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anoplatform-mediated co-
delivery of brusatol to sensitize sorafenib for
hepatocellular carcinoma treatment†

Fengrui Liu,‡ab Senlin Li,‡a Chengcheng Huang,‡a Zhenfei Bi,a Xiao Xiang,a

Shuqi Zhang,a Ruihao Yang *a and Lu Zheng*a

Sorafenib (Sor), recognized as a frontline multi-kinase inhibitor, constitutes the primary targeted therapy for

hepatocellular carcinoma (HCC). Despite its potential, many HCC patients exhibit reduced responsiveness

to Sor, thereby undermining its therapeutic efficacy. Recent studies highlight the importance of nuclear

factor erythroid-2-related factor 2 (Nrf2) activation in HCC, which contributes to Sor resistance. Brusatol

(Bru), a plant-derived Nrf2 inhibitor, counteracts this resistance but faces challenges due to its poor

solubility in aqueous media. In this study, we developed a glutathione (GSH)-responsive nanoplatform

that effectively dispersed in water for the co-delivery of Bru and Sor (B/S NP). This approach enhanced

Bru's therapeutic efficacy and increased Sor sensitivity in HCC. Our nanoplatform significantly reduced

Nrf2 expression, thereby increasing Sor sensitivity both in vitro and in vivo, while presenting a favorable

biosafety profile. These findings suggest that the nanoplatform-mediated co-delivery of Bru and Sor

offers an innovative approach to enhance Sor's effectiveness in HCC treatment.
Introduction

Hepatocellular carcinoma (HCC) ranks as the sixth most prev-
alent form of cancer and the second leading cause of cancer-
related fatalities globally.1–3 Current clinical approaches to
HCC encompass surgical resection, chemotherapy, and molec-
ular targeted therapy.4–6 However, the insidious onset and rapid
progression of HCC result in approximately 80% of patients
being diagnosed when the cancer is no longer operable or has
metastasized, thereby bypassing the optimal window for
surgical intervention. Consequently, the ve-year survival rate is
a mere 12.1%.7 In advanced HCC, which oen fails to respond
to cytotoxic agents, such as chemotherapy, molecular targeted
therapy, becomes the predominant treatment option. Sor, a type
of tyrosine kinase inhibitor (TKI), was the rst drug approved by
the Food and Drug Administration (FDA) for specically tar-
geting HCC.8–10 Sor impedes HCC cell proliferation by disrupt-
ing the Raf protein kinase (Raf)/mitogen-activated protein
kinase (MEK)/extracellular signal-regulated kinase (ERK)
signaling pathway and also prevents the development of new
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tumor vasculature by suppressing the vascular endothelial
growth factor receptor (VEGFR) and platelet-derived growth
factor receptor b (PDGFR-b).10 Despite these mechanisms,
clinical observations indicate that approximately 70% of HCC
patients do not respond to Sor therapy.11,12 Moreover, resistance
to treatment oen emerges within six months among those who
initially respond.12 Addressing the pivotal factors that dictate
Sor sensitivity is therefore essential for bolstering the drug's
efficacy and improving survival rates among HCC patients,
which has substantial medical and societal implications.13,14

Nuclear factor erythroid 2-related factor 2 (Nrf2) primarily
regulates gene transcription through the Kelch-like ECH-
associated protein 1 (Keap1)-Nrf2 signaling pathway.15,16 By
regulating the expression of genes involved in antioxidant
defense, Nrf2 prevents cellular damage caused by reactive
oxygen species (ROS) and electrophiles, thereby maintaining
redox homeostasis.17,18 Continuous activation of Nrf2 can
signicantly reduce ROS levels associated with Sor, contributing
to Sor resistance and promoting tumor cell drug resistance.19–21

Thus, inhibiting the Nrf2 pathway could be a promising strategy
to increase tumor sensitivity to chemotherapeutic drugs. Bru,
a natural product extracted from Brucea javanica, is part of the
quassinoid family and exhibits anti-tumor, anti-inammatory,
and antioxidant properties.22,23 Bru remains a potent Nrf2
pathway inhibitor that enhances chemotherapy efficacy by
inhibiting Nrf2-mediated defense mechanism.24,25 Studies have
demonstrated that Bru can make different types of cancer cells
more responsive to chemotherapy drugs and enhance tumor
cell apoptosis.26,27 However, free Bru suffers from poor aqueous
RSC Adv., 2025, 15, 11675–11687 | 11675
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Scheme 1 Schematic of the self-assembled co-delivery nanoplatform for sorafenib and brusatol (B/S NP). The B/S NP, characterized by tumor
site aggregation and high GSH-responsive drug release properties, reaches HCC cells (depicted as pink cells) via blood flow and downregulates
Nrf2 expression by releasing brusatol, thereby enhancing sorafenib sensitivity in the treatment of HCC in vivo.
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solubility,28–30 which limits its pharmaceutical potential in the
aqueous environment of the human body.31–35

Tumor sites typically exhibit signicantly high levels of GSH
compared to normal tissues, which can reach concentrations of
10 mM or higher.36 In addition, considering the poor aqueous
solubility of Bru as a major challenge, we developed a GSH-
responsive nanoplatform (Scheme 1) aimed at enhancing ther-
apeutic outcomes. These nanoparticles were designed to release
their payload in response to the high GSH levels in tumors,
ensuring that the drug is released precisely at the target site.
This not only enhances targeted therapeutic efficacy but also
minimizes systemic side effects. This platform, which facilitates
the co-delivery of Bru and Sor (B/S NP), was synthetized through
a self-assembly process, utilizing a methyl-polyethyleneglycol-
SS-poly(L-lactide-co-glycolide) copolymer (Meo-PEG-S-S-PLGA).
The Meo-PEG segment of this construct markedly improves
the aqueous solubility of the nanoplatform, while the disulde
bonds are susceptible to cleavage by the elevated GSH concen-
trations within tumor cells, thereby initiating a substantial
release of the entrapped drugs. Furthermore, the hydrophobic
nature of PLGA renders it an efficient vehicle for the delivery of
hydrophobic medications, promoting their encapsulation and
subsequent release. In this study, we conducted an array of in
vitro assays, encompassing drug release studies, assessments of
gene and protein expression, evaluations of cellular prolifera-
tion, and analyses of apoptotic responses. These experiments
conrmed that Bru/Sor NP was capable of releasing encapsu-
lated drugs in response to high GSH levels and effectively
11676 | RSC Adv., 2025, 15, 11675–11687
downregulating the expression of Nrf2, thereby sensitizing HCC
cells to Sor treatment. In addition, using nude mouse subcu-
taneous tumor models, we observed that the B/S NP not only
demonstrated signicant accumulation at the tumor site but
also exerted a potent inhibitory effect on HCC tumor growth.
These ndings indicated that the co-delivery of Bru and Sor
based on this nanoplatform holds promise as a novel thera-
peutic approach to enhance the therapeutic efficacy of HCC
treatment.
Experimental
Materials

Sorafenib (Sor), brusatol (Bru), and dimethyl sulfoxide (DMSO)
were purchased fromMCE (MedChemExpress, HY-Y0345, USA).
Cy5-Bru and methyl-polyethyleneglycol-SS-poly(L-lactide-co-gly-
colide) copolymer (Meo-PEG-S-S-PLGA) was purchased from
Suzhou Juling Polymer Technology Co., Ltd. Cy5-Sor was
purchased from Xi'an QiYue Biology Co., Ltd. Unless specically
mentioned, all the reagents were used without any further
purication or modication.
Preparation of the B/S NP

The B/S NP was synthesized using a nanoprecipitation method.
To prepare the B/S NP, we combined 60 mL of Bru solution (100
mM in DMSO) with 40 mL of Sor solution (10 mM in DMSO),
along with 400 mL of Meo-PEG-S-S-PLGA copolymer solution
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(25 g L−1 in DMSO). This blend was then introduced drop by
drop into 10 mL of deionized water while stirring vigorously at
1500 rpm. The resulting B/S NP was puried using an ultral-
tration device with a molecular weight cut-off of 100 K via
centrifugation. The NP loading Bru (denoted Bru NP) or Sor
(denoted Sor NP) was also synthesized using the same proce-
dure outlined previously.

Characterization

A transmission electron microscope (TEM, HT7800, Hitachi,
Ltd, Japan) was used to analyze the morphology of the nano-
particles. Additionally, a Dynamic Light Scattering instrument
(DLS, Nano ZS90 Zetasizer, Malvern Instruments Co. Ltd, UK)
was used to track the size distribution and zeta potential of the
particles. For determining the encapsulation efficiency (EE%) of
Bru, nanoplatform loaded with Cy5-Bru was fabricated, and the
uorescence intensity of the encapsulated Cy5-Bru was quan-
tied using a versatile microplate reader (SpectraMax® iD3,
Molecular Devices, USA). Before themeasurement, the structure
of the B/S NP was destroyed by blending the nanoparticle
suspension with DMSO in a volume ratio of 1/20. The EE% of
Bru was ascertained by correlating the uorescence intensity of
Cy5-Bru with its corresponding standard curve. By ne-tuning
the amount of feed, we achieved Bru-loaded NP with an EE%
of z50%, and the EE% of Sor was also calculated using the
above-mentioned method to be z70%.

Drug release in vitro

To evaluate the in vitro drug release from our nanoplatform,
suspensions of Cy5-Bru-loaded nanoplatform (NP) and Cy5-Sor-
loaded NP were prepared, each in 1 mL of phosphate-buffered
saline (PBS). These were individually placed in dialysis bags
with a 100 000 molecular weight cut-off. The bags were then
submerged in 10mL of PBS containing 0.05% (w/v) Tween 80 and
GSH concentrations of 0, 1, 5 mM, and 10mM. This arrangement
was kept at a temperature of 37 ± 0.5 °C with gentle agitation at
100 rpm tomimic the physiological conditions. At predetermined
time intervals, themediumwas collected and replaced with a pre-
warmed PBS solution containing different concentrations of
GSH. The residual Cy5-Bru and Cy5-Sor within the nanoparticles
were quantied via uorescence intensity, indicating the drug
release amount over time.

Collection of HCC patient samples

HCC samples of patients, conrmed through post-operative
pathological diagnosis, were collected from Tongliang District
People's Hospital. The study was conducted aer ethical review
of Tongliang District People's Hospital (Approval number:
TDPH-2024-137).

Cell culture

Both the normal human liver cell line (WRL68) and the human
HCC cell lines (HepG2, MHCC-97H, Huh-7, SNU-449, and
MHCC-LM3) were cultivated in Dulbecco's Modied Eagle's
Medium (DMEM) supplemented with 10% fetal bovine serum
© 2025 The Author(s). Published by the Royal Society of Chemistry
(FBS, Vazyme Biotech Co., Ltd, China), penicillin (100 U mL−1)
and streptomycin (100 mg mL−1). These cultures were main-
tained in an incubator with a 5% CO2 environment at 37 °C, and
the growth medium was refreshed every 48 hours. All cell
experiments, unless specied otherwise, were conducted once
the cells had grown to a conuence of approximately 70–80%.

Colony formation assay

Initially, six-well plates were seeded with MHCC-97H cells at
a density of 5 × 103 cells per well. Cultivation continued for 7
days in DMEM supplemented with 10% FBS to facilitate colony
formation. Aer the culture period, the growth medium was
replaced with fresh DMEM. PBS, Bru NP, Sor NP, or B/S NP was
sequentially introduced into each well to assess their effects.
Incubation continued for an additional 24 hours. Following
incubation, the medium was taken off and the cells were rinsed
three times with PBS. Fresh DMEMwas then added to each well,
allowing cell growth until visible colonies indicated mature cell
clusters. Once the colonies became apparent, cells were xed
with 4% paraformaldehyde, stained with crystal violet, and
counted to assess the treatment's impact on proliferation and
colony formation.

Flow apoptosis detection

MHCC-97H cells were initially seeded in six-well plates at
a density of 5 × 103 cells per well, adhering and growing in 10%
FBS-supplemented medium for 24 hours. Following this, the
medium was replaced with a fresh one containing either PBS,
Bru NP, Sor NP, or B/S NP, and the cells were incubated further
for 24 hours to evaluate the treatment effects. Post-incubation,
the medium from each well was aspirated, and the cells were
washed three times with cold PBS. Trypsin treatment detached
cells from the well surface. Once detached, the cells were
collected via centrifugation and resuspended in 1 mL of cold
binding buffer to achieve 1 × 106 cells per mL suspension. For
the ow cytometry analysis, 100 mL cell suspension was pipetted
into individual 5 mL ow tubes. Each tube received 5 mL
Annexin V and 5 mL propidium iodide (PI) staining solution (BD
Pharmingen, catalog number #556547, USA), as per the manu-
facturer's instructions. The tubes were then gently shaken and
incubated at room temperature, in the darkness, for 15
minutes. Post-staining, 400 mL cold binding buffer was intro-
duced to each tube to dilute the cell suspension. The stained
cells were analyzed using a ow cytometer within one hour.

Cell viability assay

The cytotoxicity of Bru NP, Sor NP, and B/S NP was assessed
using a cell counting kit-8 assay (CCK-8, Vazyme Biotech Co.,
Ltd, China). In a typical process, WRL68 cells were seeded into
ninety-six-well plates at a density of 5 ×103 cells per well for 24
hours. A fresh medium with varying concentrations of nano-
particles was used to replace the initial medium, and the cells
were incubated for an additional 24 hours. Aer that, the CCK-8
reagent was added and the cells were incubated for 2 hours. The
absorbance was then measured using a microplate reader (Bio-
Rad 680, USA) at 450 nm.
RSC Adv., 2025, 15, 11675–11687 | 11677
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To evaluate the therapeutic effect of the nanoplatform on
MHCC-97H cells, we also utilized the CCK-8 assay. The process
began by plating cells into ninety-six-well plates and subse-
quently incubating them with different treatments: PBS, Bru
NP, Sor NP, and B/S NP. Each well received a unique treatment,
with the incubation period lasting 24 hours. Aer incubation,
the treatment-containing medium was discarded, and the cells
were gently rinsed with PBS. Aer rinsing, the CCK-8 assay was
performed to assess the cell viability, as detailed previously.

NP-mediated Nrf2 silencing

MHCC-97H cells, plated in six-well plates at a density of 5 × 104

cells per well, were allowed to settle overnight in a medium
supplemented with 10% FBS for 24 hours. Aer the initial step,
cells were subjected to exposure with various concentrations of
B/S NP. The plates underwent incubation for an additional 24
hours. Upon completion of this period, the incubation medium
was discarded, and the cells were rinsed with PBS to remove any
residual nanoparticles. A fresh medium was then introduced,
and the cells were further incubated for another 48 hours before
harvesting using trypsin to detach them. RNA was isolated with
TRIzol for subsequent qRT-PCR analysis, while proteins were
extracted in parallel using a lysis buffer supplemented with
a cocktail of protease inhibitors and PMSF, in preparation for
western blotting (WB).

EdU assay

MHCC-97H cells were plated in twenty-four-well plates at
a density of 5 × 104 cells per well and cultured in a medium
supplemented with 10% FBS for a period of 24 hours. Aer that,
PBS, Bru NP, Sor NP, and B/S NP were added separately. Aer 24
hours incubation, 100 mL of EdU (Beyotime, C0071S, China)
working solution was added to each well and incubation was
continued at 37 °C for 2 hours. Then the culture medium was
discarded and washed three times with PBS. Following that, 50
mL of 4% paraformaldehyde was added to each well and the cells
were xed for 30 minutes to maintain their morphology and
structure. Aerwards, 100 mL of permeabilizing solution (0.5%
Triton X-100 in PBS) was added to each well and incubated at
room temperature for 15 minutes. To each well, 0.2 mL of the
Click reaction mixture was added. The culture plate was agitated
to ensure that the mixture evenly coated the samples, followed by
incubation in the darkness for one hour. Finally, 500 mL of 1×
Hoechst (1 : 1000) solution was added to each well and incubated
at room temperature in the darkness for about 10minutes. Then,
the EdU-labeled and -unlabeled cells were observed using an
inverted uorescence microscope (OLYMPUS, IX73, Japan).

Establishment of HCC tumor-bearing mouse models

All in vivo studies were carried out in the designated animal
research facility, following ethical guidelines and protocols set
by the Institutional Animal Care and Use Committee at Army
Medical University (No. AMUWEC20245253). Male BALB/c
(nude) mice (6 weeks old) were purchased from the Army
Medical University Experimental Animal Center. The MHCC-
97H xenogra tumor models in mice were developed through
11678 | RSC Adv., 2025, 15, 11675–11687
the injection of 200 mL of a cell suspension, consisting of
MHCC-97H cells mixed with the medium and Matrigel at equal
volumes (1 : 1), at a concentration of 5 × 106 cells per mL, into
the dorsal area of healthy nude mice. These mice, bearing
tumors, were then utilized for subsequent in vivo studies once
the tumors had grown to a size between 100 and 150 mm3. The
tumor volume was determined using the formula: V =W2 × L/2,
with W representing the smallest diameter and L representing
the largest diameter.
Evaluation of tumor treatment efficacy

The MHCC-97H xenogra mice were allocated into four distinct
groups and received intravenous injections of either PBS, Bru NP,
Sor NP, or B/S NP every two days. The NP dosage was set at 2 mg
kg−1 for Bru and/or 5 mg kg−1 for Sor per mouse. Each mouse
underwent this treatment regimen three times in total. Tumor
expansion was tracked every two days by measuring the orthog-
onal diameters using a caliper. Aer the systemic treatment was
nished, themice were euthanized in a humanemanner, and the
tumor tissues were harvested and weighed. Finally, the tumor
samples were prepared for staining of Nrf2, TUNEL, and Ki67,
following the manufacturer's prescribed protocol.
Hemolysis assay

First, 500 mL of whole blood was collected from a mouse's
orbital sinus. Following this, this sample was diluted by adding
5 mL PBS. The assay was continued by centrifuging the mixture
at a speed of 10 000 rpm for 5minutes to sediment the cells. The
supernatant was removed and the centrifugation and superna-
tant removal steps were repeated until the supernatant was
clear. Once clear, the remaining pellet, mainly composed of red
blood cells, was resuspended in 10 mL of PBS to achieve
a homogeneous red suspension. For the control samples, 200
mL of the red blood cell suspension was combined with 800 mL
of deionized water to serve as the positive control, and with 800
mL of PBS for the negative control. For the experimental groups,
200 mL of the suspension was combined with 800 mL of the test
material and previously dissolved in PBS containing different
doses of B/S NP. All the prepared samples were incubated at
a temperature of 37 °C for a period of 4 hours to allow for
interaction between the red blood cells and the B/S NP. Post-
incubation, the samples were centrifuged once more at 10
000 rpm for 5 minutes to pellet unlysed red blood cells. Then,
100 mL of the supernatant was transferred from each group to
a ninety-six-well plate in preparation for absorbance measure-
ments at a wavelength of 540 nm, which will indicate the extent
of hemolysis under each condition. Hemolysis rate (%) = [(abs.
sample− abs. negative)/(abs. positive − abs. negative)]× 100%.
Statistical analysis

Data were expressed as mean ± standard deviation. GraphPad
Prism soware, version 10.1.2, was utilized for creating illus-
trations, data visualization, and performing statistical analyses.
Differences were considered statistically signicant at levels of
*P < 0.05, **P < 0.01, and ***P < 0.001.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 IHC analysis revealed that the Nrf2 expression level in HCC tissues from sorafenib insensitive patients (n = 8) is significantly higher than
that in sorafenib-sensitive patients (n = 8). Scale bar = 100 mm; *P < 0.05, **P < 0.01, and ***P < 0.001.
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Results and discussion
Detection of Nrf2 expression in Sor-insensitive HCC patients

To explore the expression of Nrf2 in Sor-insensitive HCC
patients, tumor samples from these patients (n = 8) were
collected and subjected to immunohistochemical analysis
(IHC) (Fig. 1). Compared to Sor-sensitive patients (n = 8),
a higher expression level of Nrf2 protein was obviously found in
Fig. 2 Preparation and characterization of the B/S NP. (A) Chemical struc
synthesized with sorafenib, brusatol and Meo-PEG-S-S-PLGA via self-ass
size and distribution of the B/S NP. (E) Zeta potential of B/S NP. (F) TEM im
NP incubated in a PBS solution containing varying concentrations of GSH
*P < 0.05, **P < 0.01, and ***P < 0.001.

© 2025 The Author(s). Published by the Royal Society of Chemistry
tissues from Sor-insensitive patients.37 The results suggest that
down-regulating Nrf2 expression could potentially restore
sensitivity to Sor treatment in HCC.38
Preparation and characterization of the B/S NP

Bru, as an alkaloid, contains multiple ring structures and non-
polar groups within its hydrophobic molecular structure.39
ture of brusatol. (B) Schematic of the co-delivery nanoplatform (B/S NP)
embly. (C) Appearance of the B/S NP at room temperature. (D) Particle
age of the B/S NP. (G) Sorafenib and (H) brusatol release from the B/S
for different durations (n = 3). Scale bar = 50 nm. ns, no significance,

RSC Adv., 2025, 15, 11675–11687 | 11679
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Fig. 3 Combination therapy enhances the responsiveness of HCC cells to sorafenib. (A) Results of WB and qRT-PCR analysis of Nrf2 expression
levels in the human normal liver cell line and various human HCC cell lines. (B) Effective concentration range of Bru for inhibiting Nrf2. (C) IC50 of
brusatol measured in two HCC cell lines through CCK-8 assay. (n = 3). (D) IC50 values of sorafenib, with or without brusatol, measured through
the CCK-8 assay in two HCC cell lines (n = 3). (E and F) Combined application of brusatol and sorafenib in the colony formation assay and flow
cytometry apoptosis assay (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.

11680 | RSC Adv., 2025, 15, 11675–11687 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Consequently, Bru exhibits very low solubility in an aqueous
environment (Fig. 2A).31 The B/S NP was prepared via self-
assembly,40–42 using a GSH-responsive Meo-PEG-S-S-PLGA
copolymer as an encapsulating shell to co-encapsulate Bru
and Sor (Fig. 2B).43 Following ultraltration purication, the B/S
NP appeared as a white turbid liquid (Fig. 2C). Subsequent
characterization of the B/S NP was carried out using TEM, DLS,
and zeta potential measurements. As shown in Fig. 2D and F,
the B/S NP appeared spherical in shape with an average diam-
eter of around 145 nanometers and was homogeneously
dispersed in an aqueous medium.44 Furthermore, the zeta
potential was measured to be −10.9 mV (Fig. 2E). As demar-
cated in Fig. S1,† both the B NP and the S NP exhibit spherical
shapes, with particle sizes of approximately 198 nm and
101 nm, respectively. In addition, their zeta potentials are
−13.3 mV and −12.9 mV, respectively. As shown in Fig. S2,† the
average particle sizes of the B/S NP, B NP, and S NP were basi-
cally stable. These results indicated that the primary B/S NP, B
NP, and S NP were successfully synthesized. The presence of
disulde bonds on the surface of the Meo-PEG-S-S-PLGA
copolymer imparted reduction-responsive properties to the
NP.45–49 Drug release experiments were conducted at low GSH
concentrations of 1 mM and 5 mM and a high GSH concen-
tration of 10 mM (approximating tumor cellular levels). As
shown in Fig. 2G and H, at low GSH concentrations, only
minimal drug release occurred, whereas at high GSH concen-
trations, signicant amounts of both Bru and Sor were released
from the B/S NP.50,51 These drug release results demonstrated
the favorable responsive release characteristics of B/S NP in
a high GSH environment.
Combination therapy enhances the sorafenib sensitivity of
HCC cells

To investigate the effect of combined treatment on enhancing
HCC cells' responsiveness to Sor, we initially identied human
HCC cell lines with high Nrf2 expression using WB and qRT-
PCR experiments. As illustrated in Fig. 3A, the WB data
unveiled that SNU-449 and MHCC-97H human HCC cell lines
harbored elevated Nrf2 protein expression levels relative to the
normal liver cell line, WRL68. Additionally, qRT-PCR results
indicated that higher mRNA levels of Nrf2 across all human
HCC cell lines versus the normal liver cell line suggest potential
post-transcriptional Nrf2 regulation. Based on these ndings,
SNU-449 and MHCC-97H cell lines were chosen for subsequent
experiments. We then determined the optimal concentrations
to quell Nrf2 expression via a dose-escalation method (Fig. 3B).
It was ascertained that 140 nM of Bru effectively downregulated
Nrf2 in both SNU-449 and MHCC-97H cell lines. The half-
maximal inhibitory concentrations (IC 50) of Bru in these cell
lines amounted to 412.7 nM for SNU-449 and 598.3 nM for
MHCC-97H (Fig. 3C). Fig. 3D displays that reducing Nrf2
expression with Bru augmented Sor sensitivity in both SNU-449
and MHCC-97H cells.52 In SNU-449, the IC50 value was reduced
from 62.99 mM to 32.50 mM, while in MHCC-97H, the IC50 value
decreased from 59.56 mM to 35.85 mM. Due to the similar IC50
values in SNU-449 (62.99 mM) and MHCC-97H (59.56 mM), we
© 2025 The Author(s). Published by the Royal Society of Chemistry
used one-fourth of these IC50 values (z15 mM) to carry out
subsequent experiments. Besides, the Loewe additivity prin-
ciple (x/DA + y/DB= 1) was used to calculate the synergy value in
SNU-449 and MHCC-97H, with the synergy values being 0.859
and 0.836 (<1), respectively. These results indicated that Bru
and Sor have a synergistic therapeutic effect on HCC. Further-
more, colony formation inhibition assays conducted in the Sor
and Bru combination groups revealed that the combined
treatment resulted in the least colony formation compared to
single-drug treatments (Fig. 3E). Flow cytometry apoptosis
results similarly demonstrated that Bru-induced Nrf2 silencing
enhanced Sor-induced apoptosis in the SNU-449 and MHCC-
97H cell lines (Fig. 3F). These experimental results collectively
demonstrate that the combination therapy can enhance the
sensitivity to Sor treatment and amplify its therapeutic
efficacy.32

NP-mediated Nrf2 downregulating enhances sorafenib
sensitivity in vitro

Given that Bru-induced downregulation of Nrf2 exhibited
a strong capacity to modulate Sor sensitivity, and considering
the poor water solubility of Bru, using a nanoplatform to co-
deliver Bru and Sor (B/S NP) could effectively address the solu-
bility issue and enhance their accumulation at the HCC site.53–57

Notably, western blot and qRT-PCR analysis demonstrated that
the B/S NP efficiently downregulated Nrf2 expression in MHCC-
97H cells in a dose-dependent manner (Fig. 4A and B). As shown
in Fig. S3,† the B/S NP also showed advantageous performance
over free B/S. As shown in the EdU assay, the presence of Bru
signicantly sensitized the inhibition of MHCC-97H cell growth
by Sor, compared to the nanoplatform loaded with either Bru or
Sor alone (i.e., Bru NP or Sor NP) (Fig. 4C and E). Besides, the
sensitizing effect of Bru on Sor's inhibition of HCC cell prolif-
eration was observed via the CCK-8 assay (Fig. 4D). The
enhanced sensitivity to Sor treatment was further evident in the
colony formation (Fig. 4F) and ow cytometry apoptosis assays
(Fig. 4G), where the B/S NP demonstrated a stronger capability
to inhibit colony formation and induce HCC apoptosis and in
MHCC-97H cells than that of Bru NP or Sor NP. The phenomena
of the assays above indicated that the B/S NP could signicantly
improve the sensitivity of Sor on HCC in vitro.

NP-mediated Nrf2 downregulation enhances sorafenib
sensitivity in vivo

Having demonstrated that Nrf2 downregulation mediated and
enhanced the HCC killing effect by the B/S NP in vitro, we pro-
ceeded to evaluate whether these nanoparticles could inhibit
HCC tumor growth in vivo. We rst established a subcutaneous
tumor model in nude mice using MHCC-97H cells.58 PBS, Bru
NP, Sor NP, and B/S NP were given through tail vein injections
on alternate days, totaling three administrations (Fig. 5A). Aer
16 days of observation, all mice were photographed at the end of
the treatment, and their tumors and major organs were
collected for following experiments (Fig. 5B). First, we intrave-
nously injected the B/S NP into three additional MHCC-97H
xenogra tumor-bearing mice. Aer 24 hours, the mice were
RSC Adv., 2025, 15, 11675–11687 | 11681
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Fig. 4 NP-Mediated Nrf2 downregulation enhances sorafenib sensitivity in vitro. (A and B) WB and qRT-PCR results revealed the varying levels of
Nrf2 expression in MHCC-97H cells following treatment with escalating doses of B/S NP. (C and E) EdU assay, (D) proliferation profile, (F) colony
formation, and (G) flow cytometric analysis of MHCC-97H cells treated with PBS, Bru NP, Sor NP, and B/S NP (n = 3). Scale bar = 100 mm; *P <
0.05, **P < 0.01, and ***P < 0.001.
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Fig. 5 NP-Mediated Nrf2 downregulating enhances sorafenib sensitivity in vivo. (A) Schematic illustration of MHCC-97H subcutaneous tumor
models and the treatment process. (B) Pictures of tumor-carrying mice. (C) Fluorescent imaging of tumors and main organs. (D) Image of
collected tumors, (E) tumor weight, and (F) tumor volume of tumor-carrying mice treated with PBS, Bru NP, Sor NP, and B/S NP (n = 5). (G) The
levels of Nrf2, Ki-67, and TUNEL in mice’s tumor tissues were assessed following systemic treatment in each group through IHC staining analysis.
Scale bar = 100 mm; *P < 0.05, **P < 0.01, and ***P < 0.001.
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euthanized and the main organs and tumors were collected. We
conrmed the signicant enrichment of B/S NP at the tumor
site compared to other major organs through small animal in
vivo imaging.59–62 Due to the high tumor aggregation and GSH
© 2025 The Author(s). Published by the Royal Society of Chemistry
controlled release of B/S NP, coupled with the aggregation-
caused quenching mechanism in the main organs,63 the over-
all uorescence signal in the tumor region is signicantly
higher (Fig. 5C). As shown in Fig. 5E, the antitumor effects
RSC Adv., 2025, 15, 11675–11687 | 11683
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ranked from strongest to weakest were B/S NP, Sor NP, and Bru
NP, compared to the PBS group. The B/S NP exhibited excellent
tumor inhibition effects, effectively suppressing tumor growth
in nude mice. Besides, the measurement results of tumor
weight and volume also conrmed this conclusion (Fig. 5D and
F). Finally, IHC ndings from the tumor tissues also indicated
that B/S NP had the strongest inhibitory effect on tumor growth,
marked by decreased Nrf2 expression, reduced Ki67 staining
(indicating less proliferation), and increased TUNEL staining
(indicating more apoptosis) compared to mice treated with
other regimens (Fig. 5G). The above-mentioned results indi-
cated that the B/S NP also exhibited outstanding therapeutic
efficacy against HCC in vivo.
Fig. 6 Biosafety experimental results of the co-delivery nanoplatform in
doses (n = 3). (B) Viability of WRL68 cells incubated with different B/S NP
CREA, urea and TP in healthymice that received three consecutive intrave
represents the normal range of the corresponding serum biomarkers).
analysis of major organs from healthy mice that received three consecu
Scale bar = 100 mm.

11684 | RSC Adv., 2025, 15, 11675–11687
NP biosafety experiment

To determine the biosafety of this co-delivery nanoplatform, we
carried out a comprehensive evaluation, encompassing both in
vitro and in vivo studies.64–66 Initially, we conducted a hemolysis
assay to assess the potential hemolytic effects of B/S NP. We
observed that even with escalating concentrations, the B/S NP
induced no signicant hemolysis, indicating sufficient safety of
these nanoparticles for red blood cells (Fig. 6A).67 Following
this, the B/S NP was incubated with the normal human liver cell
line WRL68 for 24 hours. Utilizing the CCK-8 assay, we deter-
mined that the B/S NP did not signicantly inhibit the viability
of WRL68 cells (Fig. 6B). These in vitro ndings suggested that
vitro and in vivo. (A) Hemolysis experiment results at different B/S NP
doses, determined by CCK-8 (n = 3). (C) Serum levels of ALT, AST, ALP,
nous injections of PBS, Bru NP, Sor NP, and B/S NP (n= 3) (the gray area
(D) Nude mouse weight in different groups (n = 5). (E) H&E staining
tive intravenous injections of PBS, Bru NP, Sor NP, and B/S NP (n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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our nanoparticles exhibit no noticeable toxicity. Then in the in
vivo experiment, we measured a spectrum of blood biochemical
parameters to further probe the safety prole of the nano-
particles. These included alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase (ALP),
creatinine (CREA), urea, and total protein (TP) levels. Mice were
treated with PBS, Bru NP, Sor NP, and B/S NP, and these
parameters were analyzed 24 h post-treatment. The data
revealed that all values fell within the normal range, indicating
no adverse effects on renal or liver function (Fig. 6C). Besides,
we tracked the body weight of the mice throughout the study
and found no signicant variations among the treatment
groups (Fig. 6D). Aer three cycles of treatment, histological
examination of major organs using hematoxylin-eosin (H&E)
staining showed no discernible differences across the treatment
groups, indicating the absence of treatment-induced organ
damage (Fig. 6E). These observations collectively pointed to the
good biocompatibility and tolerability of the B/S NP.44,68

Conclusion and discussion

In summary, we have successfully developed a co-delivery
nanoplatform, designated as B/S NP, aimed at improving HCC
therapy. This platform is characterized by its high tumor tar-
geting, outstanding GSH sensitivity, and excellent aqueous
dispersibility, enabling effective co-encapsulation of Bru and
Sor. Both in vitro and in vivo studies have demonstrated that the
B/S NP effectively downregulated Nrf2 expression, the Sor
resistance-associated gene in HCC cells, signicantly inhibiting
HCC tumor growth. This overcomes the issue of Bru's poor
aqueous solubility and enhances the low sensitivity of Sor in
treating HCC. Furthermore, the biosafety of the B/S NP has been
validated. Although previous studies have revealed the potential
of Bru to sensitize chemotherapy,69–72 our study, for the rst
time, demonstrated the previously unreported ability of Bru to
synergistically sensitize the targeted drug Sor in the treatment
of HCC both in vitro and in vivo through the construction of B/S
NP. These features highlight B/S NP's potential in HCC
combination therapy and drug delivery, presenting a promising
future therapeutic strategy for sensitizing HCC treatment.

Our study has certain limitations. First, although our B/S NP
ensures sufficient safety, it does not fully address the sensitivity
and completeness of drug release. Second, the construction of
B/S NP is currently in the proof-of-concept stage, and the
specic arrangement of Sor and Bru molecules within the
nanoplatform has not been thoroughly investigated. Future
studies should focus on enhancing the safety and release effi-
ciency of the nanoplatform, as well as exploring the optimized
Sor and Bru molecule arrangement within the nanoplatform.
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