3.22% of all proteins, ranking
eighth. In the MET/Ce6@Lipo@CM group, Tf content increased
to 6.54%, ranking fifth. Notably, in the MET/Ce6@L-
ipo@CM@T),, group, Tf accounted for 7.58% of all proteins,
ranking third. Among the three groups, the T;o-modified lipo-
complex exhibited the highest Tf content within the Tf-PC,
consistent with the WB results.

We also compared the top 15 protein and gene scores obtained
from the analysis (Fig. 3E). In the MET/Ce6@Lipo@CM@T,
group, Tf achieved the highest gene score, indicating that Tjq
effectively bound to Tf protein in plasma, forming a reliable and
stable Tf-PC during circulation. By contrast, no Tf-related genes
were observed in the top 15 scores for the MET/Ce6@Lipo group,
while the Tf gene ranked 13th in the MET/Ce6@Lipo@CM
group. The proteomics score, which reflects the reliability of
protein identification, is derived from parameters such as spectral
specificity and peptide numbers. A higher score suggests greater
biological relevance and significance. These findings validated the
ability of the T peptide to bind Tf in vivo, providing a solid
theoretical and experimental foundation for further in vivo phar-
macodynamics evaluations.

Furthermore, we determined the surface protein components of
the extracted U87 cell membrane and final formulation of MET/
Ce6@Lipo @ CM@T),. The results are shown in the table and
Figure below. Supporting Information Table S4 lists the names
and types of the top 20 proteins that occupy the surfaces of MET/
Ce6@Lipo@CM@T,, preparations. Tenascin, a cell surface
fibronectin, is the protein with the highest occupancy among the
two preparations, indicating that the proteins on the surfaces of the
two preparations mainly come from the extracted cell membranes.
As illustrated in Fig. 3F, there is no overlap of identifiable proteins
among the top 20 protein types associated with CM or MET/
Ce6@Lipo@CM@T,, and the top 20 surface proteins of the
in vivo-formed protein corona. This lack of overlapping proteins
suggests that neither the CM nor MET/Ce6@Lipo@CM®@T,
formulation interferes with or influences the formation of these
surface proteins in vivo.

3.4.  Homologous targeting and cellular uptake analyses

Various membrane proteins and surface adhesion molecules from
tumor cell membranes were preserved on the surface of the NPs,
forming the basis of their homologous targeting ability. Protein
components on the surface of the NPs were identified by SDS-
PAGE. As shown in Supporting Information Fig. S3, no mem-
brane protein components were present on the surface of MET/
Ce6@Lipo. However, U87 cancer CM lysate, cancer CM vesi-
cles, MET/Ce6@Lipo@CM, and MET/Ce6@Lipo@CM@T,
exhibited highly similar electrophoretic band patterns, confirming
that the membrane proteins and adhesion molecules were suc-
cessfully retained on the NPs and remained intact.

The cellular uptake of the lipo-complexes was first observed
using CLSM (Fig. 4A). U87 CM was labeled with DiO (green
fluorescence), and no green fluorescence signal was detected in
the Ce6@Lipo group. By contrast, clear green fluorescence signals
were observed in the Ce6@Lipo/DiIO@CM and Ce6@Lipo/
DiO@CM@T, groups, indicating successful U87 CM coating.
Among these groups, all formulations containing Ce6 exhibited
red fluorescence signals, with Ce6@Lipo/DiO@CM showing the
strongest signal (represented by strong yellow fluorescence).
These results confirmed that the core—shell structure of the bio-
mimetic nanomedicine successfully encapsulated therapeutic

drugs, while the cell membrane coating extended blood circulation
time and enhanced tumor-targeting ability. In addition, the strong
yellow fluorescence signal in Ce6@Lipo/DiO@CM@T), sug-
gested that T,y modification did not hinder U87 cell uptake and
that the lipo-complexes effectively delivered drugs following CM
coating and T, modification.

To further quantify cellular uptake, flow cytometry was used to
determine the uptake percentages of different lipo-complex for-
mulations (Fig. 4B). Compared with Ce6@Lipo, the uptake rates
of Ce6@Lipo@CM and Ce6@Lipo@CM@T,, were significantly
higher (**P < 0.01). This improvement was attributed to the
tumor CM coating, which enhanced internalization and homolo-
gous targeting. Furthermore, the Tf-incubated lipo-complex
(Ce6@Lipo@CM@T,(+Tf) exhibited the highest uptake rate
(**P < 0.01 and ***P < 0.001). This result indicated that
Ce6@Lipo@CM@T),, could bind to the TfR on the surface of
U87 tumor cells, promoting active targeting and internalization.
The combined effects of CM and T}, thus enhanced drug delivery
efficiency to brain glioma cells in the complex blood environment.

3.5.  ROS activity of Ce6 and the capacity of MET to relieve
hypoxia

The production of high levels of ROS in tumor cells by photo-
sensitizers is a key criterion for evaluating photodynamic effi-
ciency. To assess the photodynamic effect of MET/
Ce6@Lipo@CM@T,, under light irradiation, DCFH-DA was
used as a ROS indicator. As shown in Fig. 5A and C, no significant
difference in green fluorescence was observed between the PBS
group and the PBS (L+) group, with only minimal green fluo-
rescence detected in the MET@Lipo (L+) group, indicating that
light alone had no significant impact on ROS production in cells
without photosensitizers. However, all Ce6-containing groups
displayed prominent green fluorescence in cells, confirming the
photosensitizer activity of Ce6, which generated ROS under
640 nm light. Among these, the MET/Ce6 @Lipo@CM (L+) and
MET/Ce6@Lipo@CM@T,(+Tf (L+) groups exhibited the
strongest green fluorescence intensity. This result demonstrates
that homologous targeting by CM and active targeting by Tf
enhance the uptake of lipo-complexes by tumor cells, leading to
significant ROS production under light exposure.

Hypoxia is a hallmark of tumors, arising from their rapid pro-
liferation and high metabolic rates*®*. During PDT, the oxygen-
consuming process exacerbates intracellular hypoxia, which pro-
motes tumor growth. MET, as an oxidative phosphorylation in-
hibitor, reduces mitochondrial respiration and mitigates hypoxia,
enhancing the therapeutic effect of PDT. HIF-1«, a key tran-
scription factor in hypoxic conditions, serves as a marker of hyp-
oxia. Hypoxiaprobe-1, a hypoxia-sensitive indicator, binds HIF-1¢
and inhibits its activity to measure intracellular hypoxia. As shown
in Fig. 5B and D, cells in the Ce6@Lipo (L+) group exhibited
pronounced red fluorescence, indicating hypoxia. In comparison,
the MET/Ce6@Lipo@CM (L+) group demonstrated significantly
reduced red fluorescence, suggesting alleviated intracellular hyp-
oxia. The MET/Ce6@Lipo@CM@T(+Tf (L+) group exhibited
the lowest red fluorescence intensity, indicating enhanced MET
uptake via dual targeting, which effectively counteracted PDT-
induced hypoxia and improved therapeutic outcomes.

The hypoxia-reversing effect of MET was further validated via
WB (Fig. SE and F). The Ce6@Lipo group showed the highest
HIF-1ae expression, reflecting severe hypoxia due to oxygen
consumption following NIR irradiation. The addition of MET
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Figure 4

Cellular uptake assay. (A) Qualitative observation of Ce6@Lipo, DiO@CM, Ce6@Lipo/DiO@CM, and Ce6@Lipo/Di0O@CM@T,

by CLSM. Scale bar: 50 pm. (B) Quantitative analysis of cellular uptake of Ce6@Lipo, Ce6@Lipo@CM, Ce6@Lipo@CM®@T),, and

Ce6@Lipo@CM@T,,+Tf by flow cytometry.

reduced HIF-1a expression, consistent with prior experimental
results, confirming its role in alleviating tumor hypoxia. Among
all groups, MET/Ce6@Lipo@CM@T,,+Tf exhibited the lowest
HIF-1ae expression, indicating that MET in this preparation
effectively reversed hypoxia, thereby improving PDT efficacy.
The MitoCheck Complex I Activity Detection Kit was used to
investigate the effect of MET on mitochondrial complex I in
US87 cells, reflecting mitochondrial respiratory chain activity.

When tested under dark conditions, the activity of complex I in the
MET/Ce6@Lipo@CM@T,y+Tf group (17.632 U/mg prot) was
similar to that in the MET @Lipo group (19.202 U/mg prot) and
significantly  different from that in the MET/Ce6@L-
ipo@CM®@Ty group (34.859 U/mg prot) (Fig. 5G). It is well
known that Met has been proven to have the ability to reduce OCR
by destroying mitochondrial complex I, thereby reversing tumor

hypoxia*®*!. To wvalidate this, we investigated how co-
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Figure 5

ROS activity of and hypoxic relieving capacity of MET/Ce6@Lipo@CM@T,. (A) In vitro ROS generation induced by various

treatments with or without irradiation. (B) In vitro hypoxia generation induced by various treatments with or without irradiation. (C) Quantitative
analysis of in vitro ROS generation induced by various treatments with or without irradiation. (D) Quantitative analysis of in vitro hypoxia
generation induced by various treatments with or without irradiation. (E) Determination of HIF-1« expression in U87 cells treated with different
formulations by WB. (F) Quantitative expression level of HIF-1« in U87 cells treated with different formulations by WB. (G) Detection of
mitochondrial respiratory complex I activity in U87 cells after treatment with different formulations. (H) Oxygen consumption rate (OCR) of
U87 cells after treatment with different formulations. Data are expressed as mean &+ SD (n = 3), *P < 0.05, **P < 0.01, and ***P < 0.001.

administration of MET and Ce6 formulations affects oxygen
consumption and alleviates hypoxia. During laser irradiation, Ce6
preferentially consumes oxygen in the surrounding tissue,
inducing hypoxia. Conversely, MET inhibits the respiratory chain,
thereby alleviating hypoxia within the tumor microenvironment.
As shown in Fig. 5SH, MET/Ce6@Lipo@CM@T(+Tf treated
group significantly reduces U87 cell OCR compared with MET/
Ce6@Lipo@CM@T), (about 1.5-fold), indicating that Tf effec-
tively binds to TfR on the surface of U87, improving drug uptake
by cells and even alleviating hypoxia. Under the effective uptake
mediated by receptors, the OCR in the MET/Ce6@L-
ipo@CM@To+Tf group was similar to that in the MET@Lipo
group. These findings suggest that MET/Ce6@Lipo@CM@T
exhibits significant hypoxia relief in vivo, which may contribute to
enhancing its anti-tumor efficacy.

3.6.  PDT-induced immune activation
Mitochondria, the primary organelles for cellular energy meta-

bolism, are critical targets for PDT. High ROS levels can damage
mitochondrial function, decrease membrane potential, activate

apoptotic pathways, and ultimately induce tumor cell death*>**,

Fig. 6A shows that red fluorescence, representing functional
mitochondria, was prominent in the PBS and PBS (L+) groups,
with minimal green fluorescence, indicating no mitochondrial
damage due to light irradiation without a photosensitizer. MET,
capable of inhibiting mitochondrial respiration****, caused a
moderate reduction in red fluorescence within the MET@Lipo
treatment group, indicating moderate mitochondrial injury. By
contrast, the MET/Ce6@Lipo@CM (L+) group exhibited
significantly increased green fluorescence, indicating substantial
mitochondrial damage, likely due to CM-mediated homologous
targeting that enhanced drug delivery to cells. The MET/
Ce6@Lipo@CM@T,(+Tf group showed the strongest green
fluorescence signal, reflecting the synergistic effect of Tf targeting
and homologous targeting, which amplified PDT efficacy and
caused severe mitochondrial damage, leading to tumor cell
apoptosis.

HMGBI, a nuclear protein involved in DNA regulation and
repair, is released into the extracellular environment during cell
death. The release of HMGBI1 due to PDT-induced cell damage
triggers immune recognition and promotes an immune response.
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Figure 6

Photodynamic performance and immune activation in vitro. (A) JC-1 fluorescence for characterization of mitochondrial membrane

potential after U87 cells under various formulations determined by CLSM. (B) Immunofluorescence staining of HMGB1 in U87 cells after various
formulations with or without irradiation. The cell nuclei were stained by DAPI. Scale bar: 25 nm. (C) Determination of HMGB1 expression in
U87 cells treated with different formulations by WB. (D) Immunofluorescence staining of CRT in U87 cells after various formulations with or
without irradiation. The cell nuclei were stained by DAPI. Scale bar: 25 pm. (E) Determination of CRT expression in U87 cells treated with
different formulations by WB. (F) Quantitative expression level of HMGBI1 in U87 cells treated with different formulations by WB. (G)
Quantitative expression level of CRT in U87 cells treated with different formulations by WB. (H) ATP release from U87 cells under various
formulations with or without irradiation. Data are expressed as mean £+ SD (n = 3), ***P < 0.001. (I) Schematic illustration of ICD effect

induced by MET/Ce6@Lipo@CM®@T |, under irradiation.

CLSM was used to detect extracellular HMGB1 released from
tumor cells (Fig. 6B). In the PBS, PBS (L+), and MET@Lipo
(L+) groups, green fluorescence signals overlapped with blue
DAPI fluorescence in the nucleus, indicating that HMGBI1
remained intracellular. By contrast, all Ce6-containing groups
showed reduced green fluorescence in the nucleus after light
exposure, indicating HMGBI1 release into the extracellular envi-
ronment. The MET/Ce6@Lipo@CM@T,,+Tf (L+) group
exhibited the weakest nuclear green fluorescence, suggesting the
highest extracellular HMGB1 release among all groups.

CRT, an endoplasmic reticulum calcium-binding protein,
translocates to the CM surface under oxidative stress or cell
damage, marking cells for immune detection following PDT-
induced death. As shown in Fig. 6D, the PBS, PBS (L+), and
MET@Lipo (L+) groups exhibited minimal green fluorescence,
while MET/Ce6@Lipo@CM (L+), MET/Ce6@Lipo@CM@T,,

(L+), and MET/Ce6@Lipo@CM@T,y+Tf (L+) groups dis-
played strong green fluorescence signals. This indicates that light-
induced PDT promoted CRT exposure on tumor cell surfaces in
these groups.

Furthermore, we conducted WB experiments to investigate the
HMGBI1 and CRT of US87 cells after treatment with different
preparations on. As shown in Fig. 6C and F, we investigated the
ability of U87 cells to release HMGB1 after stimulation with
different preparations. After recovering the culture medium
treated with different groups, the expression of HMGBI in the
culture solution was determined. The results showed that there
was no significant difference in the expression of HMGB1 among
PBS, MET@Lipo, Ce6@Lipo, or MET/Ce6@Lipo groups. This
may be due to the limited release of HMGBI1 in the culture me-
dium, and there may not be a significant difference. However,
formulations coated with CM or modified with T,y can
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significantly stimulate and release HMGB1 from cells. Moreover,
the Tf incubated group showed significant differences compared to
the CM and T,y modified groups, with the highest release of
HMGBI. Fig. 6E and G shows the WB experimental results of
CRT factor. From the result graph, we can see that there are
significant differences in CRT content among different groups of
cells stimulated by different preparations. Compared with the PBS
or MET@Lipo groups, the expression of CRT in the Ce6@Lipo
and Lipo@Lipo groups was significantly increased, and similar
to the HMGB1 experimental results. The Tf incubation group had
the highest expression of CRT on the cell surface among all
groups, which is consistent with the immunofluorescence analysis
results in Fig. 6D.

ATP, the primary cellular energy molecule, is released extra-
cellularly during PDT-induced cell death. ATP release serves as a
damage signal to the immune system, promoting antigen presen-
tation and T-cell activation. As shown in Fig. 6H, ATP levels were
highest in the MET/Ce6@Lipo@CM@T,o(L+) group, demon-
strating significant differences compared with other groups. This
indicates that MET/Ce6 @Lipo@CM@T), induced a strong PDT
effect, leading to substantial ATP release and immune activation.

The schematic in Fig. 61 illustrates the process by which tumor
cells transition from non-immunogenic to immunogenic states,
initiating an anti-tumor immune response. This transition, known
as immunogenic cell death (ICD), is triggered by external stimuli
such as PDT and results in the release of damage-associated
molecular patterns (DAMPs). DAMPs, including CRT, HMGBI,
and ATP, are critical mediators of anti-tumor immunotherapy*®.
CRT stimulates DC phagocytosis, ATP recruits DCs to the tumor
site, and HMGB1 enhances stable interactions between DCs and
dying tumor cells, facilitating T-cell activation and anti-tumor
immunity. We incubated tumor cells with various drug formula-
tions to assess their ability to induce ICD by measuring CRT
translocation, as well as HMGB1 and ATP secretion levels.
Experimental data demonstrated that MET/Ce6 @Lipo@CM@T,
enhanced ICD by disrupting tumor cell metabolism and inducing a
robust PDT effect.

3.7. Invitro anti-tumor efficacy analyses

We first evaluated the cytotoxicity of Blank Lipo, Blank
Lipo@CM, and Blank Lipo@CM®@T,, using the CCK-8 assay.
The survival rate of U87 cells in all three groups exceeded 90%
(Supporting Information Fig. S4), indicating that the blank vectors
exhibited minimal toxicity and could serve as safe delivery sys-
tems for GBM treatment. To assess the in vitro inhibitory effect of
different formulations on U87 cells, we evaluated cell inhibition
rates under conditions with and without laser irradiation. As
shown in Fig. 7A, in the absence of irradiation, the survival rate of
U87 cells remained above 85% after 24 h of incubation with each
drug formulation, indicating that these lipo-complexes exhibited
low cytotoxicity without light activation. Upon laser irradiation,
all groups containing Ce6 photosensitizers demonstrated signifi-
cant cytotoxicity, confirming the potent anti-tumor effects induced
by PDT. Notably, the MET/Ce6@Lipo@CM group exhibited a
higher cell inhibition rate than the Ce6@Lipo and MET/
Ce6@Lipo groups, which can likely be attributed to enhance
homologous targeting conferred by the tumor CM coating.
Furthermore, the Ty-modified MET/Ce6@Lipo@CM@T |, group
demonstrated the lowest U87 cell survival rate after laser
irradiation.

Given these results, we hypothesized that during incubation,
Tp might bind to Tf in the culture medium, thereby facilitating
cellular uptake of the lipo-complexes and enhancing their inhib-
itory effect on cell proliferation. To validate the role of Tf in
targeting tumor cells, we compared the inhibitory effects of MET/
Ce6@Lipo@CM@T,, and MET/Ce6@Lipo@CM@T (+Tf at
various concentrations. As shown in Fig. 7B, the inhibitory effects
of both formulations on U87 cell proliferation increased with Ce6
concentration, exhibiting dose-dependence. At equivalent drug
concentrations, the MET/Ce6@Lipo@CM@T (+Tf group
showed significantly greater inhibition than MET/Ce6@L-
ipo@CM@T ), confirming that Tf binding played a critical role in
active targeting and further improved the cell inhibition rate.

The apoptosis of US87 cells induced by different lipo-
complexes was evaluated using flow cytometry. As shown in
Fig. 7C and D, the apoptosis rates for the PBS, PBS (L+), and
MET@Lipo (L+) groups were 13.36 £+ 1.08%, 13.08 £ 2.10%,
and 17.19 % 0.80%, respectively. By contrast, the apoptosis rates
for Ce6@Lipo (L+), MET/Ce6@Lipo (L+), MET/
Ce6@Lipo@CM (L+), and MET/Ce6@Lipo@CM@T,, (L+)
groups were 28.8 + 2.03%, 30.2 + 2.5%, 40.8 £+ 1.8%, and
47.0 £ 0.8%, respectively. These findings align with the results of
the cell proliferation inhibition assays, indicating that Ce6-
containing NPs activated PDT under light exposure and induced
tumor  cell  apoptosis.  Notably, the MET/Ce6@L-
ipo@CM@T,,+Tf (L+) group exhibited the highest apoptosis
rate 65 £ 1.02%, suggesting that its active targeting mechanism,
facilitated by Tf binding, enhanced cellular uptake and apoptosis
induction.

The anti-tumor effects of the different formulations were
further assessed using live-cell staining. As shown in Fig. 7E and
F, the green fluorescence signal indicating viable cells was
weakest in the MET/Ce6@Lipo@CM@T,y(L+) group, demon-
strating its superior tumor cell-killing ability. This result was
consistent with the CCK-8 assay and apoptosis analysis, further
confirming the potent anti-tumor efficacy of MET/Ce6@L-
ipo@CM®@T) in inhibiting tumor cell growth. Using a normal
cell line with low TfR expression for CCK-8 cytotoxicity evalu-
ation can highlight the targeting specificity of the preparations.
Based on our research of two papers*’*®, we selected Caco-2 cells
and bEnd.3 cells with low TfR expression as models to evaluate
the cell inhibition efficacy of MET/Ce6@Lipo@CM@T,, and
MET/Ce6@Lipo@CM@T,y+ Tf. As shown in Supporting In-
formation Fig. S5, there was no significant difference in cell in-
hibition rate between Caco-2 cells and bEnd.3 cells at the same
concentration, while the cell inhibition rate in the Tf-added group
was slightly weaker. This is because the TfR on the surface of
these two cell lines is relatively low, which does not facilitate
effective uptake mediated by Tf. Instead, the increased Tf acts as a
high molecular weight protein, hindering the entry of the formu-
lation into the cell, resulting in a lower cell inhibition rate of the
formulation after Tf incubation.

3.8.  Evaluation of blood—brain barrier and tumor tissue
penetration activity in vitro

Penetrating the BBB and delivering therapeutic agents to brain
tumors remain significant challenges in glioblastoma treatment. It
is known that Tf can enter the brain via receptor-mediated endo-
cytosis by binding specifically to TfR on the BBB surface. We
hypothesized that Ce6@Lipo@CM@T,, could cross the BBB
through TfR-mediated endocytosis. To test this, we established an
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Figure 7

In vitro anti-cancer efficacy of MET/Ce6@Lipo@CM®@T . (A) Cell viability of 4T1 cells after incubation with different formu-

lations with or without laser irradiation (640 nm, 100 W/cm?, 5 min). (B) Different concentrations of MET/Ce6@Lipo@CM@T;, and MET/
Ce6@Lipo@CM@T,(+Tf incubation inhibits the proliferation of U87 under irradiation. (C, D) Cell apoptosis induced by various formulations
with laser irradiation examined by flow cytometry. The cells were stained with Annexin V-FITC and PI. (E, F) Live examination of U87 cells
subjected to different formulations was conducted by Calcein-AM staining and observed by fluorescence microscope (Scale bar: 500 um). Data
are expressed as mean £+ SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001.

in vitro BBB model to evaluate the ability of Ce6@L-
ipo@CM@T to traverse the BBB and target brain tumor cells.
As illustrated in the schematic diagram (Fig. 8A), bEnd.3 cells
were seeded in the upper chamber and U87 cells in the lower
chamber of a Transwell system, mimicking the in vivo BBB and
brain tumor environment, respectively. TEER values were
measured to confirm successful model establishment. When the

TEER value reached 200, different formulations were added to the
upper chamber to investigate their ability to penetrate the bEnd.3
barrier and target U87 cells in the lower chamber. Fig. 8B shows
three-dimensional fluorescence imaging of the bEnd.3 cell layer in
the Transwell model. Free Ce6 exhibited weak red fluorescence in
the lower U87 cell layer, indicating limited penetration ability. By
contrast, the Ce6@Lipo@CM group displayed stronger red
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Figure 8

In vitro blood—brain barrier (BBB) transcytosis. (A) The BBB model was established in vitro. (B) Three-dimensional fluorescence

imaging of CLSM in the bEnd.3 cell layer in the upper chamber of transwell was shown as DAPI, Ce6, Merge, with cell layer thickness of 50 pm.
(C) Fluorescence images in acceptor chamber (blue: DAPI; red: Ce6). Scale bar: 50 um. (D) Fluorescence imaging of U87 spheroids at increasing
depth treated with different lipo-complexes (red: Ce6). Scale bar: 250 pm.

fluorescence, suggesting enhanced BBB penetration due to the
homologous targeting effect of the tumor cell membrane coating.
However, the fluorescence intensity of the Ce6@Lipo@CM@T,
group was reduced compared with Ce6@Lipo@CM, indicating
that Ty, modification without exogenous Tf addition impaired
BBB crossing ability. Notably, the fluorescence intensity in the
Ce6@Lipo@CM@T (+Tf and Ce6@Lipo@CM@T,y+Tf (L+)
groups was significantly enhanced compared with other groups. In
particular, the Ce6@Lipo@CM@T,o+Tf (L+) group exhibited
the strongest fluorescence signal, covering the entire bEnd.3 cell
layer. These results demonstrate that the addition of exogenous Tf
improved BBB penetration, especially after laser irradiation,
further enhancing the active targeting capability of the lipo-
complexes. Fig. 8C shows CLSM images of U87 cells in the
lower chamber. Free Ce6 and Ce6@Lipo groups exhibited weak
red fluorescence, indicating poor uptake by U87 cells through the
BBB. By contrast, the Ce6@Lipo@CM group showed stronger
red fluorescence, suggesting that the tumor CM coating facilitated
BBB penetration to some extent. However, the Ce6@L-
ipo@CM@T;, group exhibited reduced fluorescence intensity
compared with Ce6@Lipo@CM, likely due to the T,y modifica-
tion obstructing the surface coating in the absence of serum,
thereby diminishing the homologous targeting capability of the
lipo-complexes. The fluorescence intensity of Ce6@L-
ipo@CM@T,(+Tf and Ce6@Lipo@CM@T,(+Tf (L+) groups
was significantly higher than other groups, with Ce6@L-
ipo@CM@T,(+Tf (L+) showing the strongest signal. These
findings indicate that exogenous Tf facilitated the formation of a
transferrin crown on the lipo-complex surface, significantly
enhancing BBB penetration, particularly after laser irradiation.
This improved efficiency in crossing the BBB enabled more
effective targeting of brain glioma.

To better simulate the tumor microenvironment, a 3D tumor
spheroid model of US87 cells was established to study the
permeability of MET/Ce6@Lipo@CM@T,. The permeability of
U87 cell spheroids was assessed by treating them with different
NPs and applying laser irradiation. The fluorescence intensity of

the spheroids at depths of 10—80 um was observed using CLSM.
As shown in Fig. 8D, due to the low solubility of free Ce6 and the
lack of specific targeting function, the overall fluorescence signal
of the Free Ceb6 group is relatively weak. The fluorescence signals
and permeation efficiency of MET/Ce6@Lipo, MET/
Ce6@Lipo@CM, and MET/Ce6@Lipo@CM@T,, groups are
generally similar, and compared with the MET/Ce6@L-
ipo@CM@T,(+Tf group, the tumor sphere permeation ability is
weaker. Under laser irradiation, the fluorescence intensity in the
MET/Ce6@Lipo@CM@T,y+Tf (L+) group increased signifi-
cantly compared with the MET/Ce6 @Lipo@CM@T(+Tf group
without irradiation. The fluorescence in the middle position of the
tumor sphere began to disappear in the unirradiated Tf group at
50 pm, but decreased in the irradiated Tf group at 70 pm. Laser
irradiation further promoted the penetration of lipo-complexes
into tumor spheroids and enhanced drug accumulation within
the tumor spheroids. These findings suggest that this
nanomaterial-based drug delivery system has significant potential
for the targeted therapy of brain tumors.

3.9.  Invivo targeting study

An orthotopic U87-Luc GBM mouse model was established via
brain stereotaxic injection, and the success of the model was
confirmed using small animal live imaging and pathological sec-
tions. As shown in Supporting Information Fig. S6, extensive
tumor cells were observed in the brain tissue of the mice, with
tumor regions successfully established, demonstrating the feasi-
bility of the model for subsequent in vivo distribution and phar-
macodynamics studies.

To investigate the in vivo distribution of the lipo-complexes,
different formulations were administered via tail vein injection,
and their distribution was observed using small animal imaging at
predetermined time points (2, 4, 6, 8, and 24 h). The focus was on
the ability of the lipo-complexes to penetrate the BBB, target
gliomas, and distribute to other major organs. As shown in Fig. 9A
and B, the fluorescence intensity at brain tumor sites was higher in
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Figure 9

In vivo brain targeting and tumorous penetration efficacy. Brain tumor imaging (A) and fluorescence intensity (B) of mice at different

time points after intravenous injection of free Free Ce6, Ce6@Lipo, Ce6@Lipo@CM, and Ce6@Lipo@CM@T . Fluorescence intensity (C) and
quantitative analysis of the kinetic fluorescence intensity (D, E) of Ce6 in isolated tumors and major organs. (F) The distribution and penetration
in tumor tissues determined by CLSM imaging of frozen tumor sections (Scale bar: 250 pm). Tumor cell were stained blue with DAPI. Data are

expressed as mean £+ SD, (n = 3), P < 0.05, **P < 0.01.

the Ce6@Lipo@CM@T), group compared with the free Ce6,
Ce6@Lipo, and Ce6@Lipo@CM groups. The Ce6@Lipo@CM
group exhibited increased fluorescence intensity at all-time
points compared with the free Ce6 and Ce6@Lipo groups.
While the fluorescence intensity in the free Ce6 and Ce6@Lipo
groups decreased after 24 h, the fluorescence intensity in the
Ce6@Lipo@CM group remained stable, suggesting that the U87
tumor CM coating enhanced nanoparticle accumulation and
retention at the tumor site.

Previous studies have shown that tumor CM possess specific
antigens and adhesion molecules (e.g., proteins and poly-
saccharides) that facilitate homing, adhesion, and homologous
targeting within tumor tissues, contributing to tumor growth and
proliferation—a phenomenon known as “homologous adhesion
properties”**>°. By mimicking these characteristics, tumor CM-
coated biomimetic nanomaterials exhibit superior homologous
targeting, enhancing drug enrichment at tumor sites and
improving antitumor efficacy. In addition, compared with the
Ce6@Lipo@CM group, the Ce6@Lipo@CM@T,, group
demonstrated significantly higher fluorescence intensity at all-time
points, which increased further over time. This suggests that the
Tf-rich crown formed on Ce6@Lipo@CM@T,, extended the
in vivo circulation time, enhanced brain targeting, and improved
the accumulation and retention of the nanodrug at tumor sites,
consistent with the results from the in vitro BBB endocytosis
study.

Mice were sacrificed 24 h after tail vein injection, and the
fluorescence intensity of various tissues, including the brain, heart,

liver, spleen, lungs, and kidneys, was measured (Fig. 9C). Quan-
titative analysis of brain fluorescence intensity revealed that the
Ce6@Lipo@CM@T,, group exhibited the highest fluorescence
intensity among all groups, with a significant difference compared
with the free Ce6, Ce6@Lipo, and Ce6@Lipo@CM groups
(Fig. 9D). These results align with the in vivo imaging findings.
And the liver, being the primary metabolic organ, exhibited the
highest accumulation of the preparations, with minimal accumu-
lation in other organs (Fig. 9E). These findings demonstrate that
tumor CM-coated and T;o-modified nanoparticles enhance BBB
penetration and drug retention at glioma sites following intrave-
nous administration. Similar results were observed in previous cell
uptake and BBB permeability studies. In addition, the tumor cell
membrane coating prevents clearance by the phagocytic system in
systemic circulation, thereby extending circulation time. This is
evidenced by the sustained fluorescence intensity over 24 h, which
contributes to improved drug efficacy. The formation of a trans-
ferrin crown on T;g-modified lipo-complexes through specific Tf
adsorption mediates the efficient delivery of Ce6-containing lipo-
complexes to the brain, enhancing tumor site aggregation and
confirming the feasibility of active targeting via T,o-mediated
endogenous Tf-PC.

To further evaluate in vivo targeting and tumor penetration,
brain tissues were dissected and frozen sections prepared 3 h after
tail vein administration of the various formulations. The distri-
bution of the formulations within tumor tissues was observed
using CLSM (Fig. 9F). Due to poor BBB penetration and low
brain targeting, the free Ce6 and Ce6@Lipo groups exhibited
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negligible red fluorescence signals in the glioma region. By
contrast, the Ce6@Lipo@CM and Ce6@Lipo@CM@T), groups
displayed detectable red fluorescence signals in the glioma region.
The Ce6@Lipo@CM@T,, group demonstrated a broader red
fluorescence area and stronger intensity compared with the
Ce6@Lipo@CM group, with significant fluorescence signal dis-
tribution even in deeper tumor regions. These results align with
the findings from the in vitro 3D tumor spheroid study, providing a
solid foundation for subsequent therapeutic evaluations in the
mouse glioma model.

3.10.  Evaluation of in vivo anti-tumor efficacy

On the 10th day after establishing the orthotopic GBM model,
mice with uniform fluorescence intensities were randomly
assigned to different treatment groups. Treatments included PBS,
PBS(L+), MET@Lipo(L+), Ce6@Lipo(L+), MET/Ce6@Lipo
(L+), MET/Ce6@Lipo@CM(L+), and  MET/Ce6@L-
ipo@CM@T;o(L+), administered via tail vein injection (Ce6
dose: 2.5 mg/kg; MET dose: 10 mg/kg). Six hours after each in-
jection, mice were irradiated with a 640 nm laser (0.8 W/em?) for
5 min. Drug administration occurred every three days for a total of
five doses. Brain tumor growth was monitored on Days 10, 17, and
24 post-inoculation using small animal live imaging (Fig. 10A).
As shown in Fig. 10B and C, within 15 days of treatment and laser
irradiation, brain gliomas exhibited varying degrees of growth
inhibition across the groups. On Day 24 post-inoculation, no
significant difference in fluorescence intensity was observed be-
tween the PBS control group and the PBS (L+) group, indicating
that light irradiation alone had no inhibitory effect on tumor cells.
The MET@Lipo (L+) group exhibited strong fluorescence in-
tensity, with tumors infiltrating most of the brain tissue. The
Ce6@Lipo group showed PDT effects after irradiation, which
inhibited tumor growth. The MET/Ce6@Lipo(L+) group
demonstrated enhanced tumor inhibition compared with the
Ce6@Lipo(L+) group, likely due to MET’s ability to alleviate
hypoxia in tumor tissues, hinder tumor cell growth, and enhance
PDT efficacy. Compared with the PBS, PBS(L+), MET@Lipo
(L+), Ce6@Lipo(L+), and MET/Ce6@Lipo(L+) groups, the
MET/Ce6@Lipo@CM(L+) group exhibited weaker brain fluo-
rescence intensity and significant antitumor effects, confirming
that nanoparticles coated with tumor CMs possess excellent ho-
mologous targeting capabilities. Through effective enrichment at
the tumor site via crossing the BBB, the drug is released, leading
to its anti-tumor effect. Among all groups, the fluorescence signal
in the MET/Ce6@Lipo@CM®@T, (L+) group was the weakest,
indicating the most significant anti-tumor efficacy. The H&E
staining results of brain tissues from different groups corroborated
the fluorescence intensity findings. As shown in the H&E struc-
tural images in Fig. 10D, the tumors in the MET/Ce6@L-
ipo@CM@T,, (L+) group had the smallest area and the weakest
invasion. The in vivo distribution experiments further demon-
strated that the membrane-coated nanoparticles utilized their ho-
mologous camouflage properties to evade macrophage clearance
after tail vein injection. This allowed them to cross the BBB and
enter the brain. During circulation, the Ty-modified lipo-complex
forms a transferrin corona with endogenous Tf, enabling dual-
targeting functionality. It recognizes Tf receptors on the BBB
surface to facilitate BBB crossing and binds to Tf receptors on
brain tumor cells, entering the cells via endocytosis to release the
drug payload. Thus, MET/Ce6@Lipo@CM@T,, enhances the
PDT effect and achieves tumor inhibition through a combination

of homologous CM-coated passive targeting and T,o-mediated
active targeting. Additionally, we examined the potential hemor-
rhage risk of PDT on brain tissue during treatment. As shown in
Supporting Information Fig. S7, PDT irradiation did not result in
significant hemorrhage of the brain tissue.

TUNEL fluorescence analysis of embedded brain tissue
(Fig. 10E and Supporting Information Fig. S8) revealed green
fluorescence signals in all groups containing Ce6, indicating
varying degrees of apoptosis and confirming the PDT efficacy of
Ce6 under light exposure. The MET/Ce6@Lipo@CM (L+) group
showed the largest area of TUNEL-positive cells compared with
the Ce6@Lipo and MET/Ce6@Lipo (L+) groups, suggesting
enhanced tumor cell apoptosis. Among all groups, MET/
Ce6@Lipo@CM@T), (L+) exhibited the strongest green fluo-
rescence intensity (*P < 0.05 when compared with MET/
Ce6@Lipo@CM group), indicating the highest level of tumor
cell apoptosis. H&E staining further confirmed these findings,
with a significant reduction in tumor cells and visible necrosis and
atrophy in the MET/Ce6@Lipo@CM@T,, (L+) group, demon-
strating its ability to inhibit tumor proliferation and promote
apoptosis.

Immunofluorescence staining for HIF-1« in tumor tissues was
performed to assess whether hypoxia was alleviated. The results
showed significantly reduced HIF-la expression in the MET/
Ce6@Lipo@CM@T,( (L+) group compared with other groups,
consistent with in vitro cell-level experiments. Tumor cell prolif-
eration and PDT-induced oxygen consumption often lead to severe
hypoxia, which further promotes tumor growth. In vitro experi-
ments demonstrated that MET/Ce6@Lipo@CM@T,, nano-
particles, through the inclusion of MET, inhibited oxygen
consumption in tumor cells, alleviating hypoxia and enhancing
PDT efficacy. These findings were validated in vivo, where MET
was shown to mitigate PDT-induced hypoxia, thereby enhancing
the antitumor efficacy of Ce6.

PDT is a non-invasive tumor treatment technique that generates
ROS by locally stimulating photosensitizers, causing damage to
cancer cells while reducing damage to normal tissues. This
characteristic makes PDT a focus of attention for researchers and
clinical doctors, especially in the treatment of brain tumors’'.
Photodynamic depth is a key challenge in the treatment of glio-
blastoma®. The lesion area is far away from the skin and pe-
ripheral blood vessels, coupled with the characteristics of brain
tissue itself, which significantly reduces the transmission and
accumulation of light energy’>>*. In addition, photosensitizers in
modern PDT systems often require local injection or exogenous
application, which further increases the problem of insufficient
depth. Therefore, developing new photosensitizers with stronger
light absorption properties to improve the transmission and effi-
ciency of light energy, or developing a new generation of multi-
functional nanomaterials that can simultaneously emit light and
have a killing effect on tumor cells, are some effective strategies to
address this limitation. We used Ce6, which has both lumines-
cence and anti-tumor efficacy, as a model drug, co loaded with
hypoxia reliever MET, and utilized a highly targeted delivery
system to address the limitations of PDT in the treatment of
glioblastoma, achieving good anti-tumor results.

3.11.  Invivo safety evaluation
The in vivo biosafety of the composite system was assessed using

body weight monitoring, liver and kidney function tests, and H&E
staining of major organs. Body weight changes were monitored
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Figure 10

In vivo antitumor efficacy of MET/Ce6@Lipo@CM®@T,. (A) Schematic illustration of drug administration and irradiation in

animals. (B) In vivo bioluminescence imaging of U87 brain tumor-bearing mice. (C) The relative quantification of the bioluminescence in tumors
from the indicated treatment groups on the 10th, 17th, and 24th days. (D) H&E staining of brain sections treated with different formulations. (E)
H&E staining, TUNEL detection and HIF-1« expression were detected in different groups of brain tumors with a scale of 200 um. Data are
expressed as mean £+ SD, (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001.

during tumor progression and treatment to evaluate systemic
toxicity and tumor development. As shown in Fig. 11A, the weight
of mice treated with MET/Ce6@Lipo@CM@T,, (L+) stabilized
over time and was higher than that of other groups, indicating low

systemic toxicity and a safe, effective targeted nano-delivery
system. Liver function (ALT, AST) and kidney function (BUN,
CRE) were assessed through serum biochemical analysis
(Fig. 11B). The results showed that all values remained within the
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Figure 11  Biosafety evaluation of MET/Ce6@Lipo@CM@T,. (A) Body weight of mice after different treatments. (n = 3). (B) ALT, AST,
BUN, and CRE levels of serum from mice after various treatments (n = 3). (C) The H&E staining images of main organs (heart, liver, spleen,

lung, and kidney) of mice at the end of different treatments.

normal range across groups, suggesting no significant liver or
kidney damage caused by MET/Ce6@Lipo@CM@T,,. H&E
staining of major organs (Fig. 11C) revealed no observable
damage in the PBS, PBS(L+), MET@Lipo(L+), Ce6@Lipo(L+),

MET/Ce6@Lipo(L+), MET/Ce6@Lipo@CM(L+), or MET/
Ce6@Lipo@CM@To(L+) groups. This indicates that MET/
Ce6@Lipo@CM@T), (L+) exhibits excellent histocompatibility,
with negligible toxicity to major organs, including the heart, liver,
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spleen, lungs, kidneys, and brain. The results of body weight
monitoring, biochemical analysis, and histopathology confirmed
the safety and biocompatibility of this targeted nanosystem,
demonstrating its potential for clinical development.

4. Conclusions

The BBB is a highly selective structure composed of cerebral
microvascular endothelial cells, pericytes, and astrocytes, which
regulate material transport between the blood and brain. Its tight
junctions significantly restrict transendothelial transport, limiting
the delivery of therapeutic agents to the brain and compromising
treatment outcomes for brain diseases. To address this challenge,
we designed a Tf-mediated biomimetic multifunctional lipo-
complex co-loaded with Ce6 and MET. The developed lipo-
complex demonstrated favorable physicochemical properties,
storage stability, and safety. It achieved controlled drug release
due to the dual-membrane protection provided by the liposome
and CM. Surface modification with T;o enabled Tf binding,
forming Tf-PCs, which facilitated binding to TfR overexpressed
on tumor cells, thereby enhancing targeted drug delivery. In vitro
studies showed that the co-delivery of MET and Ce6 significantly
improved antitumor effects at the cellular level. In vivo imaging
studies in tumor-bearing mice confirmed that Ce6@L-
ipo@CM@T, efficiently crossed the BBB via endocytosis,
penetrated deep into brain tumors, and induced effective tumor
cell apoptosis. MET alleviated hypoxia in tumor tissues, further
enhancing the PDT efficacy of Ce6. The combined strategy of
MET and PDT significantly inhibited tumor growth, as demon-
strated by TUNEL fluorescence, HIF-1a staining, and H&E
staining results. This study establishes a rational platform inte-
grating PDT and immunoadjuvant therapy to enhance ROS pro-
duction and immune responses. The lipo-complex exhibits
endogenous protein ligand targeting and homologous cell homing
capabilities, enabling efficient drug delivery to the brain and
enhanced active targeting. These findings present a promising new
approach for glioblastoma treatment.
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