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Abstract: Objective: To overcome the limitations of poor water solubility and suboptimal tumour-targeting efficiency 
of silibinin (SF), this study aimed to develop a novel (R)-(+)-lipoic acid (LA)-derived nanocarrier platform to enhance 
its delivery efficiency and to investigate its antitumor effects and underlying mechanisms in glioblastoma. Methods: 
Silibinin-loaded (R)-(+)-lipoic acid nanoparticles (SF@LA-NPs) were prepared by a self-assembly approach combined 
with ultraviolet light-induced crosslinking. Their physicochemical properties, drug encapsulation efficiency, and glu-
tathione (GSH)-responsive release were systematically characterized. Human glioblastoma U87-MG cells were used 
to evaluate the anti-glioblastoma effects and underlying mechanisms through cytotoxicity assays, intracellular uptake 
analysis, apoptosis/autophagy analysis, and exploration of the interplay between autophagy and apoptosis. Results:  
SF@LA-NPs exhibited uniform particle sizes, high drug encapsulation, and rapid GSH-responsive cargo release. 
Compared to free SF, SF@LA-NPs markedly enhanced intracellular uptake and cytotoxicity. SF@LA-NPs induced 
overproduction of reactive oxygen species (ROS), leading to mitochondrial damage and activation of the Caspase-
3-dependent apoptosis pathway. Notably, SF@LA-NPs concurrently triggered a protective autophagic response, as 
indicated by increased LC3-II conversion and reduced p62. In addition, a functional antagonistic relationship was 
uncovered: pharmacologic inhibition of autophagy enhanced apoptosis and cytotoxicity, while inhibition of apoptosis 
attenuated cell death and altered autophagic activity. Conclusion: SF@LA-NPs developed in this study significantly 
enhanced the delivery efficiency and antitumor activity of silibinin in glioblastoma cells. Moreover, a dual-mecha-
nism mode of action was elucidated, involving ROS-induced mitochondrial apoptosis and compensatory protective 
autophagy. These findings provide a promising nano-platform and a theoretical basis for combination therapies 
targeting apoptosis-autophagy crosstalk in glioblastoma.
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Introduction

Glioblastoma is the most invasive primary 
malignant tumor of the central nervous system, 
and its treatment remains highly challenging 
due to the presence of the blood-brain barrier 
(BBB), pronounced tumor heterogeneity, and 
susceptibility to drug resistance. The five-year 
survival rate of patients is only about 5% [1-4]. 
Silibinin is a flavonolignan complex extracted 
from the seeds of Silybum marianum, exhibit-
ing antioxidant, anti-inflammatory, and signifi-
cant anti-tumor activities [5, 6]. Research has 
shown that it can induce cell cycle arrest and 

promote apoptosis as well as autophagic cell 
death in various cancer cell lines, including glio-
blastoma, through the regulation of multiple 
signaling pathways [7-9]. However, its poor 
water solubility, low oral bioavailability, rapid 
systemic clearance, and limited ability to pene-
trate the BBB severely limit its clinical applica-
tion [10, 11]. Therefore, there is an urgent need 
to develop new delivery strategies that can 
overcome the aforementioned obstacles.

Nanoparticle-mediated drug delivery systems 
provide a promising strategy to address these 
obstacles. Encapsulation of drugs within nano-
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carriers can significantly improve the solubility 
of hydrophobic drugs, extend systemic circula-
tion time, and facilitate passive tumor targeting 
through the enhanced permeability and reten-
tion (EPR) effect observed in solid tumors [12]. 
In addition, surface functionalization of nano-
carriers (such as conjugation with targeting 
peptides or antibodies) enables active target-
ing through specific interactions with receptors 
that are overexpressed on tumor cells or tumor-
associated vasculature [13].

Among various nanomaterials, stimuli-respon-
sive and biodegradable nanocarriers have 
attracted considerable attention due to their 
ability to achieve controlled drug release in 
response to specific triggers from the tumor 
microenvironment, such as acidic pH or elevat-
ed intracellular glutathione (GSH) levels [14, 
15]. In this context, (R)-(+)-lipoic acid (LA), as an 
endogenous co-factor with high biocompatibili-
ty, also exhibits certain advantages. Its molecu-
lar structure contains a disulfide bond, which 
can form stable three-dimensional nanostruc-
tures through mild oxidation or photopolymer-
ization. This disulfide bond can be selectively 
cleaved by the elevated levels of GSH within 
cancer cells, enabling redox-responsive drug 
release [16, 17]. Unlike conventional “passive” 
carrier materials, such as poly (lactic-co-glycol-
ic acid) (PLGA), LA and its metabolic derivatives 
retain intrinsic biological functions, including 
antioxidant effects and regulation of cellular 
energy metabolism. These properties suggest 
potential synergistic anticancer effects with  
the encapsulated drug, supporting the new 
concept of “medicine as the vehicle” [18]. 
Indeed, previous studies have reported that 
cross-linked vesicles prepared solely of LA 
exhibit significant synergistic anti-cancer effi-
cacy [19].

Although nano-carrier technology shows great 
potential, it remains challenging to construct 
an integrated nanoplatform capable of achiev-
ing high drug loading, tumor microenvironment-
responsive release, and simultaneous activa-
tion of multiple programmed cell death pa- 
thways, including apoptosis and autophagy. 
Based on this, this study aims to build an intel-
ligent delivery system based on LA for the effi-
cient delivery of SF and to explore its therapeu-
tic potential in glioblastoma.

Materials and methods

Reagents and materials

(R)-(+)-Lipoic acid (LA) and silibinin (SF), with 
purities of > 99% and 98%, respectively, were 
obtained from Shanghai Macklin Biochemical 
Technology Co., Ltd. (Shanghai, China). Cou- 
marin-6 and reduced GSH were sourced from 
Sigma-Aldrich (St. Louis, MO, USA). Fetal Bovine 
Serum (FBS), DMEM high-glucose medium, 
0.25% trypsin-EDTA solution, and penicillin-
streptomycin solution (P/S) were purchased 
from Gibco (Grand Island, NY, USA).

Cell Counting Kit-8 (CCK-8) and Annexin V-FITC/
PI apoptosis detection kits were purchased 
from Dojindo Molecular Technologies (Kuma- 
moto, Japan). The ROS assay kit (DCFH-DA, 
Cat# S0033S) and JC-1 mitochondrial mem-
brane potential assay kit (Cat# C2006) were 
obtained from Beyotime Biotechnology (Shang- 
hai, China).

Antibodies used for Western blotting included 
rabbit monoclonal anti-cleaved Caspase-3 
(Cat# 9664, 1:1000), anti-Cleaved PARP (Cat# 
5625, 1:1000), anti-LC3B (Cat# 3868, 1:1000), 
anti-p62/SQSTM1 (Cat# 8025, 1:1000), anti-p-
mTOR (Cat# 5536, 1:1000), anti-mTOR (Cat# 
2983, 1:1000), anti-Bax (Cat# 5023, 1:1000), 
anti-Bcl-2 (Cat# 4223, 1:1000), anti-Cyto-
chrome c (Cat# 4280, 1:1000), and mouse 
monoclonal anti-GAPDH (Cat# 5174, 1:5000), 
and HRP-conjugated goat anti-rabbit (Cat# 
7074, 1:2000) and anti-mouse (Cat# 7076, 
1:2000) secondary antibodies. All antibodies 
were purchased from Cell Signaling Technology 
(Danvers, MA, USA).

DAPI (nuclear staining dye) and the autophagy 
inhibitor 3-methyladenine (3-MA) were pur-
chased from Beyotime Biotechnology (Shang- 
hai, China). Acetonitrile and methanol (HPLC 
grade) were used for high-performance liquid 
chromatography (HPLC) analysis. Other reag- 
ents, including acetone and dimethyl sulfoxide 
(DMSO), were also of analytical grade and pur-
chased from Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China). Ultrapure water with a 
resistivity of 18.2 MΩ·cm was used throughout 
all experiments.

The human glioblastoma cell line U87-MG was 
obtained from American Type Culture Collection 
(ATCC, Manassas, VA, USA). Cells were cultured 
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in a humidified incubator at 37°C under 5% 
CO2.

Preparation of SF@LA-NPs

Silibinin-encapsulated cross-linked (R)-(+)-lipo- 
ic acid nanoparticles (SF@LA-NPs) were syn- 
thesized utilizing a nanoprecipitation method 
combined with ultraviolet (UV)-induced cross-
linking [20, 21]. Specifically, LA (82.5 mg) and 
SF (17.5 mg) were dissolved in 4 mL of acetone 
to form a homogeneous organic phase. This 
organic mixture was subsequently added drop-
wise (1 mL/min) into 40 mL of ultrapure water 
under vigorous magnetic stirring. After com-
plete addition, the mixture was continuously 
stirred for an additional 30 min. Subsequently, 
the dispersion was transferred to a fume hood, 
and acetone was carefully evaporated by nitro-
gen purging for 4 h. The resulting nanoparticle 
suspension was then kept at 4°C overnight to 
allow structural stabilization. Thereafter, the 
dispersion was transferred into a quartz tube 
and irradiated with 365 nm UV light for 4 h to 
induce disulfide bond-mediated crosslinking 
between LA molecules. Ultimately, the cross-
linked nanoparticles were purified by dialysis 
(molecular weight cutoff: 1 kDa) against ultra-
pure water at 4°C for 48 h. The obtained  
SF@LA-NPs were preserved at 4°C in the dark 
for subsequent application. Blank nanoparti-
cles (LA-NPs) were synthesized following the 
same protocol without the addition of SF. Free 
SF solution was prepared by dissolving SF in 
DMSO to obtain a 50 mM stock solution, fol-
lowed by dilution with complete culture me- 
dium to the required working concentrations. 
The final concentration of DMSO in all treat-
ment groups was maintained below 0.1% (v/v). 
The physicochemical properties of SF@LA-NPs 
were characterized by dynamic light scattering 
(DLS) and transmission electron microscopy 
(TEM).

Fourier transform infrared (FTIR) spectroscopy

To verify the formation of disulfide bonds and 
successful drug encapsulation, Fourier trans-
form infrared (FTIR) spectroscopy was per-
formed on unmodified LA particles, freeze-
dried LA-NPs, and SF@LA-NPs. Each sample 
was thoroughly mixed with potassium bromide 
(KBr), ground into a fine powder, and com-
pressed into transparent pellets for measure-
ment. Spectra were recorded over a wavenum-
ber range of 4000-400 cm-1, with a resolution 
of 4 cm-1.

Determination of drug encapsulation efficiency 
and drug loading content

The encapsulation efficiency (EE) and drug 
loading (DL) of SF were quantified using HPLC. 
A standard calibration curve was established 
using SF reference solutions prepared in meth-
anol at concentrations ranging from 1 to 100 
μg/mL. Chromatographic separation was per-
formed on a C18 column using a mobile phase 
consisting of acetonitrile and 0.1% formic acid 
in water (55:45, v/v) at a flow rate of 1.0 mL/
min. The analytical wavelength was set to 288 
nm.

To determine the total drug load (Wtotal), 1.0 mL 
of SF@LA-NPs dispersion was mixed with 9.0 
mL of methanol, followed by vigorous vortexing 
and ultrasonication for 10 min to ensure com-
plete nanoparticle disruption and drug release. 
Subsequently, the obtained solution was fil-
tered through a 0.22 μm microporous mem-
brane, and the SF concentration in the filtrate 
was determined by HPLC.

To quantify the unencapsulated drug (Wfree),  
1.0 mL of the SF@LA-NPs dispersion was add- 
ed to an ultrafiltration centrifugal tube (molecu-
lar weight cut-off: 1 kDa) and centrifuged at 
14,000×g for 20 min. The concentration of SF 
in the filtrate was determined using HPLC.

The total mass of nanoparticles (Wnanoparticles) 
was determined by lyophilising a certain vol-
ume of nanoparticle dispersion and weighing 
the resulting solid precipitate. The encapsula-
tion efficiency (EE, %) and drug loading (DL, %) 
were calculated according to the follow-ing 
equations: EE (%) = [(Wtotal - Wfree)/Wtotal] × 
100%; DL (%) = [(Wtotal - Wfree)/Wnanoparticles] × 
100%.

In vitro release assay

1 mL of SF@LA-NPs suspension was sealed in 
a dialysis bag (molecular weight cutoff: 1 kDa), 
which was then immersed in 50 mL of distinct 
release media: PBS (pH 7.4), PBS supplement-
ed with 10 mM GSH, and acetate buffer (pH 
5.5). The system was maintained in a thermo-
static shaker at 37°C with a shaking speed of 
100 rpm. At predetermined time points, the 
external release medium was withdrawn and 
immediately replaced with an equal volume of 
fresh prewarmed medium to maintain sink con-
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ditions. The collected samples were analyzed 
by HPLC to quantify the released SF, and cumu-
lative release profiles were calculated. As a 
control, an equivalent quantity of free SF, origi-
nally dissolved in a small volume of DMSO, was 
diluted in PBS and subjected to the same 
release protocol.

Storage stability study

The physical stability of SF@LA-NPs was evalu-
ated over time. The nanoparticle suspension 
was stored at 4°C in the dark. At the specified 
time points (0, 5, 10, 15, 20, 30 days), samples 
were collected, and their hydrodynamic diame-
ter and PDI were determined by DLS using the 
standard procedure mentioned above.

Cell culture

The human glioblastoma cell line U87-MG was 
cultured in standard conditions using Dulb- 
ecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% (v/v) FBS and 1% (v/v) P/S. 
Cells were maintained in a humidified incubator 
at 37°C with 5% CO2. Cells in the logarithmic 
growth phase were used for all experiments.

Cell viability assay

U87-MG cells were inoculated into a 96-well 
plate at a density of 5 × 103 cells per well and 
cultured for 24 h to allow cell attachment. The 
cells were subsequently distributed into vari-
ous treatment groups: including control (cultu- 
re medium only), free SF, blank LA nanoparti-
cles (LA-NPs), SF-loaded LA nanoparticles (SF@
LA-NPs), and temozolomide (TMZ) as a positive 
control. For drug treatment groups, a series of 
concentrations was applied. Free SF and SF@
LA-NPs were tested at equivalent SF concentra-
tions (12.5, 25, 50, 100, 150, 200, and 300 
μM). The concentration of blank LA-NPs was 
adjusted to match the total nanoparticle mass 
in the corresponding SF@LA-NPs groups. Cells 
were incubated with 100 μL of fresh medium 
supplemented with the relevant treatment 
agents for 24 or 48 h. Subsequently, 10 μL of 
CCK-8 reagent was introduced into each well, 
followed by incubation for an extra 2 h. The 
absorbance at 450 nm was measured using  
a microplate reader (BioTek Synergy H1, USA), 
and the cell viability was calculated accor- 
dingly.

Cellular uptake

Coumarin-6 was used as a fluorescent probe to 
replace SF, and fluorescently labeled nanopar-
ticles (Cou-6@LA-NPs) were prepared using the 
same procedure described above. U87-MG 
cells were seeded in confocal microscopy dish-
es and allowed to adhere. These cells were 
incubated with medium containing either free 
Coumarin-6 or Cou-6@LA-NPs for 2 and 4 h. 
After treatment, the cells were rinsed three 
times with PBS, fixed with 4% paraformalde-
hyde for 15 min, and subsequently stained  
with DAPI for 10 min to visualize nuclei. These 
samples were observed and collected using a 
laser scanning confocal microscope. For quan-
titative analysis by flow cytometry, cells were 
treated under the same conditions, followed by 
trypsinization, washing with PBS, and re-sus-
pension. The fluorescence intensity of the cells 
was measured using flow cytometry, and then 
the mean fluorescence intensity (MFI) was 
calculated.

Apoptosis assay

Cell apoptosis was assessed using the Annex- 
in V-FITC/PI apoptosis detection kit. U87-MG 
cells were seeded into 6-well plates at a densi-
ty of 5 × 105 per well and incubated for 24 h. 
Cells were then treated with the indicated for-
mulations at designated concentrations for an 
additional 24 h. Subsequently, cells were har-
vested, washed with PBS, and stained with 
Annexin V-FITC and PI at room temperature in 
the dark for 15 min, followed by analysis using 
flow cytometry.

Measurement of intracellular ROS

Intracellular ROS levels were quantified using 
the fluorescent probe DCFH-DA. After treat-
ment for 24 h, cells were incubated with 10 μM 
DCFH-DA in serum-free conditions at 37°C for 
30 min. These cells were subsequently rinsed 
with PBS, and fluorescence intensity was 
assessed by flow cytometry.

Measurement of mitochondrial membrane 
potential

Mitochondrial membrane potential was evalu-
ated using the JC-1 staining assay. Following 24 
h of incubation, cells were collected and incu-
bated with JC-1 staining solution at 37°C for 20 
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min according to the manufacturer’s instruc-
tions. The fluorescence signal was analyzed by 
flow cytometry. A reduction in the red/green 
fluorescence intensity ratio suggests mitochon-
drial membrane depolarization.

Functional crosstalk between apoptosis and 
autophagy

To investigate the interaction between pro-
grammed cell death and autophagy, the follow-
ing groups were established: Control, Free SF, 
SF@LA-NPs, SF@LA-NPs + 3-MA, SF@LA-NPs + 
Z-VAD-FMK. For inhibitor treatment groups, 
cells were pretreated with 5 mM 3-MA or 20  
µM Z-VAD-FMK for 1 h. Subsequently, the cul-
ture medium was replaced with fresh medium  
containing SF@LA-NPs while maintaining the 
respective inhibitor concentrations. These cells 
were then incubated for 12 h (for western blot-
ting and immunofluorescence experiments) or 
24 h (for cell viability and apoptosis assays).

Immunofluorescence

Cells were fixed, permeabilized, and blocked. 
Subsequently, cells were incubated with a  
primary antibody targeting LC3 overnight at 
4°C, followed by incubation with an FITC-
labeled secondary antibody at room tempera-
ture for 1 h. Nuclei were counterstained with 
DAPI. Fluorescence images were acquired 
using a laser scanning confocal microscope. 
LC3-positive puncta, representing autophago-
somes, were quantified for semi-quantitative 
evaluation.

Western blot analysis

Following treatment, cells were washed three 
times with PBS and lysed in RIPA buffer for  
total protein extraction. Protein concentrations 
were measured using the BCA method.  
Equal amounts of protein were separated by 
SDS-PAGE and subsequently transferred onto  
PVDF membranes (Millipore). These mem-
branes were blocked with 5% non-fat milk for 1 
h at room temperature and then incubated 
overnight at 4°C with primary antibodies 
against cleaved Caspase-3, cleaved PARP, 
p-mTOR, mTOR, Bax, Bcl-2, Cyt-c, LC3-I, LC3-II, 
p62 and β-actin or GAPDH. After washing, the 
membranes were incubated with HRP-labeled 
secondary antibodies at room temperature for 
1 h. Protein bands were visualized using ECL 

reagents, and band intensities were quantified 
using Image J software.

Statistical analysis

Data were presented as mean ± standard devi-
ation (SD) from at least three independent 
experiments (n ≥ 3). Statistical analyses were 
performed using GraphPad Prism 9.0 software. 
For comparisons between two groups, an 
unpaired two-tailed Student’s t-test was used. 
For comparisons among multiple groups, one-
way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test was applied. For compari-
sons involving multiple factors, two-way ANOVA 
followed by Šidák’s post hoc test was used.  
A P-value < 0.05 was regarded as statistically 
significant. Significance was denoted as fol-
lows: ns, not significant; *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.

Results

Preparation, characterization, and in vitro 
evaluation of SF@LA-NPs

SF@LA-NPs were successfully prepared using a 
nanoprecipitation method combined with UV 
light-mediated crosslinking. The physicochemi-
cal properties of these nanoparticles were sys-
tematically characterized. DLS tests showed 
that the hydrodynamic diameters of blank 
LA-NPs and SF@LA-NPs were 78.1 ± 1.3 nm 
and 107.8 ± 2.0 nm, respectively, with PDI < 
0.20, indicating a uniform size distribution 
(Figure 1A). The increase in particle size after 
drug loading indicates successful encapsula-
tion of SF. Both formulations exhibited nega- 
tive zeta potentials; specifically, LA-NPs had a 
value of -22.3 ± 0.4 mV, while SF@LA-NPs 
showed a value of -19.5 ± 1.2 mV (Figure 1B), 
with slight surface charge variation after  
drug incorporation. TEM images revealed that 
SF@LA-NPs were spherical in morphology, well-
dispersed, and free of obvious aggregation, 
which was consistent with the DLS results 
(Figure 1C).

FTIR spectroscopy further confirmed the struc-
tural characteristics and successful drug 
encapsulation. As shown in Figure 1D, free  
LA showed a characteristic thiol (-S-H) stretch-
ing vibration peak at approximately 2550 cm-1. 
The peak disappeared in both LA-NPs and  
SF@LA-NPs, indicating the formation of disul-
fide (-S-S-) bonds between LA molecules upon 
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Figure 1. Synthesis, characterization, and in vitro assessment of SF@LA-NPs. (A) Particle size and PDI values of LA-
NPs and SF@LA-NPs. (B) Zeta potential for LA-NPs and SF@LA-NPs. (C) Transmission electron microscopy image of 
SF@LA-NPs; Scale bar: 100 nm. (D) FTIR analysis of free LA, blank LA-NPs, and SF@LA-NPs. (E) In vitro cumulative 
release patterns of SF@LA-NPs across various release media. (F) Evolution of particle size and PDI in SF@LA-NPs 
suspensions over 30 days of storage at 4°C in darkness.

UV irradiation. In addition, specific absorption 
peaks of SF, including the C = O stretching 
vibration at approximately 1650 cm-1 and aro-
matic ring vibrations near 1200 cm-1, were 
retained in the spectrum of SF@LA-NPs, con-
firming successful drug incorporation. The 
drug-loading capacity was further evaluated 
using HPLC. The results showed that SF@
LA-NPs achieved an encapsulation efficiency 
(EE) of 85.4 ± 1.7% and a drug loading (DL) of 
14.9 ± 0.4%, indicating efficient drug incor- 
poration.

The drug release behavior and stability of the 
nanosystem were evaluated. As shown in 
Figure 1E, SF@LA-NPs exhibited sustained 
release under physiological conditions (pH  
7.4), with a cumulative release of 33.5 ±  
2.35% over 72 h, indicating good stability in  
the blood circulation. In reductive environment 
containing 10 mM GSH, mimicking the intracel-
lular tumor milieu, drug release was signifi- 
cantly accelerated, reaching 84.6 ± 2.1% within 
24 h, followed by a plateau phase. This indi-
cates excellent redox-responsive release be- 
havior. Under a mildly acidic environment (pH 
5.5), the release rate was slightly increased 
compared with physiological conditions (72 h  
cumulative release rate: 55.2 ± 2.4%), indicat-

ing limited pH responsiveness relative to GSH 
sensitivity. In contrast, free SF was rapidly 
released within a few hours.

The physical stability of the formulation was 
further investigated. As illustrated in Figure 1F, 
SF@LA-NPs stored at 4°C in the dark exhibited 
minimal changes over 30 days. The mean par-
ticle size increased slightly from 107.8 nm to 
114.9 nm, whereas the PDI remained below 
0.20 throughout the storage period. These 
results indicate that the nanosystem exhibits 
excellent physical stability and is suitable for 
short-term storage.

In vitro antitumor activity and enhanced cel-
lular uptake of SF@LA-NPs

The growth-suppressing effects of SF@LA-NPs 
against U87-MG cells were evaluated using  
the CCK-8 assay. As illustrated in Figure 2A, 
blank LA-NPs exhibited negligible cytotoxicity, 
with cell viability > 90% throughout the experi-
mental concentration range, indicating good 
biocompatibility of the nanocarrier system. 
Both free SF and SF@LA-NPs suppressed cell 
proliferation in a dose- and time-dependent 
pattern; nevertheless, SF@LA-NPs demonstrat-
ed notably enhanced cytotoxic effects com-
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Figure 2. In vitro antitumor activity and enhanced cellular uptake of SF@LA-NPs. (A) Cell viability of U87-MG cells 
after 48 h treatment with a typical dosage (200 μM SF equivalent) across different groups. (B-D) Dose-response 
curves of U87-MG cells incubated with free SF, SF@LA-NPs, and TMZ for 24 h and 48 h. (E) Calculated IC50 for free 
SF, SF@LA-NPs, and TMZ at 24 h and 48 h, derived from the dose-response curves. (F) Confocal laser scanning 
microscope images demonstrating cellular uptake of Cou-6 and Cou-6@LA-NPs in U87-MG cells after 2 h and 4 h 
incubation. Green: Cou-6; Blue: DAPI-labeled nuclei. Scale bar: 50 μm. (G, H) Flow cytometry analysis of mean fluo-
rescence intensity in U87-MG cells following 4 h incubation. **P < 0.01, ***P < 0.001.

pared with free SF (Figure 2B-D). The half-max-
imal inhibitory concentration (IC50) values of 
SF@LA-NPs were 56 ± 2.2 μM and 46 ± 1.9 μM 
at 24 h and 48 h, respectively, which were  
notably lower than those for free SF under  
identical conditions (218 ± 6.5 μM at 24 h  
and 182 ± 5.8 μM at 48 h) (Figure 2E), further 
supporting above observation. The IC50 value  
of the clinically used therapeutic drug, temo-
zolomide (TMZ), was 405 ± 10.5 μM at 48 h. 
These findings indicate that the nano-encap- 
sulation system markedly improved the cyto-
toxicity of SF against U87-MG cells, with greater 
efficacy than TMZ under the tested conditions.

To explore the underlying mechanism of this 
enhanced effect, cellular uptake efficiency was 
evaluated. Confocal laser scanning microscopy 
(CLSM) images (Figure 2F) revealed strong 
intracellular green fluorescent signals in cells 
incubated with Cou-6@LA-NPs after 2 h and 4 
h, whereas only weak and scattered fluores-
cence was observed in cells treated with free 
Coumarin-6 (Cou-6). Moreover, fluorescence 
intensity increased over time, indicating effi-
cient cellular internalization and sustained 
intracellular accumulation of the nanoparticl- 
es. Flow cytometric analysis further confirmed 
this result (Figure 2G, 2H). Following 4 h of 
incubation, the MFI of cells treated with Cou- 
6@LA-NPs (8500 ± 250 a.u.) was roughly 6.5-

fold higher than that of the free Cou-6 group 
(1300 ± 50 a.u.) (P < 0.001). These results 
demonstrate that LA-NPs significantly enhance 
intracellular delivery efficiency, contributing to 
the improved antitumor activity observed.

SF@LA-NPs induced cell apoptosis

As illustrated in Figure 3A, 3B, following 24-h 
incubation at an equivalent SF dose of 50 μM, 
the apoptotic rates in both the control group 
and blank LA-NPs group remained below 5%. 
Free SF treatment induced apoptosis in 19.8 ± 
2.15% of cells. Conversely, SF@LA-NPs at the 
same concentration significantly increased  
the total apoptotic rate to 57.63 ± 3.65%, pre-
dominantly in early phase. This pro-apoptotic 
effect was markedly greater than that of free 
SF (P < 0.001).

Western blot analysis further confirmed acti- 
vation of the apoptotic signaling pathway in 
U87-MG cells (Figure 3C, 3D). Compared with 
the control group, SF@LA-NPs significantly 
increased the protein expression of cleaved 
caspase-3 and its downstream target cleaved 
PARP. The expression levels were approximate-
ly 2.17-fold and 2.2-fold higher, respectively, 
than those observed in the free SF group (P < 
0.01). In contrast, free SF induced only modest 
changes in these proteins, while blank LA-NPs 
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Figure 3. SF@LA-NPs induced apoptosis in U87-MG cells. (A, B) Representative flow cytometry dot plots and quan-
titative analysis of apoptosis in different groups, determined by Annexin V-FITC/PI dual staining. (C, D) Western blot 
analysis of apoptosis-related markers, including cleaved Caspase-3 and cleaved PARP, along with the corresponding 
semi-quantitative analysis. **P < 0.01, ***P < 0.001.

exhibited no significant effect. These results 
indicate that SF@LA-NPs effectively induce 
apoptosis in U87-MG cells via activation of  
the conventional Caspase-3/PARP-dependent 
pathway.

SF@LA-NPs induced ROS-mediated mitochon-
drial apoptosis

To elucidate the upstream mechanisms under-
lying SF@LA-NPs-induced cytotoxicity, intracel-
lular ROS production and mitochondrial apop-
totic signaling were investigated. As shown in 
Figure 4A, 4B, treatment with SF@LA-NPs  
significantly increased intracellular ROS levels 
in U87-MG cells compared with free SF and 
blank nanoparticles, reaching approximately 
4.2-fold higher than the control group. This phe-
nomenon was significantly alleviated by the 
ROS scavenger N-acetylcysteine (P < 0.001), in- 
dicating that SF@LA-NPs induced pronounced 
oxidative stress.

Excessive ROS generation was accompanied 
by substantial mitochondrial dysfunction. JC-1 
staining (Figure 4C, 4D) showed a significant 
decrease in mitochondrial membrane potential 
following SF@LA-NPs treatment, which was 
partially reversed by NAC (P < 0.01), indicating 
that ROS-mediated oxidative stress contributes 
to mitochondrial damage.

From a molecular perspective, western blot 
analysis also confirmed the involvement of the 
mitochondrial apoptotic pathway (Figure 4E-I). 
SF@LA-NPs increased the expression of the 
pro-apoptotic protein Bax while downregulating 
the anti-apoptotic protein Bcl-2, thereby signifi-
cantly increasing the Bax/Bcl-2 ratio. In addi-
tion, enhanced release of cytochrome c into the 
cytosol was observed. Such changes were 
largely attenuated by NAC treatment, suggest-
ing that ROS acts upstream in this signaling 
cascade.

Functional rescue experiments further verified 
this mechanism (Figure 4J). NAC pretreatment 
partially reduced SF@LA-NPs-induced cytotox-
icity and restored cell viability to 68.0%. 
Moreover, pan-caspase inhibitor Z-VAD-FMK 
further increased cell survival. Collectively, 
these results indicate that SF@LA-NPs induce 
mitochondrial apoptosis through ROS overpro-
duction, ultimately leading to cell death.

SF@LA-NPs induced protective autophagy and 
its functional role

We further examined the role of autophagy in 
the anticancer effects of SF@LA-NPs. Western 
blot analysis (Figure 5A, 5B) indicated that 
treatment with SF@LA-NPs for 12 h notably 
increased the LC3-II/LC3-I ratio while markedly 
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Figure 4. SF@LA-NPs induced apoptosis through the ROS-mediated mitochondrial pathway in U87-MG cells. (A, B) 
Intracellular ROS levels measured by flow cytometry and the DCFH-DA reagent. (C, D) Changes in mitochondrial 
membrane potential detected by JC-1 staining. (E) Typical Western blot analysis of apoptosis-related proteins, in-
cluding Bax, Bcl-2, Cyt-c, and GAPDH. (F-I) Semi-quantitative analysis of Bax/Bcl-2 ratio (F), Bcl-2 protein level (G), 
Bax protein level (H), and cytosolic Cyt-c protein level (I) relative to the control group. (J) Cell viability recovery experi-
ment evaluated by CCK-8. *P < 0.05, **P < 0.01, ***P < 0.001.

decreasing the protein expression of the 
autophagic substrate p62 in U87-MG cells. 
Notably, these changes were more pronounced 
compared to those observed in the positive 
control group treated with the autophagy stimu-
lator rapamycin. Conversely, free SF induced 
only modest alterations in autophagy-related 
markers. These findings collectively indicate 
that SF@LA-NPs effectively activate autophagic 
flux.

Immunofluorescence analysis further validat- 
ed these findings (Figure 5C, 5D). A substan- 
tial increase in LC3-positive puncta was 
observed in the cytoplasm of cells treated with 
SF@LA-NPs, with an average of 45.2 ± 3.3 
puncta per cell. This was notably greater than 
that in the free SF group (12.0 ± 1.5 puncta per 
cell) and the control group (4.7 ± 0.8 puncta 
per cell) (P < 0.001). To elucidate the functional 
role of autophagy, the autophagy inhibitor 3-MA 
was applied. Pretreatment with 3-MA notably 
suppressed LC3 puncta formation induced by 

SF@LA-NPs (Figure 5C, 5D). Simultaneously, 
cell viability assays demonstrated the cyto- 
protective effect of autophagy (Figure 5E). 
Following 12 h of treatment at the same con-
centration, cell viability in the SF@LA-NPs gro- 
up reached 62.3 ± 5.1%. Conversely, inhibition 
of autophagy by 3-MA significantly decreased 
cell viability to 48.7 ± 4.8% (P < 0.05). These 
findings suggest that SF@LA-NPs-induced 
autophagy functions as a protective mecha-
nism in U87-MG cells, and pharmacologic inhi-
bition of autophagy may enhance the cytotoxic 
potential of SF@LA-NPs, thereby improving 
therapeutic efficacy.

Interplay between apoptosis and autophagy 
induced by SF@LA-NPs

Given that SF@LA-NPs concurrently induce 
apoptosis and autophagy, we further examined 
their association. Western blot analysis (Figure 
6A-E) demonstrated that inhibition of autopha-
gy using 3-MA not only inhibited autophagic 
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Figure 5. SF@LA-NPs induced cytoprotective autophagy and its functional role in U87-MG cells. (A, B) Western blot 
analysis of autophagy-related proteins LC3 and p62 (A), along with semi-quantitative analysis of the LC3-II/LC3-I 
ratio and p62 protein concentration (B). Rapamycin (Rapa) acted as a positive control for autophagy activation. (C, 
D) Immunofluorescence images showing LC3-positive puncta (green) in U87-MG cells across different groups (C), 
with quantitative analysis of LC3 puncta per cell (D). Blue: DAPI-stained nuclei. Scale bar: 50 μm. (E) Influence of the 
autophagy inhibitor 3-MA on the cytotoxicity of SF@LA-NPs. *P < 0.05, **P < 0.01, ***P < 0.001.

activity but also significantly increased the 
expression of the apoptosis-associated protein 
cleaved Caspase-3. In contrast, inhibition of 
apoptosis using Z-VAD-FMK significantly redu- 
ced the levels of cleaved Caspase-3, while  
concomitantly increasing the LC3-II/LC3-I ratio 
and attenuating p62 degradation, indicating 
enhanced autophagic activity.

This molecular-level antagonism translated into 
distinct functional outcomes at the cellular 
level. As illustrated in Figure 6F-H, inhibition  
of autophagy notably potentiated the cytotoxic 
effects of SF@LA-NPs, resulting in reduced  
cellular viability and increased apoptosis. 
Conversely, blocking apoptosis exhibited a  
protective effect, markedly increasing cell via-
bility (65.0%) and lowering the apoptotic rate 
(23.6%).

Immunofluorescence analysis provided further 
visual evidence (Figure 6I, 6J). SF@LA-NPs 
induced a substantial increase in LC3-positive 
puncta, indicative of autophagosome forma-
tion, which was successfully inhibited by 3-MA. 

Notably, the number of LC3 puncta in the 
Z-VAD-FMK co-treatment group remained sig-
nificantly higher than that in the nanoparticle-
only administration group (P < 0.05), further 
confirming the compensatory upregulation of 
autophagy after apoptosis inhibition.

Discussion

The treatment of glioblastoma remains severe-
ly constrained by multiple challenges, including 
the presence of the blood-brain barrier, tumor 
heterogeneity, and resistance to TMZ [22-24]. 
To address these challenges, this study devel-
oped and validated an intelligent nano-delivery 
platform (SF@LA-NPs) based on the endoge-
nous compound (R)-(+)-LA. This system aimed 
to enhance the delivery efficiency of SF and 
modulate tumor cell fate, thereby providing  
a potential therapeutic strategy for gliobla- 
stoma.

The key advantage of this platform lies in the 
unique properties of LA as a carrier. In contrast 
to the traditional inert polymers such as PLGA, 
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Figure 6. Crosstalk between apoptosis and autophagy induced by SF@LA-NPs in U87-MG cells. (A) Western blot 
analysis of protein levels of LC3-I/II, p62, cleaved Caspase-3, p-mTOR, mTOR, and GAPDH. (B-E) Semi-quantitative 
analysis of the LC3-II/LC3-I ratio (B), p62 expression levels (C), cleaved Caspase-3 levels (D), and p-mTOR/mTOR 
ratio (E). (F) Cell viability determined by CCK-8. (G) Apoptotic rate measured by Annexin V/PI flow cytometry. (H) 
Characteristic flow cytometric dot plots of apoptosis. (I) Immunofluorescence images showing LC3-positive puncta 
(green) and DAPI-stained nuclei (blue). Scale bar: 75 μm. (J) Quantitative analysis of LC3 puncta per cell. *P < 0.05, 
**P < 0.01, ***P < 0.001.

LA can form stable and redox-responsive nano-
architectures through disulfide bond crosslink-

ing, while also possessing intrinsic bioactivity 
and metabolically active degradation products 
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[25-27]. FTIR and in vitro release studies con-
firmed that SF@LA-NPs remain stable under 
biological conditions but undergo rapid drug 
release in a reductive environment with elevat-
ed GSH levels, mimicking the intracellular 
tumor milieu. This aligns with the design princi-
ples of stimuli-responsive drug delivery sys-
tems and offers the advantage of being trig-
gered by internal physiological signals, thereby 
avoiding the need for external activation and 
improving translational feasibility [28, 29]. 
Notably, SF@LA-NPs also exhibited moderate 
pH sensitivity, with a higher release rate 
observed at pH 5.5 compared to pH 7.4. This 
phenomenon may be attributed to two factors: 
first, the acidic environment may affect the 
dynamic equilibrium of disulfide bond exchange 
reactions within the LA-based nanoparticles, 
leading to partial destabilization; second, the 
solubility and diffusion coefficient of SF may 
increase under acidic conditions, thereby pro-
moting passive diffusion-driven release. This 
property may facilitate drug release from the 
nanoparticles in the acidic tumor microen- 
vironment or within intracellular endo/lysosom-
al compartments, complementing the GSH-
triggered release mechanism. Comprehensive 
physicochemical characterization revealed that 
SF@LA-NPs possess a uniform size distribu-
tion, favorable dispersion, and high encapsula-
tion rate (85.4%), with a drug loading capacity 
of 14.9%. Importantly, cellular uptake assays 
demonstrated that SF@LA-NPs increased in- 
tracellular delivery efficiency by approximately 
6.5-fold. This provides a mechanistic explana-
tion for the significantly improved in vitro  
anti-tumor effect of SF@LA-NPs (IC50: 46 μM), 
which was markedly lower than that of free  
SF (IC50: 182 μM), highlighting the essential 
role of nanoscale transport [30].

Building upon the enhanced delivery efficien- 
cy, this study further elucidates the complex 
mechanisms by which SF@LA-NPs induce cell 
death beyond simple intracellular drug accu- 
mulation. Our results support a hierarchical  
signaling cascade in which SF@LA-NPs mark-
edly increase intracellular ROS, leading to mito-
chondrial damage, manifested as a loss of 
membrane potential, an increased Bax/Bcl-2 
ratio, and release of cytochrome c into the  
cytosol, ultimately activating the classic 
Caspase-3/PARP-dependent apoptotic path-
way. Importantly, these effects were substan-

tially attenuated by the antioxidant NAC, estab-
lishing that ROS acts as a critical upstream 
trigger in this process. Notably, the magnitude 
of ROS generation induced by SF@LA-NPs far 
exceeded that of free SF, indicating that the 
LA-based nanocarrier actively participates in 
redox regulation. This observation supports the 
emerging concept of “carrier-drug synergy”, in 
which the carrier itself contributes to therapeu-
tic efficacy [31].

This study also observed that SF@LA-NPs 
simultaneously induced a protective autopha-
gic response, revealing a dynamic interplay 
between autophagy and apoptosis. Pharma- 
cologic inhibition of autophagy using 3-MA 
effectively reduced autophagy-associated mar- 
kers, including LC3-II conversion and p62 deg-
radation, while enhancing apoptotic signaling 
and cytotoxicity. Conversely, inhibition of apop-
tosis using Z-VAD-FMK reduced cytotoxicity  
but was accompanied by an increase in auto- 
phagy-related indicators. These findings sug-
gest that tumor cells activate cytoprotective 
autophagy as an adaptive defense mechanism 
against the pro-apoptotic effect induced by 
SF@LA-NPs. This observation is in line with pre-
vious reports describing the bidirectional regu-
latory effects of SF on autophagy [9, 32], and 
more importantly, provides mechanistic sup-
port for combination therapy that integrates 
nanomedicine with autophagy inhibition. Of 
note, while this study assessed autophagic flux 
primarily through LC3-II conversion and p62 
degradation, we further conducted time-cour- 
se analysis (6 h, 12 h, 24 h), showing that  
the LC3-II/I ratio peaked at 12 h and declined 
at 24 h while p62 levels continuously decreas- 
ed. This dynamic pattern is indicative of active 
autophagic flux rather than mere autophago-
some accumulation. Additionally, treatment 
with 3-MA, an inhibitor of autophagy initiation, 
significantly reduced LC3 puncta formation and 
partially reversed cytotoxicity, functionally cor-
roborating the involvement of autophagy.

This study remains at the preclinical, in vitro 
stage and has certain limitations. First, the cel-
lular experiments were conducted using only a 
single U87-MG cell line. Given the high hetero-
geneity of glioblastoma, different cell lines 
exhibit significant variations in genetic back-
ground, drug sensitivity, and signaling pathway 
activity. Consequently, results obtained from a 
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single cell line may not fully capture the biologi-
cal characteristics of glioblastoma. Although 
U87-MG is one of the most widely used glioma 
cell lines, further validation in additional mod-
els, such as U251, T98G, and LN229, is neces-
sary to improve the generalizability and reliabil-
ity of the conclusions. Second, in vitro cellular 
models cannot fully recapitulate the complexity 
of the in vivo tumor microenvironment or criti-
cal physiologic barriers such as the BBB. There- 
fore, the in vivo targeting efficiency, biodis- 
tribution, and BBB penetration capability of 
SF@LA-NPs require systematic validation in 
appropriate animal models. In addition, the 
long-term safety profile of SF@LA-NPs, includ-
ing potential accumulation toxicity, immunoge-
nicity, and metabolic clearance, warrants fur-
ther evaluation. Third, although this study 
identified a functional antagonism between 
protective autophagy and apoptosis, the molec-
ular regulators governing their crosstalk (e.g., 
p53 and Beclin-1) have not yet been elucidat-
ed. Fourth, with respect to autophagic flux 
assessment, classical lysosomal inhibitors 
such as chloroquine were not employed to 
directly demonstrate LC3-II accumulation upon 
flux blockade. Although the present time-
course analysis and 3-MA experiments strong- 
ly support enhanced autophagic flux, the lack 
of chloroquine-based validation represents a 
methodological limitation. Future studies incor-
porating such approaches will provide more rig-
orous evidence. Finally, based on the mecha-
nistic findings of this study, the combined ther-
apeutic strategy of SF@LA-NPs with autophagy 
inhibitors may represent a promising therapeu-
tic direction. However, their efficacy and safety 
must be systematically validated in orthotopic 
glioblastoma animal models. These efforts will 
be essential for advancing this nanoplatform 
toward potential clinical application.

Conclusion

This study successfully developed a redox-
responsive nano-delivery system, SF@LA-NPs, 
based on the endogenous compound (R)-(+)-
lipoic acid to enhance the therapeutic perfor-
mance of SF. Mechanistically, SF@LA-NPs 
induce excessive ROS generation, leading to 
mitochondrial dysfunction and simultaneous 
activation of cytoprotective autophagy. The 
antagonistic interplay between apoptosis and 
autophagy suggests that inhibition of autopha-

gy can promote apoptosis and cell death, while 
inhibition of apoptosis attenuates therapeutic 
efficacy and may upregulate autophagy. This 
indicates that the protective autophagy induc- 
ed by SF@LA-NPs themselves is a pharmaco-
logically modifiable target of drugs that have 
developed resistance. Overall, this study pro-
vides a promising nanoplatform and mechanis-
tic basis for combination strategies integrating 
nanomedicine with autophagy modulation in 
glioblastoma treatment.
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