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KEY WORDS Abstract  Glioblastoma (GBM) is a highly aggressive primary brain tumor characterized by poor prog-
nosis. Conventional chemo-radiotherapy demonstrates limited therapeutic efficacy and is often accompa-

S}lzlgl;}[isctf)ma; nied by significant side effects, largely due to factors such as drug resistance, radiation resistance, the
Nanocaps’ules; presence of the blood—brain barrier (BBB), and the activation of DNA damage repair mechanisms. There
DNA damage repair; is a pressing need to enhance treatment efficacy, with BRD4 identified as a promising target for
Radiotherapy:; increasing GBM sensitivity to therapy. Lacking small molecule inhibitors, BRD4 can be degraded using
Nanosensitizer; PROteolysis Targeting Chimera (PROTAC), thereby inhibiting DNA damage repair. To deliver PROTAC,
BRD4; SIAIS171142 (SIS) effectively, we designed a responsive nanocapsule, MPL s5P@SIS, featuring GBM-
GSH responsive targeting and GSH-responsive drug release. Modified with 1-methyl-L-tryptophan (MLT), nanocapsules

facilitate targeted delivery of SIS, downregulating BRD4 and sensitizing GBM cells to radiotherapy
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and chemotherapy. After intravenous administration, MPLss)P@SIS selectively accumulates in tumor
tissue, enhancing the effects of radiotherapy and temozolomide (TMZ) by increasing DNA damage
and oxidative stress. GSH activates the nanocapsules, triggering BRD4 degradation and hindering
DNA repair. In mouse models, the nanosensitizer, combined with TMZ and X-ray irradiation, efficiently
inhibited the growth of GBM. These findings demonstrate a novel PROTAC-based sensitization strategy
targeting BRD4, offering a promising approach for effective GBM therapy.

© 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

Glioblastoma (GBM) is the most aggressive and prevalent primary
brain tumor, characterized by a dismal prognosis, short survival
times, high recurrence rates, and significant treatment chal-
lenges'?. Current standard-of-care radio-chemotherapy offers
limited efficacy and substantial side effects due to several factors:
inherent drug and radiotherapy (RT) resistance, poor penetration
of therapeutic drugs across the blood—brain barrier (BBB) and
blood-tumor barrier (BTB), and the inherent toxicity of high-dose
RT**. Consequently, long-term survival benefits remain elusive
for most GBM patients despite treatment modalities such as sur-
gery, radiotherapy, and chemotherapy’. Furthermore, a strong
correlation exists between GBM stress resistance and poor patient
outcomes, highlighting the urgent need for novel therapeutic
strategies®. Both radiotherapy and chemotherapy, including TMZ
and X-ray, induce DNA damage and thus inhibit the growth of
tumor cells”™.

However, following radio-chemotherapy, DNA damage repair
pathways are activated, prompting the cell to initiate emergency
DNA repair mechanisms to preserve its normal functions'®'".
While DNA damage is the crucial point of current clinical treat-
ment'?, DNA damage repair exerts a crucial function in the
resistance encountered during the treatment of GBM. By per-
forming this role, it safeguards the stability of the intracellular
environment'>. In tumors, RT could induce lethal DNA damage”,
but tumor cells enhance DNA damage repair mechanisms by
upregulating proteins associated with homologous recombination
repair, such as RADS51 and RADSI-associated protein 1
(RAD51AP1)!%1®, This response ultimately reduces the sensitivity
of tumor cells to RT. Recently, as a key transcriptional regulator
involved in DNA damage repair, bromodomain-containing protein
4 (BRD4) has been regarded as a promising target to sensitize
malignant GBM to RT'”.

As a member of the BET family, BRD4 recognizes histone
acetylation marks, thereby promoting gene transcription and
influencing physiological processes such as the cell cycle, pro-
liferation, and apoptosis'®2°. BRD4 is essential for GBM devel-
opment and is considered one of the core driving genes of this
malignancy®'. Consequently, inhibiting BRD4 has been proposed
as an epigenetic strategy to combat GBM>>**. However, BRD4 is
often regarded as an undruggable target due to the absence of
effective small molecule inhibitors®®. This situation necessitates
the exploration of novel therapeutic approaches for BRD4 that
extend beyond traditional small molecule inhibitors?. In contrast
to small molecules, proteolysis-targeting chimeras (PROTACsS)
facilitate the degradation of the protein of interest (POI) via the
ubiquitin—proteasome system in a catalytic manner®. PROTACs
can effectively degrade BRD4, addressing significant limitations

such as drug resistance associated with conventional small
molecule inhibitors by completely degrading the target protein at a
low dose’?%.

Despite the potential, current PROTAC molecules lack tumor
selectivity, resulting in the degradation of the POI in normal tis-
sues and leading to severe side effects?®. Therefore, developing
effective strategies for tumor-specific POI degradation to enhance
radio-chemotherapy remains a significant challenge®®?'. This
nanoplatform presents a promising strategy for effective drug
delivery while minimizing systemic toxicity, thereby providing a
reference point for the treatment of malignant tumors®. Nano-
drug delivery systems offer a viable approach to enhance the ef-
ficacy of PROTACs™. Given their excellent biocompatibility and
controllability***®, nanocapsule-based biomedical platforms show
great potential in PROTAC delivery, potentially prolonging sys-
temic circulation, reducing rapid clearance, and facilitating tar-
geted delivery to GBM™’.

Herein, we developed a novel nanosensitizer therapeutic strat-
egy using PROTAC-included nanocapsules. These nanocapsules
are composed of biocompatible PEG-pLys-pPhe polymers and the
PROTAC, SIAIS171142 (SIS), which degrades the BRD4 protein.
Meanwhile, MLT modification enables targeted delivery to GBM
tumor®2°. The nanocapsules enhance DNA damage by mediating
ubiquitin—proteasome-dependent degradation of BRD4, an
undruggable target protein, thereby inhibiting DNA damage repair
(Scheme 1). Furthermore, these versatile nanocapsules decrease
glutathione (GSH) levels and disrupt the original redox balance
within the tumor microenvironment, thereby promoting an increase
in reactive oxygen species (ROS) levels, which are the key medi-
ators of DNA damage®®. This approach enhances DNA damage in
GBM during radio-chemotherapy. This study demonstrates the
promising potential of combining PROTAC-based therapy with
GBM radio-chemotherapy, suggesting that inhibiting DNA damage
repair is a beneficial strategy for tumor treatment.

2. Materials and methods

2.1.  Synthesis and characterizations of the polymers

The chemical structure of SIS is shown in the Supporting Infor-
mation Fig. S1. In the chemical synthesis process, the specific
procedures are clearly illustrated in Supporting Information Figs.
S2 and S3. To ensure the accuracy and integrity of the charac-
terizations, all synthesized products underwent analysis using 'H
NMR spectra with a frequency of 400 MHz (Oxford Instruments,
Abingdon, UK). The entire synthesis process and related details
regarding every synthesis step are meticulously laid out in the
Supporting Information
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Scheme 1  Schematic of MPL s P@SIS nanocapsules for GBM treatment combined with radio-chemotherapy. (A) Synthesis of
MPL (55P@SIS nanocapsules. (B) Enhanced anti-GBM effects induced by MPLgs)P@SIS nanocapsules after intravenous injection to GBM-
bearing mice with radio-chemotherapy.
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2.2. Preparation and characterizations of MPL 5P @SIS
nanocapsules

Triblock polymers were dissolved in dimethyl sulfoxide (DMSO)
to form a solution. Nanocapsules were prepared using the nano-
precipitation method by first preparing DMSO solutions of
mPEG; ,-pLys-pPhe-CH;, MLT-PEG,,-pLys-pPhe-NH,, and
SIS, each at a concentration of 20 mg/mL. The DMSO solutions
(220 pL) of mPEGy,-pLys-pPhe-CH3, MLT-PEG ,-pLys-pPhe-
NH,, and SIS were then mixed up. This mixture was subsequently
added dropwise into deionized water while stirring on constant
turbulence for 2 h. Following this, the solution was dialyzed (3500
MWCO, ThermoFisher Scientific, Waltham, MA, USA) for 12 h
to remove DMSO, with water being replaced every 4 h, resulting
in the formation of MPLP@SIS nanoparticles (NPs).

To create the MPL ss,P@SIS nanocapsules, the 3,3'-dithiobis
(sulfosuccinimidyl propionate) (DTSSP) solution was added to the
MPLP@SIS formulation and allowed to react at 37 °C for 6 h. The
product was then subjected to dialysis for 12 h to remove any
excess DTSSP, yielding the final MPLss,P@SIS nanocapsules.
Four kinds of NPs, empty NPs (PLP), empty nanocapsules
(PL(ss)P), drug-loaded NPs (PLP@SIS), and drug-loaded nano-
capsules (PLs5)P@SIS), were designed and prepared. They were
all made by nanoprecipitation. In the experimental procedure,
before further analysis, all the prepared liquids were filtered using
a 0.22 pm membrane (Whatman, Maidstone, UK).

The characterization process involved the measurement of key
parameters such as the NP size distribution, polydispersity index
(PDI), and zeta potential, which were determined using a dynamic
light scattering (DLS) machine (Zetasizer Nano-ZS, Malvern
Panalytical, Malvern, UK). Additionally, to gain a visual under-
standing of the morphological characteristics of the various NPs,
transmission electron microscopy (TEM) was carried out.

Pyrene molecules were utilized as a fluorescence probe to
ascertain the critical micelle concentration (CMC) of NPs.
Initially, NP solutions were diluted to various concentrations based
on material calculations. Following this, 999 upL of each NP
dilution was combined with 1 pLL of a pyrene acetone solution
(0.1 mmol/L) and incubated at 37 °C for 2 h. Fluorescence in-
tensity was then recorded at 372 nm using a microplate reader from
BioTek Instruments (Winooski, VT, USA). The intensity data were
graphed against NP concentrations, and linear regression analysis
was employed to discern two separate linear regions. The CMC
was established as the x-coordinate where these two lines intersect.

To assess the in vitro stability of NPs, three independent sam-
ples (n = 3) of the NP formulation were prepared. Each prepa-
ration was diluted in phosphate-buffered saline (PBS, pH = 7.4)
and maintained at 37 °C with continuous stirring at 60 rpm.
Samples were collected daily over 7 days for DLS measurements
to monitor changes in particle size and distribution. A certain
amount of MPLss)P@SIS solution was mixed with an equal-
volume DMEM solution containing 20% fetal bovine serum
(FBS) and then stored at 4 °C. Subsequently, the particle size and
PDI of the NPs were measured by DLS for seven consecutive days.

2.3.  Drug loading efficiency

To assess the drug loading efficiency (DLE) and encapsulation
efficiency (EE) of the NPs, the lyophilized powder of the NPs was
first weighed and subsequently dissolved in acetonitrile. The con-
centration of the SIS was then measured using a high-performance

liquid chromatography (HPLC, Agilent Technologies, Santa Clara,
CA, USA) method. DLE and EE of NPs were calculated with the
following Egs. (1) and (2):

DLE (%) = (Weight of SIS encapsulated in NP / Weight of
NP) x 100 (H

EE (%) = (Weight of SIS encapsulated in NP / Total
SIS) x 100 2

Total SIS means the total mass of SIS involved in the prepa-
ration of NPs.

The HPLC method was carried out using specific parameters.
An Agilent C18 column, with a length of 250 mm and an inner
diameter of 4.6 mm, was utilized for the separation process. The
mobile phase, which is crucial for the elution of analytes, is
designated as a flow rate of 0.6 mL/min and was composed of a
mixture of 70% acetonitrile and 30% H,O (v/v), with the addition
of 0.1% v/v trifluoroacetic acid to enhance the separation effi-
ciency and peak shape. The injection volume of the sample was
carefully set at 10 pL. A diode array detector (DAD) was used for
the detection with a scan wavelength of 220 nm.

2.4.  Invitro GSH-sensitive transformation and drug release
characterization

The sensitivity of nanocapsules to GSH was assessed using
10 mmol/L dithiothreitol (DTT), which simulated elevated GSH
levels in an intertumoral environment. To confirm the GSH
sensitivity of the nanocapsules, PLss,P@SIS was diluted in
phosphate-buffered saline (PBS, pH 7.4) containing DTT and
incubated at 37 °C for 4 h. Following incubation, the changes in
particle size of the nanocapsules were analyzed using a particle
size analyzer, and TEM was measured.

The release kinetics of SIS from the NPs was monitored over
12 h in vitro. Specifically, 1.5 mL of the solution was placed into
dialysis bags (3500 MWCO) suspended in a 15-mL centrifuge
tube filled with release buffer while shaking at 80 rpm at 37 °C. To
maintain the sink conditions, the 15-mL centrifuge tube was PBS
(pH 7.4, 0.1% Tween 80, 13.5 mL). The GSH-sensitive release
was assessed in the presence of DTT (10 pmol/L and 10 mmol/L,
respectively). At the specific time point (0.5, 1, 1.5, 2, 3,4, 5,7,
and 12 h), 100 pL solution was collected from the external dialysis
bags in the centrifuge tube. Simultaneously, an equal volume of
fresh release buffer was added to ensure the total volume remained
consistent. The concentration of released SIS was then determined
using the HPLC method as before.

2.5.  Cellular uptake and internalization mechanism

Cell lines G422 and G422/Luc (Tongpai Biotech, Shanghai,
China) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) enriched with 10% FBS, 10 U/mL penicillin, and
10 pg/mL streptomycin. The cultures were kept at 37 °C in a
humidified environment with 5% CO,.

Near-infrared probe Cyanine 5 (CyS) was linked to the free
amino groups of PEG-pLys-pPhe polymer for tracking the fate of
nanocapsules. The reaction condition was to avoid light and react
at room temperature, and the target product was obtained after
dialysis treatment.
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G422s were seeded in 12-well plates (cell density: 1 x 10° cells
per well). When reaching a confluence of 80%—90%, the DMEM
was removed, and cultured cells were washed twice with PBS 7.4.
Then Cy5-labeled nanocapsules with different modifications of
MLT (0, 10, 20, 40, 80, and 100%) were added. After incubation for
0.5, 1, or 2 h, the cells were washed three times with Hank’s
Balanced Salt Solution (HBSS) to remove NPs that were not taken
up by cells. Specifically, non-targeted nanocapsules (PLss)P@Cy5)
were further evaluated by the same procedure.

The cells were subsequently visualized using a fluorescence mi-
croscope (CKX53, Olympus, Osaka, Japan). Furthermore, cells from
parallel samples were removed from the plate for analysis with a flow
cytometer (cytoFLEX, Beckman Coulter, Indianapolis, IN, USA).

To evaluate the internalization mechanism of GBM, the
G422 cells were then incubated under different inhibitive condi-
tions, which were HBSS supplemented with colchicine (2 pg/mL),
chlorpromazine (CPZ, 2 pg/mL), filipin (2 pg/mL) or excess MLT
(100 pg/mL) for 30 min. Then, MPLss,P@Cy5 was added and
incubated with G422s for 1 h at 37 or 4 °C, respectively. Then, the
cells were washed three times with HBSS and then collected into
HBSS. Finally, the uptake of nanocapsules in G422s was also
measured by flow cytometry.

To further explore the internalization process, G422 cells were
seeded in confocal culture dishes (Corning, Corning, NY, USA).
All cells were incubated with Cy5-labeled nanocapsules (10%
modification degree of MLT) for 15, 30, 60, and 120 min and then
washed with HBSS twice.

Then, to localize the nuclei and late endosomes/lysosomes, all
the cells were incubated with Hoechst 33342 (ThermoFisher
Scientific, Waltham, MA, USA) at a concentration of 1 pg/mL and
LysoTracker Deep Redat (ThermoFisher Scientific, Waltham, MA,
USA) at a concentration of 50 nmol/L for 30 min. Following
immunofluorescence staining, all cells were measured using a
63 x oil immersion objective lens of a confocal fluorescence
microscope (Carl Zeiss AG, Oberkochen, Germany).

2.6.  Invitro BBB model construction and integrity assay

BCEC monolayer in a transwell system was established as the
in vitro BBB model. First, the cellular uptake of BCECs was
investigated. BCECs were seeded in 12-well plates (2 x 10° cells
per well), and upon reaching 80%—90% confluence, the DMEM
medium was removed, and the cultured cells were washed twice.
PL(ss)P@Cy5 and MPLss)P@Cy5 were then added at equal
concentrations of Cy5. After incubation for 1 h, upon the removal
of NPs that were not internalized by the cells, the cells were
washed three times with HBSS. To specifically examine the role
of MLT in cellular uptake, BCECs were pre-treated with an excess
of MLT, followed by incubation with MPL ss)P@Cy5. The results
were analyzed using flow cytometry.

To assess the permeability of nanocapsules across the BBB,
brain microvascular endothelial cells (BCECs) were plated in a
3 pwm Transwell insert (NEST, Wuxi, China) at a density of
1.5 x 10* cells per well. After approximately 20 days, the cells
were treated with various samples placed beneath the inserts.
FITC-labeled dextran (4 kDa) was employed as a permeability
indicator and was added alongside the nanocapsules. The cells
were incubated at 37 °C, with 50 pL samples collected at 5, 10,
15, 30, and 60 min for dextran analysis while replenishing the
same volume of fresh medium.

The concentration of Cy5 (Ex = 640 nm, Em = 670 nm) was
quantified using a microplate reader (BioTek Instruments,

Winooski, VT, USA), as was the concentration of FITC-labeled
dextran (Ex = 483 nm, Em = 520 nm). The apparent perme-
ability coefficients (P,,p) were calculated using the following Eq.

3):
Popp = (dQ/dD) / (Cy x S) 3)

dQ/dt is the permeability rate (nmol/s), Cy denotes the initial
concentration (nmol/mL) in the Transwell insert, and S indicates
the membrane area (0.33 cm?) of the insert.

2.7. The study on cytotoxic effect and apoptosis of nanocapsules

2.7.1.  Cell viability assay

To evaluate the susceptibility of the GBM cell lines G422 to
different drugs, the cell viability assay was conducted. G422 cells
were seeded in 96-well culture plates at a density of 2 x 10° cells/
well. After reaching 60%—70% confluence, the cells were incu-
bated with different concentrations of drugs or preparations in
DMEM. After incubation for 24 or 48 h, the medium was
removed, and cells were washed three times with HBSS. Then,
10 pL. per well Cell Counting Kit-8 (CCK-8) solution (10%, v/v,
Meilunbio, Dalian, China) was added to the well at 37 °C for 2 h.
The absorbance was read with the microplate reader (BioTek In-
struments, Winooski, VT, USA) at 540 nm. Besides, the cells
without treatment were considered as control, and cell viability
was calculated based on the normalized absorbance.

2.7.2.  Apoptosis detection

Firstly, G422 cells were seeded in a 12-well plate with a density of
4 x 10* per well. After reaching a 60%—70% confluence, the cells
were incubated with different treatments for 48 h. Single cells
were obtained by 0.25% trypsin without EDTA, stained with an
apoptosis detection kit (Meilunbio, Dalian, China), incubated for
20 min, and measured by the flow cytometry (cytoFLEX, Beck-
man Coulter, Brea, CA, USA).

2.8.  GSH depletion and ROS measurement in tumor cells

To analyze intracellular GSH and ROS in cells, G422s were
seeded into 6-well plates at a density of 1 x 10° cells per well
first. When reaching a 60%—70% confluence, various treatments
were administered to the cells for a period of 24 h respectively.
After that, the G422 cells were collected using 0.25%
trypsin—EDTA and resuspended in HBSS. The depletion of GSH
was analyzed using the Reduced glutathione assay kit (Jiancheng
Biotechnology, Nanjing, China).

Furthermore, the ROS level of G422s was detected using the
ROS probe (Beyotime Biotechnology, Shanghai, China), and the
detection results were then measured by flow cytometry (cyto-
FLEX, Beckman Coulter, Indianapolis, IN, USA).

2.9.  Confocal microscopy of G422s in vitro

The G422s with different treatments were washed with HBSS
three times, fixed with 4% formaldehyde for 20 min, and further
stained with 4’,6-diamidino-2- phenylindole (DAPI) for 10 min.
The treated G422s were subjected to a confocal fluorescence
microscope (IX2-RFACA, Olympus, Osaka, Japan) for analysis.
Finally, the statistics were quantified using the ImagelJ software.
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2.10.  In vivo distribution and brain-targeting efficiency

The G422 orthotopic glioblastoma model was utilized to investi-
gate the distribution of nanocapsules in vivo. The mice received
intravenous injections of various nanocapsules at an equivalent
dose of Cy5. After 24 h, the mice were anesthetized and perfused
with a 4% paraformaldehyde (PFA) fixative solution (Servicebio,
Wuhan, China), followed by photographing the fluorescence in-
tensity of the isolated tissues. Following dehydration, tumor tis-
sues embedded in optimal cutting temperature compound were
sectioned (Leica, CM1900, Wetzlar, Germany). Subsequently,
these tumor sections were stained with DAPI for analysis and then
photographed via confocal laser scanning microscopy (CLSM,
Leica TCS-SP8 STED, Wetzlar, Germany).

2.11.  In vivo anti-tumor efficacy study

2.11.1.  Animals and establishment of the GBM model mice
C57BL/6 male mice (19—23 g) were procured from the Depart-
ment of Experimental Animals at Fudan University and housed
under standardized laboratory conditions. All animal handling
procedures were conducted in accordance with the guidelines
approved by the Institutional Animal Care and Use Committee of
China. To establish a GBM model, male C57BL/6 mice weighing
between 19 and 23 g underwent intracranial injection of G422/Luc
cells. Specifically, 2 x 10° G422/Luc cells suspended in 5 pL of
HBSS were injected into the striatum at coordinates 1.8 mm
lateral to the bregma and 3 mm deep. A brain stereotactic appa-
ratus was employed to ensure accurate tumor placement. The
incidence of GBM in this model was observed to be 85%.

2.11.2.  Animal experimental design
After GBM model construction, the animals were randomly
divided into 7 groups (n = 6). MPL ss,P@SIS was injected through
the tail vein at a dose of SIS = 0.2 mg/kg every two days for five
times. The dose of TMZ was 20 mg/kg, administered by oral
gavage. At the same time, the X-ray was 4 Gy for 5 min every time.
The Amptek Mini-X X-Ray Tube (Precision X-ray, MA, USA)
was used for the treatment of experimental solutions, cells, and
animals. The Amptek Mini-X X-Ray Tube was set at 50 kV and
80 pA. To improve the peak to background ratio for elements of
interest, 3 mil Cu and 1 mil Ag were used as the Filters on an X-ray
tube.

2.11.3.  Assay of antitumor efficacy
After treatment, tumor signal and survival rate were under obser-
vation. Mice were visualized under the IVIS® imaging system
(Caliper PerkinElmer, Waltham, MA, USA) at Ex/Em = 633/
660 nm after anesthesia. After different treatments, the brains and
major organs of each group were excised and fixed in 4% PFA. The
apoptotic cells in GBM were stained with cleaved caspase-3 anti-
body, while the proliferating cells were stained with Ki67 antibody.
Histological changes in major organs and brains were stained with
hematoxylin and eosin (H&E), and then the stained sections were
analyzed using a fluorescence microscope (Olympus, Tokyo,
Japan). Finally, the statistics were analyzed using the Imagel
software (National Institutes of Health, Bethesda, USA).
Immunofluorescence staining of tumor tissue: tumor tissue
samples were snap-frozen following dehydration with a sucrose
solution. Subsequently, the frozen tissues were sectioned, and
sections were then stained with various primary antibodies and
incubated overnight at 4 °C. Fluorescently labeled secondary

antibodies (goat anti-rabbit IgG, ThermoFisher Scientific, Wal-
tham, MA, USA) were applied after this incubation. The stained
sections were photographed using confocal microscopy to assess
the localization and expression of different proteins. Additionally,
the statistics were analyzed using the ImagelJ software.

2.12.  Western blot procedure

Cell samples were lysed in radioimmunoprecipitation assay
(RIPA) lysis buffer supplemented with phenylmethanesulfonyl
fluoride (1 mmol/L). The lysing process involved ultrasound
treatment at 40% power within an ice water bath for 10 s, which
was carried out three times with 10-s intervals in between. After
lysis, the resultant supernatant containing the extracted proteins
was collected through centrifugation at 13,000 rpm for 10 min at
4 °C (ThermoFisher Scientific, Waltham, MA, USA). The protein
concentration in the cell samples was determined using a BCA
Protein Assay Kit (Beyotime Biotechnology, Shanghai, China).
For subsequent analysis, total protein samples (10 pg per well)
underwent separation via SDS-PAGE electrophoresis, initially at a
voltage of 80 V for 30 min, followed by a transition to 120 V for a
duration of 2 h. In contrast, tissue samples were utilized at a
concentration of 20 pg per well. The proteins were then trans-
ferred to polyvinylidene fluoride (PVDF) membranes, and then the
PVDF membranes were blocked with 5% fat-free milk for 2 h.
Primary antibodies were incubated overnight at 4 °C, with details
of the antibodies used for Western blot (WB) provided in Sup-
porting Information Table S1. After the primary incubation,
membranes were washed three times, each for 10 min, using
TBST buffer. Following these washes, membranes were subjected
to incubation with horseradish peroxidase (HRP)-conjugated
secondary antibodies (anti-rabbit or anti-mouse antibody) at a
dilution of 1:1000 (v/v) for 1.5 h. Additional washing with TBST
buffer (pH = 7.4) was performed three times for 10 min each.
Protein expression levels were detected employing enhanced
chemiluminescence (ECL) autoradiography with ECL plus re-
agent. Quantitative analysis of the WB images was carried out
utilizing ImageJ software, with all gray value statistics docu-
mented in the manuscript.

2.13.  Statistical analysis

Statistical evaluations were conducted using GraphPad Prism
v.9.4.1. Comparisons between groups were analyzed through
t-tests or one-way ANOVA, with a significance threshold set at
P < 0.05. Data are expressed as means £ standard deviation (SD),
where *P < 0.05, **P < 0.01, and ***P < 0.001 indicate sta-
tistically significant differences.

3. Results and discussion

3.1.  The synthesis and characterizations of the synthetic
polymers

The amphiphilic triblock polymer, mPEG; ,-pLys-pPhe-CHj;, was
synthesized, and the comprehensive and specific steps are clearly
illustrated in Supporting Information Fig. S2. The utilization of
mPEG; ,-NH, as a macroinitiator for the ring-opening polymer-
ization of NCA monomers is a crucial aspect. The subsequent
chemical modifications, namely the acetylation of the polymeric
terminal amino and the deprotection of Cbz, are integral parts of
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the overall synthetic strategy*'. The confirmation of the chemical
composition through 'H NMR spectroscopy provides reliable
evidence of the molecular structure and composition of the NCA
monomers and intermediate polymers (Supporting Information
Fig. S4-S9). Moreover, the verification of successful polymeri-
zation via the reduced elution time in gel permeation chroma-
tography (GPC) results further validates the effectiveness of the
synthesis process.

For specific GBM targeting, MLT-PEG |,-pLys-pPhe-NH, was
synthesized and the detailed synthetic routes are illustrated in
Supporting Information Fig. S3. Firstly, in order to protect the
active amino group of the MLT, MLT reacted with di-tert-butyl
decarbonate ((Boc);O) to obtain Ne-(tert-butoxycarbonyl)-1-
methyl-L-tryptophan  (1-MLT-Boc). Then, the MLT(Boc)-
propargyl was synthesized via amidation of 1-MLT-Boc with
amine groups on propargylamine. Subsequently, the MLT(Boc)-
Propargyl was attached to the azide end of N3-PEG;;,-NH,
through a click reaction, followed by ring-opening polymerization
of activated NCA monomers using MLT(Boc)-PEG,,-NH, as
macroinitiators and the removal of Cbz chemical group to obtain
MLT-PEG,-pLys>-pPhes-NH,. The chemical composition
of 1-MLT-Boc, MLT(Boc)-propargyl, MLT(Boc)-PEG;,-NH;,
and intermediate polymers was verified through 'H NMR

Figure 1

spectroscopy (Supporting Information Fig. S10-S14). Addition-
ally, the reduced elution time of GPC results also confirmed the
successful synthesis of the polymer (Supporting Information
Fig. S15).

Moreover, the CMC of the polymers was detected, including
mPEGllz-pLyslz-pPhem-CH3 and IIlPEG] lz-pLyslz-pPhe13-CH3.
The CMC of NPs comprised of mPEGy,-pLys;,>-pPhe;-CH; was
approximately 223.24 ng/mL, whereas that of mPEG,-pLys;»-
pPhe 3-CH; exhibited a higher CMC of about 416.09 pg/mL
(Supporting Information Fig. S16). Therefore, mPEGy,-pLys;»-
pPhes-CH3; was consequently selected to construct the nano-
capsules and enhance the stability against dilution by bodily fluids.

3.2.  Preparation and characterizations of the multifunctional
nanocapsules

The SIS-loaded nanocapsule (MPL s P@SIS) was prepared via
nanoprecipitation method and disulfide bond cross-linking reaction
(Fig. 1A). In brief, the DMSO solution of mPEGy ;,-pLys;»-pPhe ¢-
CHj;, MLT-PEG; ,-pLys;,>-pPhe;s-NH, and SIS were mixed ac-
cording to a certain mass ratio (9:1:1) in aqueous solution/PBS
under mild stirring at room temperature. The redundant DMSO
was removed via dialysis, and then the MPLP@SIS NPs were

Characterizations of MPLss,P@SIS nanocapsules. (A) Illustration of the preparation process for MPL g P@SIS via nano-

precipitation and disulfide bond cross-linking, along with the responsive mechanism under GSH stimulation. (B) Particle size and (C) zeta
potential of various NPs (n = 3). (D—E) Representative TEM images of MPL,ss,P nanocapsules (D) and MPL s5)P@SIS nanocapsules (E) (scale
bar = 100 nm). (F) SIS release profile of PLP@SIS and PLsP@SIS in PBS (pH 7.4) (n = 3). (G) SIS release profile of PLssP@SIS
nanocapsules in PBS (pH 7.4) with or without DTT (10 umol/L and 10 mmol/L, respectively) (n = 3). (H) Alterations in the size distribution of
PL(ss5)P@SIS nanocapsules after incubation with DTT for 4 h (10 umol/L and 10 mmol/L, respectively). Data are presented as mean £ SD.

*P < 0.05. ns, not significant.
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attained. Then, to entitle the preparation with greater stability and
bio-responsiveness, DTSSP, which is a cleavable crosslinker, was
selected to react with the MPLP@SIS NPs. Subsequently, the
GSH-sensitive nanocapsules were synthesized, which contained
the PROTAC in the hydrophobic core. In the same manner, MPLP
and MPL gg)P were prepared without the load of SIS.

DLS and zeta potential were measured among different
NPs (Fig. 1B and C, Supporting Information Table S2). There
was no significant difference between empty nanocapsules and
SIS-loaded nanocapsules. However, the particle size of
MPL55)P@SIS declined to about 106 nm, smaller than that of
MPLP@SIS (138 nm), due to the denser core of nanocapsules.
Meanwhile, the zeta potential of MPLss)P@SIS (2.9 mV) was
decreased after the cross-linking reaction, and the neutral charge
was beneficial to the bio-safety of nanocapsules, avoiding clear-
ance by the reticuloendothelial system in vivo upon the systemic
administration. Moreover, consistent with the DLS, similar results
were observed from the TEM images (Fig. 1D and E). The
MPL 55)P@SIS nanocapsules showed a continuous and amor-
phous appearance, with a diameter around 100 nm. In addition, the
hydrodynamic diameter and PDI of PLsP@SIS and
MPL s5)P@SIS demonstrated stability (Supporting Information
Figs. S17 and S18). Notably, the DLS of PLP@SIS had changed,
indicating that the cross-linking strategy could enhance the sta-
bility of the nanocapsules.

To investigate the encapsulation ability of SIS, the calibration
curve of SIAIS171142 was detected with HPLC (Supporting In-
formation Fig. S19). The DLE and EE were presented in Table S2,
and MPLss)P@SIS nanocapsules exhibited a DLE of approxi-
mately 7% and an EE of 63.74%.

Since the targeting moiety, as a small molecule, does not
significantly affect the properties of the NPs, non-targeted
nanocapsules were employed to investigate the stability, drug
release, and other characteristics in vitro. Subsequently, the
in vitro release profile of SIS was examined. In vitro release
studies revealed that PLP@SIS NPs exhibited a relatively faster
release rate, with approximately 75% of SIS released within the
initial 5 h under PBS conditions (Fig. 1F). Conversely, the
release rate of SIS from the PLss)P@SIS nanocapsules was
slower, with only about 30% of the drug released in the first 5 h,
suggesting that cross-linking markedly enhanced the stability of
nanocapsules and reduced non-specific drug release. Addition-
ally, the tumor-sensitive release of SIS is crucial in GBM ther-
apy. The crosslinking characteristics of the GSH-sensitive
compound DTSSP enable the nanocapsules to disintegrate
selectively within the tumor microenvironment, facilitating a
swift release of their therapeutic payload. Simultaneously, GSH
can be effectively scavenged through interaction with DTT.
Additionally, the release of SIS, prompted by GSH, was observed
in PBS containing DTT (Fig. 1G).

Moreover, upon exposure to 10 mmol/L. DTT, drug release
from PLss)P@SIS nanocapsules was significantly accelerated,
showing a similar release behavior to that of PLP@SIS in PBS
(pH 7.4), indicating that PLss,P@SIS nanocapsules can rapidly
release SIS in response to DTT. To verify the responsiveness of
the cross-linker and nanocapsules to GSH, the diameter changes
of MPLss)P@SIS incubated with DTT were further tested. In
addition, a significant particle size increase was observed
(Fig. 1H, Supporting Information Table S3). Comparable results
were also witnessed in the TEM images (Supporting Information
Fig. S20), probably due to the breakdown of the MPLs5)P@SIS
structure.

3.3.  Investigation of cellular uptake, transcytosis, and brain-
targeting ability

To achieve the brain-targeting function, receptor- and transporter-
mediated targeting strategies have been widely used in the targeted
therapy of brain glioma****. To target and accumulate nano-
capsules in GBM, especially the tumor core, a Trp analogue MLT
was modified as a targeting ligand. Upon binding with L-type
amino transporter 1 (LAT1), the nanocapsules could penetrate the
brain parenchyma via the BBB. As tumor cells need more Trp, the
nanocapsules were enriched in the tumor core microenvironment
and then taken up by the tumor cells***°.

Firstly, G422 cells were selected to simulate GBM tumor cells.
According to relevant literature, LAT1 is abundantly expressed in
the tumor cells as a typical membrane protein®’. Considering that
our strategy of cellular uptake transcytosis of tumor cells is based on
LAT1, as shown in Fig. 2A, the expression of LAT1 was first
detected on GBM tumor cells. As shown in Fig. 2B and Supporting
Information Fig. S21, we have observed and confirmed the
expression of LAT1 membrane protein on the GBM tumor cells of
G422 and GL261 by WB. Meanwhile, flow cytometry was also used
to detect the LAT1 membrane protein on the surface of four different
cells (Supporting Information Fig. S22), and the relative quantitative
results also showed that the GBM tumor cells of G422 and GL261
expressed more LAT1 membrane protein (Supporting Information
Fig. S23). Then, a monolayer model was constructed in Transwell
inserts to simulate the BBB in vitro using BCEC cells (Fig. 2C).

Near-infrared probe Cyanine 5 (CyS) was linked to the free
amino groups of PEG-pLys-pPhe polymer for tracking the fate of
nanocapsules in vitro and in vivo. The concentration of CyS5 in the
nanoparticles was determined according to its standard curve
(Supporting Information Fig. S24). Cy5-labeled nanocapsules
exhibited similar size and PDI to MPLsP@SIS nanocapsules
(Supporting Information Table S4), enabling their use as a suitable
surrogate for tracking distribution in cells and animals. To analyze
the binding affinity of MLT to LATI, the Cy5-labeled nano-
capsules (MPLss)P@Cy5) with different MLT modification pro-
portions were prepared.

As illustrated in Fig. 2D and E, the Cy5-labeled nanocapsules
were incubated with G422s for 0.5 h, and the fluorescence signal
was afterward quantitatively analyzed by flow cytometry, where
the results suggested that MLT modification could significantly
enhance the cellular uptake of nanocapsules in G422s compared
with the control group. In addition, according to the quantified
results of cellular uptake, the nanocapsules with a 10% MLT-
modification ratio had the strongest uptake property (Fig. 2F).
It’s worthwhile noting that the maximum binding rate was also
achieved by 10% ligand modification after the fluorescent-labeled
nanocapsules were incubated with tumor cells for both 1 and 2 h
(Supporting Information Fig. S25, Supporting Information
Table S5). Therefore, the 10% modification ratio was finally
selected as the subsequent targeted nanocapsules.

Then, the mechanism of cellular uptake was explored in
G422 cells. Specifically speaking, G422s were preincubated with
different uptake inhibitors and then treated with MPLs5)P@CyS5,
nontargeted nanocapsules (PLs)P@Cy5), or a mixture of
MPLs5)P@Cy5 and excess MLT, respectively. We compared the
uptake of fluorescent-labeled nanocapsules in each group (Fig. 2G
and H). Firstly, the uptake of MPLss,P@Cy5 was significantly
higher than that of PL s P@Cy5. The low temperature of 4 °C,
along with colchicine and CPZ, had inhibitory effects on the up-
take of G422 cells, indicating that MPL ss)P@Cy5 nanocapsules
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are primarily internalized through energy-dependent mechanisms,
specifically caveolin-mediated and macropinocytosis-mediated
endocytosis. This finding is consistent with the LAT1-mediated
uptake mechanisms described in reported literatures®®*%4°,

Furthermore, excessive MLT markedly inhibited cellular up-
take, highlighting the essential role of LAT1-mediated transcytosis
in the internalization process. Previous studies have shown that the
internalization of nanopreparations leads to the formation of mac-
ropinosomes’, a specialized type of early endosome, which sub-
sequently allows these preparations to evade lysosomal degradation
via the circulating endosome pathway®®. To explore this mecha-
nism, LysoTracker Green was employed to label the endosomes
and lysosomes within G422 cells’'%, enabling us to assess the
intracellular distribution of MPLss)P@Cy5 nanocapsules.

After a 15 min incubation with the nanocapsules, yellow signals
indicative of colocalization between the green and red signals were
detected by us, suggesting a substantial accumulation of nano-
capsules within endosomes or lysosomes. However, as the incuba-
tion time extended to 30, 60, and 120 min, the yellow colocalization
signals diminished. By the 120 min mark, a predominance of
distinct green and red signals was observed, with only a few yellow
signals remaining (Fig. 21, Supporting Information Fig. S26). This
change suggests that the nanocapsules successfully escaped from
the endosomal or lysosomal compartments.

Next, brain capillary endothelial cells (BCECs) were selected
to simulate the BBB in vitro>>, enabling the investigation of the
brain-targeting capabilities of the nanocapsules at the cellular
level. LAT1 has been documented to be a characteristic membrane
protein that is abundantly expressed at the BBB>*. Given that
MLT-mediated penetration across the BBB relies on LAT1, the
protein expression of LAT1 in brain endothelial cells (bEnd.3) was
first evaluated using WB analysis (Fig. S21). In addition, cellular
uptake was evaluated by flow cytometry on BCECs. As illustrated
in Fig. 2J, fluorescence signals were quantitatively measured
across different treatment groups. Compared to PLss5)P@Cy5 or a
mixture of MPLs5)P@Cy5 with excess MLT, the higher fluores-
cence signal observed for MPLss)P@Cy5 indicated that BCECs
internalized more targeted nanocapsules modified with MLT.

After culturing BCEC cells in the monolayer model for 20
days, the nanocapsules were administered to the upper compart-
ment of the Transwell inserts, and the fluorescence intensity in the
lower compartment was measured to evaluate permeability effi-
ciency, expressed as Py, values at different time points. The re-
sults demonstrated that MPLss,P@Cy5 exhibited the highest
permeability among the tested groups (Fig. 2K). Notably, the
permeability decreased in the group where MPLgsP@Cy5 was
mixed with excessive MLT, suggesting that MLT-based modifi-
cation, in conjunction with LAT1-mediated transcytosis, facilitates
the passage of nanocapsules across the BBB. Additionally, the
P,pp values of FITC-labeled dextran (4 kDa) were measured both
before and after the experiment (Fig. 2L), with the calibration
curve of FITC-labeled dextran (Supporting Information Fig. S27).
These values were consistent with those reported in other studies
utilizing monolayer cell models™. The results indicated that the
preparation did not compromise the integrity of the BBB and that
the monolayer cell models met the criteria for in virro BBB
simulation before and after the experiments.

3.4.  Invitro anti-tumor effects

We first verified the degradation ability of the PROTAC,
SIAIS171142 (SIS), since it is a new compound (Fig. S1) that has

not been reported previously. Similar to the mechanism of the
PROTAC (Fig. 3A), SIS can effectively degrade the BRD4 protein
via the ubiquitin—proteasome system (Fig. 3B). The direct tumor-
killing capacity on G422 cells was assessed using the CCK-8. As
shown in Fig. 3C and D, the final preparation, MPL sgP@SIS
nanocapsules exhibited higher cytotoxicity (ICso = 157.8 nmol/
L) compared to free SIS (ICsy = 489.8 nmol/L). The preparation
without the MLT (PLs5)P@SIS) demonstrated lower cytotoxicity
than the final preparation, indicating that MLT modification en-
hances toxicity to tumor cells (Fig. 3D).

Additionally, G422 cells were selected to simulate GBM tumor
cells and to investigate cellular safety. The results showed that the
survival rate of G422 cells exceeded 80% (Supporting Information
Fig. S28) when the concentration reached 100 pg/mL. Notably,
the cellular safety of empty nanocapsules improved after the
cross-linking reaction, which contributed to a decreased zeta po-
tential. Considering the LAT1 expression in normal brain paren-
chymal cells, the cytotoxicity in normal brain parenchymal cells
bEnd.3 was also evaluated (Supporting Information Fig. S29). A
significant level of toxicity was only induced at a relatively high
concentration of 400 nmol/L that would not approach the
threshold because of the high degradation activity. The tumor-
killing capacity was further validated among different groups
over 48 h (Fig. 3E) at a concentration of SIS (200 nmol/L), similar
to the tumor-killing capacity observed at 24 h (Supporting Infor-
mation Fig. S30). The cytotoxicity of MPLssP@SIS nano-
capsules was higher than that of free SIS and PLssP@SIS,
demonstrating that intracellular self-assembled nanocapsules can
enhance cytotoxicity as a means of drug delivery.

Furthermore, the BRD4 degradation properties of both SIS and
MPL55P@SIS nanocapsules were investigated using WB anal-
ysis. SIS efficiently degraded the POI at a maximal degradation
concentration of 400 nmol/L in G422 tumor cells in vitro (Fig. 3B).
In contrast, the MPLssP@SIS nanocapsules demonstrated
enhanced POI degradation capacity, achieving maximal degrada-
tion at a concentration of 100 nmol/L (Fig. 3F and G, Supporting
Information Fig. S31), while the PLs)P@SIS nanocapsules
reached a maximal degradation concentration of 200 nmol/L
(Supporting Information Fig. S32). This difference was primarily
attributed to MLT-mediated cell uptake, which allowed the nano-
capsules to specifically target G422 cells and improve efficacy.
Interestingly, the Hook effect was observed in the WB results
exclusively by PROTAC, as PROTACs tend to show the Hook
effect at a higher concentration: an effective PROTAC typically
reduces the POI levels dose-dependently to a certain concentration,
while the POI may gradually increase beyond the point, showing a
bell-shaped dose—response curve®’. This is consistent with the
mechanism of PROTAC. A high concentration of PROTAC favors
the formation of E3-PROTAC and PROTAC-POI binary com-
plexes, while the POI-PROTAC-E3 ternary complex is depleted,
showing a decreased degradation activity™®.

BRD4 plays a crucial role in transcription regulation in can-
cer’!, and inhibition of BRD4 can pharmacologically modulate
Myec transcriptional function®’®, contributing to the pathogenesis
of many cancers. We observed higher expression of BRD4 in GBM
cells (G422 and GL261) compared to normal cells (HEK293 and
bEnd.3) (Supporting Information Fig. S33). In vivo, there are also
differences in the expression of BRD4 in tumor tissues and normal
tissues of GBM mouse models, and the expression level of BRD4
in tumor tissues is higher than that in normal tissues (Supporting
Information Fig. S34). This reflects the importance of BRD4 in
tumorigenesis and development to some extent. To test whether
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Figure 2  Investigation of the mechanisms of cellular uptake, transcytosis, and brain-targeting ability. (A) Mechanism of cellular uptake of the
nanocapsules by G422 cells. (B) Measurement of LAT1 membrane proteins in GBM cells (G422 and GL261) via WB. (C) Illustration of the
construction of a BBB model in vitro. (D) Cellular uptake of Cy5-labeled nanocapsules with varying MLT-modification ratios in G422 cells (red:
Cy5-labeled nanocapsules; blue: DAPI; scale bar = 50 pm). (E) Flow cytometry analysis of cellular uptake in G422 cells with different MLT-
modification ratios. (F) Quantification of results from (E) (n = 3). (G) Flow cytometry analysis of cellular uptake in G422 cells with various
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BRD4 inhibition specifically abrogates Myc-dependent transcrip-
tion, WB analysis was utilized to examine the expression of BRD4
and c-Myc (Fig. 3H). As illustrated in Fig. 3B and I,
MPL 5 P@SIS nanocapsules were identified as reducing c-Myc
expression by SIS targeting the expressed BRD4.

According to previous studies, Bcl-2 and caspase-3 are key
markers of cell apoptosis signaling pathways®>’. The specific
mechanisms of apoptosis were further explored, and the expres-
sion of several signaling molecules in apoptosis-related pathways
was also analyzed in differently treated cells (Fig. 3J). The WB
results indicated that compared with the control groups, the SIS
and MPL s P@SIS treatment groups led to decreased levels of
Bcl-2 and caspase-3, while MPL gg)P remained unchanged, sug-
gesting that MPL)P@SIS promoted cell apoptosis.

Additionally, the apoptosis induced by SIS and MPL gg,P@SIS
nanocapsules was investigated. The 7-AAD/Annexin-V staining
assay demonstrated that SIS induced cell apoptosis (Supporting
Information Fig. S35), as shown by flow cytometry. In contrast,
MPL (55)P@SIS nanocapsules resulted in significant apoptosis in
G422 cells (Fig. 3K). Overall, these results confirm that
MPL s5)P@SIS effectively degrades BRD4 proteins and promotes
cell apoptosis.

3.5.  Invitro nanocapsules enhancing DNA damage and
breaking BRD4—RADS5IAPI axis

RT can eliminate tumor cells by causing lethal DNA damage.
However, RT upregulates the DNA homologous repair-associated
protein, promoting DNA damage repair and decreasing the sensi-
tivity of RT. To be precise, according to relevant literature, RT
could upregulate the BRD4—RADS51AP1 axis (Fig. 4A), thereby
reducing the sensitivity in GBM cells to X-ray irradiation'>'®.

It is widely accepted that y-H2AX proteins are markers of DNA
double-strand breaks®'. The relationship between BRD4 degrada-
tion and DNA damage was then investigated, with y-H2AX being
used to assess the extent of DNA damage in G422 cells. As shown
in Fig. 4B, SIS enhanced the expression of y-H2AX, indicating
that SIS increased DNA damage in G422 cells. As expected,
MPL 55)P@SIS nanocapsules caused more severe DNA damage
and exhibited higher levels of y-H2AX expression compared to the
other groups (Fig. 4C). Subsequent immunofluorescence staining
further supported this conclusion, as illustrated in Fig. 4D. The vy-
H2AX immunofluorescence assay was conducted to monitor the
DNA double-strand break repair capacity in GBM cancer cells
(G422) following different treatments. Consistent with the WB
results, immunostaining of DNA damage markers confirmed that
the most significant DNA damage occurred in G422 cells treated
with MPLsP@SIS (Fig. 4D and E).

Herein, firstlyy, GBM cells had RADS51AP1 upregulation
in vitro (Supporting Information Fig. S36), which was consistent
with BRD4 expression (Fig. S33). Furthermore, similar to BRD4,
the PROTAC and MPL s P@SIS nanocapsules both down-
regulated RAD51AP1 in a dose-dependent way in vitro, according
to the WB assays (Fig. 4F and G).

Then, whether SIS could synergistically inhibit GBM cell
growth combined with TMZ was further explored. In addition, the
cytotoxicity of TMZ on G422 was also studied (Supporting In-
formation Fig. S37). G422 cells were subjected to treatment with
the indicated concentrations of TMZ and SIS, and the assessment
of cell growth inhibition was carried out using the CCK-8 assay
(Fig. 4H, Supporting Information Fig. S38). According to the
outcomes of cell viability, the combination index (CI) scores were
calculated to evaluate the combined effect of TMZ and SIS in
GBM cells (Fig. 41). Based on the literature®?, effects were cate-
gorized based on the CI values as follows: a CI greater than 1.25
was classified as antagonistic, a CI ranging from 0.75 to 1.25 was
considered additive, and a CI less than 0.75 indicated synergistic
effects. For example, the combination of TMZ at a concentration
of 500 pmol/L and SIS at 2500 nmol/L. might produce a stronger
synergistic effect (CI = 0.17) with a relatively low cell viability
of approximately 28.01%. When G422 cells were treated
with TMZ at a concentration of 2000 umol/L and SIS at
12,500 nmol/L, they exhibited an additive effect (CI = 1.07) with
a cell viability of approximately 32.40%. In summary, these re-
sults demonstrated that SIS and TMZ show synergistic effects at
most of the indicated concentrations.

3.6.  Invitro enhanced cellular DNA damage combined with
radio-chemotherapy

The above experimental results indicated that X-ray irradiation
alone did not significantly alter BRD4 protein expression levels
(Fig. 5A, Supporting Information Fig. S39), and only the nano-
capsule MPL ss,P@SIS containing PROTAC in the 4 and 5 groups
was able to downregulate BRD4 expression. Therefore, the un-
derlying mechanisms were investigated by which the nano-
capsules exert their sensitizing effects in the combined radio-
chemotherapy. As shown in Fig. 5B, the generation of ROS dur-
ing RT is primarily attributed to the ionization of water molecules,
which produces highly reactive hydroxyl radicals®®. These radi-
cals can then interact with DNA, leading to its damage. Further-
more, RT can also disrupt mitochondrial function, leading to
increased ROS production®. In conclusion, ROS plays a crucial
role in the therapeutic efficacy of high-energy radiation therapy.
While their generation contributes to DNA damage and cell death,
they also activate signaling pathways that can enhance the thera-
peutic effect of RT*’. Understanding the complex interplay be-
tween ROS and RT is crucial for optimizing treatment strategies
and minimizing side effects. Therefore, the main component of
redox balance was measured, which refers to the equilibrium
between ROS and antioxidants in the body.

As illustrated in Fig. 5C, the targeted nanocapsule group,
MPL 55 P@SIS exhibited a significantly improved capacity for
GSH depletion compared to the other groups. Treatment with
MPL 55 P@SIS resulted in a significant increase in intracellular
ROS levels (Fig. 5D). This observation is consistent with the
established redox balance between ROS (oxidants) and GSH
(antioxidant). The nanocapsule-mediated depletion of GSH

inhibitory conditions. (H) Quantification of results from (G) (n = 3). (I) Representative images of cellular uptake in G422 cells after incubation
with MPLss,P@CyS5 for 15, 30, 60, and 120 min (red: Cy5; blue: Hoechst; green: LysoTracker; scale bar = 20 um). (J) Quantitative analysis of
cellular uptake of the nanocapsules in BCECs by flow cytometry under different conditions (PLssP = PL(ssP@Cys5,
MPLs5)P = MPL(s55)P@CyS5, n = 3). (K) Quantitative transcytosis of MPL s P@Cy5 nanocapsules across the BBB model (n = 3). (L)
Quantitative transcytosis of FITC-labeled dextran across the BBB model before and after treatment in vitro (n = 3). Data are presented as
mean £+ SD. *P < 0.05. ns, not significant.
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Figure 3  In vitro anti-tumor effects of MPL g)P@SIS nanocapsules. (A) Schematic illustration of protein degradation via PROTAC. (B) WB
analysis of BRD4 and c-Myc expression in G422 cells treated with various concentrations of SIS for 24 h. (C) Cell viability assay in G422 cells
treated with different concentrations of SIS for 48 h (n = 6). (D) Cell viability assay in G422 cells treated with various concentrations of
PLs5)P@SIS and MPL 55 P@SIS nanocapsules for 48 h (n = 3). (E) Cell viability assay in G422 cells treated with different groups for 48 h
(n = 3). (F) Quantitative analysis of BRD4 expression in G422 cells treated with various concentrations of MPLss,P@SIS nanocapsules for 24 h
(n = 3). (G) WB analysis of BRD4 expression in G422 cells treated with different concentrations of MPL,sg,P@SIS nanocapsules for 24 h. (I and
J are the same protein samples and have the same internal reference protein §-actin.) (H) Schematic illustration of the nanocapsule-mediated cell
apoptosis signaling pathway via BRD4 degradation. (I) WB analysis of BRD4 and c-Myc expression in G422 cells treated with different groups.
(J) WB analysis of Bcl-2 and caspase-3 expression in G422 cells treated with different groups. (K) Flow cytometry analysis images of cell
apoptosis using PE/7-AAD staining. Data are presented as mean £ SD. *P < 0.05. ns, not significant.
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Figure 4 Nanocapsules breaking BRD4—RADS51API axis to enhance RT and synergistic effect of TMZ in combination with SIS. (A)
Schematic diagram illustrating how PROTAC-integrated nanocapsules disrupt the BRD4—RAD51AP1 axis to enhance RT. (B) WB analysis of
v-H2AX in G422 tumor cells treated with SIAIS171142 at different concentrations. (C) WB analysis of y-H2AX in G422 tumor cells subjected to
various treatments. (D) Immunostaining of DNA damage markers in G422 cells treated with different groups (green: y-H2AX; blue: DAPI; scale
bar = 50 pm). (E) Relative fluorescence intensity of (D). (F) WB analysis of RAD51AP1 downregulation in G422 tumor cells treated with SIS at
different concentrations. (G) WB analysis of RAD5S1AP1 downregulation in G422 cells treated with MPLss,P@SIS nanocapsules at different
concentrations. (H) Cell growth inhibition of G422 cells following different treatments (n = 3). (I) Combination index (CI) scores of cells treated
with TMZ in combination with SIS at different concentrations. Data are presented as mean £ SD. *P < 0.05. ns, not significant.
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disrupts this equilibrium, leading to elevated ROS levels and
increased oxidative stress. To further investigate the impact of
X-ray irradiation, we examined ROS levels following various
treatment regimens. As shown in Fig. 5E, combined TMZ and
X-ray radiotherapy alone induced a notable increase in intracellular
ROS compared to the control group. Importantly, the addition of
MPL s5)P@SIS nanocapsules further augmented ROS production
under combined radio-chemotherapy conditions. The finding
highlights the superior efficacy of the targeted nanocapsules in
reducing intracellular GSH levels, potentially enhancing the
effectiveness of radio-chemotherapy by enhancing DNA damage.

To assess the cytotoxic effects of MPLs)P@SIS nano-
capsules at the cellular level, the cell viability was evaluated
after 48 h treatment of various conditions combined with X-ray.
The results demonstrated that the addition of nanocapsules
significantly enhanced cytotoxicity compared to X-ray + TMZ
treatment alone, indicating a radio-sensitizing and chemo-
sensitizing effect (Fig. 5F). DNA is the critical target in radio-
therapy. X-ray irradiation and TMZ chemotherapy induce both
single and double-strand DNA breaks, which is deadly. To verify
the therapeutic efficacy of MPLss)P@SIS further, y-H2AX and
DAPI fluorescent staining were used in experiments. It was
observed that the DNA damage markers of tumor cells
decreased in the combined group, suggesting that in the
MPL 55 P@SIS + X-ray + TMZ group, most G422 cells were
stained with green color, and their DNA was mostly damaged. In
contrast, when treated with the X-ray plus TMZ, cells exhibited
lower green fluorescence than the MPLssP@SIS + X-
ray + TMZ group (Fig. 5G and H). The results indicate that the
combination of MPLss)P@SIS, X-ray, and TMZ blocked the
DNA protective damage repair induced by BRDA4. Therefore,
MPL 55 P@SIS had the best therapeutic efficacy and represented
an outstanding anti-tumor outcome under X-ray irradiation and
TMZ chemotherapy.

3.7.  Invivo targeting ability of CyS-labeled nanocapsules

To assess the in vivo tumor-targeting efficacy and BBB penetration
of MPLs5)P@Cy5 nanocapsules, an orthotopic GBM mouse
model was employed. Cy5-labeled MPLss)P  nanocapsules
(MPS@C) and control PLss)P nanocapsules (PS@C, lacking the
MLT targeting moiety) were intravenously administered to GBM-
bearing mice. Non-invasive in vivo fluorescence imaging using an
IVIS Spectrum system was performed at various time points post-
injection (1—24 h) to monitor the biodistribution of the nano-
capsules (Fig. 6A). As illustrated in Fig. 6B, MPS@C exhibited
significantly higher fluorescence intensity at the GBM tumor site
compared to PS@C throughout the observation period.

To further quantify the biodistribution, major organs (heart,
liver, spleen, lung, and kidney) (Fig. 6C) and brains (Supporting
Information Fig. S40) were harvested at 24 h post-injection for
ex vivo fluorescence imaging. Quantitative analysis of the fluo-
rescence signals revealed a statistically significant reduction in
liver accumulation for the MLT-modified MPS@C nanocapsules
compared to the unmodified PS@C nanocapsules (Fig. 6D),
indicating improved tumor-specificity.

CLSM was used to visualize the distribution of MPS@C
within tumor tissue sections. Moreover, CLSM images (Fig. 6E)
revealed a significantly greater concentration of MPS@C fluo-
rescence signal within both the core and satellite regions of the
GBM tumors compared to control groups, further supporting the
efficient tumor penetration and targeted accumulation of the MLT-

modified nanocapsules. Furthermore, the fluorescence intensity
within the brains was approximately threefold higher for MPS@C
compared to PS@C (Fig. 6F), demonstrating the enhanced tumor
targeting and BBB penetration afforded by the MLT modification.
These findings collectively demonstrate that the incorporation of
MLT imparts significant tumor-targeting capabilities to the
nanocapsules, enabling enhanced accumulation within GBM tu-
mors and improved penetration across the BBB.

3.8.  Invivo therapeutic efficacy of MPLgss),P@SIS

The in vivo anti-tumor efficacy of MPLgs)P@SIS was explored in
G422/Luc GBM-bearing mice, which were categorized into seven
groups: saline, MPLss)P@SIS, X-ray + TMZ, MPLss,P@SIS +
TMZ, MPL 5P @SIS + X-ray, PLss)P@SIS + X-ray + TMZ, and
MPL s5)P@SIS + X-ray + TMZ (Fig. 7A). In the course of treat-
ment, as revealed by the survival curves in Fig. 7B, mice in the saline
group were the first to die successively. The survival duration for this
group was merely 16 days. On the contrary, the MPLss)P@SIS + X-
ray + TMZ treatment notably extended the survival time of GBM-
mice to 24 days, a duration significantly longer than that of G2 (18
days), G3 (19 days), G4 (20 days), G5 (21 days), and G6 (22 days).
The survival rate also implied that when combined with X-ray irra-
diation and TMZ chemotherapy, MPLss,P@SIS demonstrated the
most optimal therapeutic effect and an exceptional outcome. The
mice belonging to the saline group endured a rapid loss in weight due
to the encroachment of GBM and the malfunctioning of the brain.
Conversely, in the case of groups G6 and G7, there were absolutely
no substantial alterations in their body weights. This finding firmly
confirms that these particular groups are capable of effectively
restraining the growth of GBM without any noticeable toxic effects
or adverse side effects, as clearly shown in Fig. 7C. The growth
progress of GBM was closely monitored via luciferin biolumines-
cence under the IVIS imaging system and was quantified utilizing
relative bioluminescence counts. When a comparison is made with
other treatment groups, it is unmistakably the treatment involving
MPL (55)P@SIS + X-ray + TMZ that presents the strongest inhibi-
tion of the growth of GBM. This is solidly evidenced by the fact that it
has the lowest bioluminescence, as vividly depicted in Fig. 7D and
Supporting Information Fig. S41.

H&E staining was performed on multiple organs, including the
heart, liver, spleen, lungs, and kidneys, removed from mice with
different treatments (Fig. 7E, Supporting Information Fig. S42).
The results demonstrated that the injection of the nanocapsules did
not induce morphological changes or inflammatory responses in
the organs. In addition, after treatment, the routine blood analysis
of AST (Fig. 7F), ALT (Fig. 7G), BUN (Fig. 7H), and CREA
(Fig. 71) were all determined to be within the normal range of the
biochemical analyses. This fact strongly suggests that, in this
in vivo efficacy investigation, the concentration and administration
times that have been utilized for the mice were relatively secure
and will not bring about adverse side effects and apparent toxic
effects. After the treatment, hemolysis experiments were per-
formed (Supporting Information Fig. S43), which showed that the
delivery system had good compatibility with red blood cells.
Overall, these results confirmed the biocompatibility and biosafety
of nanocapsules.

Post-treatment, WB analysis was performed to assess
BRD4 protein expression levels in different treatment groups.
As shown in Fig. 8A, the nanocapsule treatment group
exhibited a significantly reduced BRD4 protein expression
level compared to the control and other treatment groups,
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Figure 5 MPLs5)P@SIS nanocapsules cumulatively sensitized tumor to radio-chemotherapy. (A) WB assay of BRD4 in G422s treated with
different groups accompanied by X-ray (1: X-ray, 2: X-ray + SIS, 3: X-ray + TMZ, 4. X-ray + MPLsP@SIS, 5:
X-ray + TMZ + MPL 55 P@SIS). (B) Schematic diagram of PROTAC-integrated nanocapsules regulating oxidative stress to enhance radio-
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Figure 6  In vivo distribution and brain targeting of the nanocapsules. (A) Distribution of Cy5-labeled nanocapsules in vivo at different time
points. (B) Quantification of (A) (n = 3). (C) Radiant efficiency of Cy5 fluorescence intensity in major organs 24 h post-injection. (D) Quan-
tification of (C) (n = 3). (E) Representative images of the distribution of Cy5-labeled nanocapsules in the tumor section (blue: DAPI for nucleus;
red: Cy5 for nanocapsules; scale bar = 100 um). (F) Radiant efficiency of Cy5 fluorescence intensity in brains 24 h post-injection (n = 3). Data
are presented as mean = SD. *P < 0.05. ns, not significant.

particularly when combined with RT and chemotherapy. degradation products (Fig. 8B), indicating that the nanocapsules
Importantly, WB analysis revealed the presence of lower mo- induced BRD4 degradation via the ubiquitin—proteasome
lecular weight bands corresponding to ubiquitinated BRD4 pathway.

chemotherapy effects. (C) GSH consumption in G422s treated with different groups for 24 h (n = 3). (D) Flow cytometry analysis of ROS probe
in different groups (n = 3). (E) Flow cytometry analysis of ROS probe in different groups accompanied by X-ray (n = 3). (F) Cell viability of
G422 cells treated with different groups accompanied by X-ray (n = 3). (G) Relative fluorescence intensity of (H) (» = 3). (H) Immunostaining
of DNA-damaged markers in G422s treated with different groups (green: v-H2AX; blue: DAPI; scale bar = 50 um; MPS = MPLss,P@SIS).
Data are presented as mean £ SD. *P < 0.05. ns, not significant.
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Figure7  Invivo therapeutic efficacy of MPLsg)P@SIS. (A) Schematic diagram of the animal experimental protocol. (B) Survival rates of mice
following various treatments. (C) Changes in body weight of different groups (n = 6). (D) Quantitative analysis of IVIS bioluminescence signals
from GBM-bearing mice in different groups (n = 6). (E) Representative H&E results from the main organs in different groups (scale
bar = 200 pm). (F—I) Biochemical analysis of serum parameters, including (F) AST, (G) ALT, (H) BUN, and (I) CREA, from blood samples
collected post-treatment in different mice (n = 3). Data are presented as mean = SD. *P < 0.05. ns, not significant.
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Figure 8  Enhanced therapeutic efficacy of radio-chemotherapy in vivo. (A)WB of BRD4 expression in GBM model mice. (B) WB of degraded
BRD4. (C) Immunostaining of BRD4 in tumor slices of different groups (green: BRD4; blue: DAPI; scale bar = 50 um). (D) Immunostaining of
DNA-damaged markers in tumor slices of different groups (green: y-H2AX; blue: DAPI; scale bar = 50 pm). (E) Ki67 and (F) Cleaved caspase-3
staining of tumor sections from GBM-bearing mice with different treatments (scale bar = 50 um). (G) Quantitative analysis of immunofluo-
rescence analysis of BRD4 (n = 3). (H) Quantitative analysis of immunofluorescence analysis of y-H2AX (n = 3). (I) Quantitative analysis from
Ki67 staining (n = 3). (J) Quantitative analysis from cleaved caspase-3 staining (n = 3). (K) Representative H&E staining results from the brain
section of different groups (scale bar = 1 mm). Data are presented as mean = SD. *P < 0.05. ns, not significant.
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The results were consistent with the immunofluorescence
staining of BRD4 from tumor sections, and its subsequent
quantitative analysis demonstrated a significant reduction in
BRD4 expression following combined radio-chemotherapy and
nanocapsule treatment (Fig. 8C). Moreover, the marked increase
in the expression of the DNA damage marker y-H2AX was
observed, indicating enhanced DNA damage in GBM-bearing
mice following combined radio-chemotherapy and nanocapsule
treatment (Fig. 8D). Furthermore, Ki67 and cleaved caspase-3
staining were conducted on brain sections of each group to
quantify the proliferation-inhibitory and apoptotic effects of
different treatments (Fig. 8E and F). The immunohistochemical
(IHC) assay indicated that the Ki67 signal was most intense
in the saline group (Gl) and least intense in the
MPL s5P@SIS + X-ray + TMZ group (G7). Compared to G1,
the cleaved caspase-3 signal was more pronounced in the other 6
groups, with G7 exhibiting the strongest signal. Meanwhile, the
quantitative analysis of BRD4 and y-H2AX was also consistent
with the above results (Fig. 8G and H). Statistical and quanti-
tative analyses conducted using Imagel software further indi-
cated that the G7 group had the lowest number of Ki67-positive
cells in the tumor sections (Fig. 8I). Conversely, there was a
significant increase in the number of cleaved caspase-3-positive
cells in this group (Fig. 8J).

The results demonstrated that the combination of MPL )P @SIS
with X-rays and TMZ significantly enhanced apoptosis in GBM
while also inhibiting the proliferation of GBM cells. In addition,
H&E results of brain sections further validated that MPL 5P @SIS
alongside X-ray and TMZ group got the most effective tumor sup-
pression in vivo, as these sections displayed the smallest tumor area
compared to other treatment groups (Fig. 8K). Besides, the finding
aligns with the bioluminescence quantification observed throughout
the treatment. Overall, these results confirmed the biocompatibility
and biosafety of nanocapsules. Overall, these results confirmed the
MPL ss)P@SIS nanocapsules, alongside the X-ray and TMZ group,
got the most effective tumor suppression in vivo.

4. Conclusions

In summary, the nanocapsules designed to degrade BRD4
following radio-chemotherapy significantly enhance the efficacy
of anti-GBM treatment. The MPLssP@SIS nanocapsules,
composed of SIS, GSH-responsive materials and surface-
modified with MLT, were constructed to address the challenges
of resistance and poor prognosis associated with conventional
radio-chemotherapy for GBM. These nanocapsules effectively
penetrate the BBB and selectively target the GBM site via LAT1
transporters. Upon reaching the tumor microenvironment, the
SIS is released in response to GSH, increasing ROS levels. The
elevated ROS, generated through the breaking of disulfide bonds
in the nanocapsules, facilitates direct DNA damage during
radiotherapy. Concurrently, the PROTACs promote BRD4
degradation through the ubiquitin—proteasome system, thereby
inhibiting the DNA damage repair processes. In addition, the
SIS, released from MPLs)P@SIS nanocapsules break the
BRD4—RADS51AP1 axis to enhance radiosensitivity, and have a
synergistic effect in combination with TMZ for anti-tumor ef-
fects. Consequently, as the nanosensitizer, MPLsP@SIS
effectively amplifies DNA damage, enhancing the therapeutic
efficacy of radio-chemotherapy. In conclusion, the
MPL (ss)P@SIS nanocapsules achieve precise drug delivery to

intracranial GBMs, resulting in high therapeutic efficiency with
minimal side effects.
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