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Abstract

Bladder cancer (BCa) is one of the most common malignancies worldwide. Although
multiple efforts have been made, the 5-year survival rate of patients with BCa remains
unchanged in recent years. Overexpression of the epidermal growth factor receptor
(EGFR) is found in &74% of BCa tissue specimens; however, current EGFR-based tar-
geted therapies show little benefit for BCa patients, as the EGFR downstream pathways
appear to be circumvented by other receptor tyrosine kinases (RTKs). In this study,
two natural products are identified, namely triptolide (TPL) and hesperidin (HSP), that
target and inhibit the EGFR and its downstream PI3K/AKT pathway in BCa. To syn-
ergistically combine triptolide and hesperidin, a succinic acid linker was employed to
conjugate them and formed an amphiphilic TPL-HSP EGFR-targeting prodrug (THE),
which further self-assembled to generate nanoparticles (THE NPs). These NPs allowed
the EGFR-targeted delivery of the triptolide and hesperidin, and simultaneous inhi-
bition of the EGFR and PI3K/AKT both in vitro and in vivo. This study provides a
promising EGFR-targeted delivery approach with the dual inhibition of the EGFR and
PI3K/AKT, while also exhibiting a high drug loading and low toxicity. Our formulation
may be a suitable option to deliver natural products for BCa treatment by EGFR-targeted
therapy.
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1 | INTRODUCTION

Bladder cancer (BCa) is the 10th most commonly diagnosed
cancer worldwide, with an estimated 573,000 new cases and
213,000 deaths in 2020.!") In the United States, the average 5-
year survival rate for patients with BCa is as high as 77.1%, but
drops to 4.6% for those suffering from metastasis.!?] Clinical
treatments for BCa include surgery, chemotherapy, radiother-
apy, targeted therapy, immunotherapy, and other traditional
treatment approaches.*) When BCa becomes advanced, a
cisplatin-based combination chemotherapy regimen is rec-
ommended as the initial treatment; however, 50% of patients
with advanced bladder cancer are not sufficiently fit to receive
cisplatin-based treatments because of its high toxicity. There-
fore, identifying novel therapeutic options for patients with
BCa is urgently required. In this context, the comprehensive
genomic profiling of BCa has revealed a number of poten-
tial molecular targets, including the fibroblast growth factor
receptor (FGFR) and the epidermal growth factor receptor
(ErbB). Notably, expression of the epidermal growth fac-
tor receptor (EGFR, also known as ErbBl) is upregulated in
approximately 74% of bladder carcinoma tissues compared
to that in normal urothelial tissues.[*) However, several clin-
ical trials have shown that inhibiting of the EGFR has no
benefit in BCa patients.l°] These results indicate that inhi-
bition of the EGFR in BCa may not be sufficient, or that
the EGFR binds to other receptor tyrosine kinases (RTKs)
to form heterodimers. Consequently, downstream pathways,
including the PI3K/AKT and MAPK pathways, are activated
to circumvent EGFR inhibition.[®) Indeed, the drug lapatinib,
which targets both the EGFR and ErbB2, was found to exhibit
improved patient outcomes in the treatment of BCa, with a
response rate of approximately 56%. However, in addition
to such inhibition strategies, it is necessary to also focus on
downstream pathways to allow the identification and devel-
opment of novel EGFR-targeting strategies for patients with
BCa.

Natural products are known to exhibit various biologi-
cal functions. For example, triptolide (TPL), which was first
isolated from a perennial vine-like Chinese medicinal herb
(Tripterygium wilfordii Hook F (TwHF) or Thunder God
Vine) in 1972, has been demonstrated to possess a wide
range of pharmacological effects, including anti-inflammatory
and antitumor effects.®) More specifically, TPL plays an
antitumor role by arresting cell cycle progression, trigger-
ing autophagy, and inducing apoptosis.l”! Previous studies
have shown that TPL exhibits antitumor activity by inhibit-
ing EGFR pathways in multiple cancer types; however, the
ability of TPL to inhibit the EGFR in BCa is yet to be exam-
ined. As another example natural product, hesperidin (HSP)
is a flavonoid glycoside found abundantly in citrus fruits, and
it has been reported to exhibit both antioxidant and anti-

inflammatory activities.'”) Mounting evidence indicates that
HSP can suppress tumor proliferation by inducing apoptosis
and cell cycle arrest, while also inhibiting tumor cell migra-
tion and angiogenesis.!'!! Although HSP has been shown to
potentiate antitumor effects by targeting the EGFR pathway
in breast cancer, its role in BCa remains uninvestigated.''”]
Moreover, in addition to their inhibitory effects against the
EGFR, TPL!"®) and HSP!"* can also inhibit the downstream
PI3K/AKT pathway of multiple RTKs. However, the appli-
cations of TPL and HSP in clinical use are limited by their
high in vivo toxicities, poor aqueous solubilities, and poor
bioavailabilities.

Due to the beneficial properties of natural products, the
application of natural product-based nanoformulations in
cancer treatment is an emerging field that is expected to
address the issues outlined above. Nanoparticle-based drug
formulations show high versability which can extensively
improve the druggability [°] and broaden the therapeutic
modalities"®) of small molecule drugs. By modifying the
structures of natural products and controlling their sizes, the
limitations related to water solubility, stability, and bioavail-
ability can be effectively overcome.!”] We hypothesized that
the antioxidant effect and antitumor function of HSP could
ameliorate the hepatorenal toxicity of TPL and enhance its
antitumor effect, and so it was considered that a novel com-
plex, integrating both HSP and TPL, could become a new and
effective therapeutic for BCa treatment. Thus, using network
pharmacological and molecular modeling to analyze the TPL
and HSP co-targeting genes, we initially demonstrate that the
EGFR is a key gene in BCa. Surface plasmon resonance (SPR)
experiments are employed to determine the affinities of HSP
and TPL toward the EGFR, and subsequently, HSP and TPL
are co-assembled into single nanoparticles (NPs) for appli-
cation in BCa therapy. As shown in Figure 1, HSP and TPL
are conjugated via ester bonds to form an amphiphilic dual-
drug conjugate (i.e., the TPL-HSP EGFR-targeting prodrug,
THE). The ester bond can be readily hydrolyzed at an acidic
pH to yield the HSP and TPL, which should allow the drug
precursors to exert their original anticancer effects. In addi-
tion, we propose that the amphiphilic THE conjugates will
self-assemble into tiny micelles prior to further aggregation
to yield THE NPs via multi-micelle aggregation that is likely
to happen in the nanoassembly formed by small molecules.®]
The affinity of the NPs toward the EGFR is determined in vitro
using BCa 5637 cells, and after intravenous administration to
bladder tumor-bearing mice, the degree of NPs accumulation
at the tumor site via the enhanced permeability and retention
(EPR) effect of the solid tumor is evaluated. It is expected that
once THE NPs arrive at the tumor site, they will be ingested
by tumor cells and transported to the lysosome. The acidic pH
of the lysosomes will then simultaneously release both drugs
with the aim of inhibiting both the EGFR and PI3K/AKT.
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Schematic illustration of the synthesis, self-assembly, and anti-tumor mechanism of the THE NPs. The amphiphilic THE was synthesized and

assembled into THE micelle, and further aggregated into large nanoparticle (THE NP) via multi-micelle aggregation. THE NPs were i.v. administrated into
bladder tumor-bearing mice. THE NPs preferentially accumulated at the tumor site by taking advantage of EPR effect, then entered the tumor cells. The ester
bond in THE prodrug can be readily cleaved by the acidic pH in the lysosome, making the THE NPs release the precursor drugs (TPL and HSP). TPL and HSP
can both inhibit the EGFR and PI3K/AKT, trigger the consequent bioactivity, and therefore extensively suppress tumor growth.

Finally, the ability of the prepared THE NPs to inhibit prolif-
eration and induce apoptosis in BCa treatment is determined
to evaluate the potential of this dual inhibition strategy for
BCa-targeted therapy.

2 | MATERIALS AND METHODS

2.1 | Materials and characterization

Triptolide was purchased from various commercial sources,
including Tansoole and Meilunbio. All general chemicals
were purchased from Adamas-beta or Energy Chemical in
the highest purity available and were used without fur-
ther purification. The cell cycle and apoptosis detection
kit, the total cell lysates (C1062L, Beyotime), the BCA pro-
tein concentration assay Kit, and the TUNEL cell apoptosis
detection kit were purchased from Beyotime Biotechnology.
The synthesized compounds were analyzed using a Bruker
400 MHz nuclear magnetic resonance (NMR) spectrometer.

High-resolution mass spectra (HRMS) were recorded using
a ZAB-HS spectrometer with electrospray ionization (ESI).
High-performance liquid chromatography (HPLC) analysis
was performed using a Hanbo Sci&Tech NS4201 system
equipped with an NU3000 serial UV/Vis detector and two
NP7000 serial pumps. The binding affinity was investigated
using a Biacore T200 SPR instrument (Cytiva, Sweden). The
degrees of apoptosis and cell cycle progression were detected
using a NovoCyte3130 flow cytometer (ACEA). Imaging was
performed using confocal laser-scanning microscopy (Nikon
AIR).

2.2 | Network pharmacology

The potential targets of HSP and TPL were acquired using
PharmMapper,[”] wherein the targets with z-scores > 0
were reserved. GeneCards (https://www.genecards.org/)[>"]
was used to screen the pathological targets of BCa. A
Venn diagram was employed to identify the common targets
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of HSP and TPL for the treatment of BCa. Information
related to the protein-protein interactions (PPIs) associated
with the common targets was collected from the String
database, wherein the species was limited to Homo sapi-
ens. CytoHubba, a plug-in of the Cytoscape 3.7.2 software
package, was used to identify the hub genes based on their
Degree, Betweenness, and Closeness values. Enrichment anal-
ysis of the Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways was performed using
DAVID 6.8.

2.3 | Molecular docking

The structures of HSP, TPL, and THE were manually
drawn using ChemDraw software and optimized in Chem3D
using the FF94 force field prior to being saved in the
mol2 database.[”!) SYBYL-X docking software was employed,
wherein the docking procedure was performed as previously
described.['7?]

2.4 | Cell culture and treatment

Human BCa 5637 cells were obtained from the Cell Bank
of the Shanghai Institute for Biological Sciences (Chinese
Academy of Sciences). The cells were cultured in PRMI1640
medium containing 10% FBS, and were maintained at 37°C
in a humidified atmosphere containing 5% CO,. Cells were
treated with HSP, TPL, and the THE NPs, which were
prepared as described below.

2.5 | General procedure for preparation of the
nanoparticles

The nanoparticles were prepared using a single emulsion-
solvent evaporation method. More specifically, THE (30 mg)
was dissolved in methanol (MeOH, 1.0 mL) then added
dropwise to water (6 mL) and stirred for 0.5 h at room tem-
perature. After this time, the MeOH solvent was removed
with a rotary evaporator at 40°C to give the desired
nanoparticles.

2.6 | General procedure for preparation of
the DiD-loaded nanoparticles

THE (10 mg) was dissolved in MeOH (1.0 mL).
After the addition of  1]-dioctadecyl-3,3,3,3-
tetramethylindodicarbocyanine perchlorate (DiD, 0.5 mg),
the resulting mixture was stirred at room temperature for
10 min then added dropwise to water (6 mL) and stirred for a
further 0.5 h. After this time, the MeOH solvent was removed
with a rotary evaporator at 40°C to give the DiD-loaded
nanoparticles.

2.7 | CAC value of THE NPs was detected via
pyrene radiometric method

1 uL of 0.1 mM pyrene solution (in acetone) was added to
999 uL of different concentrations of THE NPs solution and
incubated at 37°C for 2 h. After incubation, the fluorescence
of pyrene was evaluated by fluorescence spectrophotometer
(excitation is 335 nm). The 13/I1 values were recorded for CAC
evaluation.

2.8 | The cumulative drug release assay

The release behavior of THE NPs was studied in PBS buffered
solution (0.01 m) at three different pH values (pH 5.0 and 6.0,
and physiological pH of 7.4). For this purpose, three sets of
sample vials were taken, THE (10 mg) was placed and dis-
solved in methanol (MeOH, 1.0 mL) then added dropwise to
water (6 mL) and stirred for 0.5 h. After this time, the MeOH
solvent was removed with a rotary evaporator to give three
groups THE NPs aqueous solution. The release studies were
conducted in 4 mL of the corresponding buffer under shaking
in an incubator at 37°C. At different time intervals, 20 uL of
the sample was diluted with 1 mL of MeOH, filtered, and the
TPL peak area was determined by HPLC. TPL (3.4 mg) was
dissolved in 10 mL of MeOH, and 20 pul was taken and diluted
with 1 mL of MeOH to measure the TPL peak area by HPLC,
which was considered as 100% cumulative drug release con-
trol. HPLC conditions: acetonitrile/water (15:85) solution as
mobile phase, 1 mL min’!, retention time 36.8 min, 210 nm.

2.9 | Apoptosis and cycle assays

A cell cycle and apoptosis detection kit (C1062L, Beyotime)
and a NovoCyte3130 flow cytometer (ACEA) were used to
analyze the cells. The apoptosis assay was performed by ini-
tially treating the cells with the drug compound or PBS for
24 h and then culturing in PRMI1640 medium containing 1%
Fetal Bovine Serum (FBS) prior to fixation with pre-cooled
70% ethanol for 4 h. The cells were subsequently stained with
Annexin V-FITC and propidium iodide for 15 min in the
dark at 37°C and analyzed using a flow cytometer. The cell
cycle assay was performed by initially culturing the cells in
PRMI1640 medium containing 1% FBS for 12 h prior to treat-
ment with the drug compounds. After culturing in PRMI1640
medium containing 10% FBS for 24 h, the cells were fixed with
pre-cooled 70% ethanol for 12 h and stained with propidium
iodide for 15 min in the dark at 37°C. Finally, the cells were
analyzed using a flow cytometer.

2.10 | Western blotting

The total cell lysates were obtained using RIPA lysis buffer
(P0013B, Beyotime). A BCA protein concentration assay
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kit (P0010S, Beyotime) was used to determine the pro-
tein concentration. The total protein specimen (30 pg) was
resolved using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto a nitrocellulose mem-
brane (GE Healthcare, Piscataway, NJ). The membrane was
then probed with the following primary antibodies: EGFR
(#4267, CST), Phospho-EGFR (#3777, CST), AKT (#4685,
CST), Phospho-AKT (#4060, CST), PI3K (ab140307, Abcam),
Phospho-PI3K (AF3242, affinity), BCL2 (ab692, Abcam),
BAX (ab53154, Abcam), SRC (#2019, CST), Phospho-SRC
(#12432, CST), and GAPDH (#2118, CST).

2.11 | Immunohistochemistry and
immunocytochemistry

The immunohistochemical and immunofluorescence anal-
ysis of the FFPE sections were performed as previously
described.[?2! The Ki67 (abl6667, Abcam) antibody was
used for immunostaining, while the BCL2, BAX, phospho-
EGFR, phospho-PI3K, phospho-AKT, and phospho-SRC
antibodies were used to achieve immunofluorescence.
Imaging was performed using confocal laser scanning
microscopy.

2.12 | Lysosomal labeling

The 5637 cells were cultured as described above prior to
incubation with the Lyso-Tracker Red (C1046, Beyotime)
staining working solution at 37°C for 30 min. After this
time, Lyso-Tracker Red removed, the cells were washed
once with PBS, and observed by confocal laser scanning
microscopy.

2.13 | CCK-8assay

The CCK-8 assay was performed as previously described.**]
The 5637 cells were treated with different concentrations of
TPL, HSP, and THE NPs for 48 h (concentrations = 0, 2, 10,
50, 250, 500, 1000, 2000, and 4000 nM). n = 4.

2.14 | TUNEL assay

A TUNEL cell apoptosis detection kit was purchased from
Beyotime Biotechnology (C1086). Paraffin tissue sections were
dewaxed with xylene for 10 min (twice), then soaked in 90%
ethanol for 2 min, 70% ethanol for 2 min, distilled water for
2 min. At room temperature, the tissues were treated with
20 pug-mL™! of proteinase K without DNase for 20 min and
washed three times with PBS. TUNEL solution (100 pL) was
added to the sample and incubated at 37°C for 60 min in the
dark. The samples were examined by confocal laser scanning
microscopy.

2.15 | Mouse models and treatment

The mice used in this study were purchased from the Model
Animal Research Center of Nanjing University (China). All
in vivo experiments were performed according to the pro-
tocols approved by the Laboratory Animal Center of Xian
Jiaotong University and were in accordance with the policies
of the National Ministry of Health (No. 2021-209). Six-week-
old BALB/c female nude mice were used to establish xenograft
BCa models. A total of 5637 cells (1 X 10’ per mouse) were
injected subcutaneously into the mice, and the mice were ran-
domly divided into five groups of five mice each. After 7 days
(Day 0), the mice were treated with PBS, 0.5 mg kg~! TPL,
0.85 mg kg~! HSP, 0.5 mg kg~ TPL and 0.85 mg kg~ HSP,
1.5 mg kg™' THE NPs, or PBS via the tail vein. Over days
1-15, the mice were subjected to repeated treatment at 2 days
intervals. The tumor volume was measured every 48 h, and
the weights of the mice were measured twice a week. Ten-
week-old C57 mice were used to establish the acute poisoning
model. The mice were treated with 5 mg kg™ TPL, 8.5 mgkg™
HSP, 5 mg kg_1 TPL and 8.5 mg kg_1 HSP, 15 mg kg_1 THE
NPs, or PBS via the tail vein. After 24 h of drug treatment,
the peripheral blood of the mice was sampled to carry out
blood routine tests, and the serum was taken to determine the
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), total bilirubin (TB), direct
bilirubin (DB), creatinine (Cr), a-hydroxybutyrate dehydro-
genase (HBDH), phosphocreatine kinase (PK), y-glutamyl
transferase (GTT), uric acid (UA), creatine kinase (CK),
total protein (TP), lactate dehydrogenase (LDH), and albu-
min (AIB) contents. The livers and kidneys of the mice were
used for HE staining to evaluate the biosafety of each drug
compound/combination.

2.16 | Statistical analysis

Data were analyzed using GraphPad prism software as follows:
for experiments including apoptosis, cell cycle, mouse mod-
els, statistical significance was evaluated using the two-tailed
Student’s ¢-test, with p < 0.05 considered significant.

3 | RESULTS AND DISCUSSION

3.1 | EGEFR targeting of HSP and TPL in BCa

To search for common target genes of HSP and TPL in BCa,
network pharmacological analysis was performed, and 42
common target genes were identified (Figure 2A). The PPI
network of common targets contained 40 nodes (two tar-
gets were not related to this network) and 93 edges, with
an average node degree of 4.43 (Figure 2B). CytoHubba was
used to identify hub genes in the common targets, which
were ranked based on their Degree, Betweenness, and Close-
ness (Figure 2C,D), wherein a darker color indicates a greater
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HSP and TPL can bind to EGFR in BCa. Network pharmacological analysis of HSP combined with TPL against BCa: (A) Venn diagram

showed 42 common targets of hesperidin combined with triptolide treating BCa; (B) PPI network of common targets; (C,D) Hub genes in common targets.
(E,F) The docked pose of the HSP and TPL in the EGFR ligand binding pocket. (G,H) The SPR experiment showed that HSP and TPL exhibited binding

affinity to the truncated EGFR?>-64>

Degree, while a larger node size relates to an improved
Betweenness. Thus, the EGFR, ESR1, HSP90AAIL DHFR, and
F2 were identified as hub genes for the combined treatment of
BCa with HSP and TPL. As mentioned above, the EGFR acts
as a key driver of BCa and thus exhibits great potential as a
therapeutic target for the treatment of BCa.[*’]

To confirm whether HSP and TPL can bind to the intra-
cellular domain of the EGFR, simulated molecular docking
was employed to mimic their interactions with the EGFR.
More specifically, HSP and TPL were docked into the ligand-
binding pocket of the EGFR, as shown in Figure 2E,F, and con-
siderably good binding affinities were recorded (pICsy = 7.09
and 7.15 towards the EGFR, respectively). To confirm that
HSP and TPL directly target the EGFR in vitro, SPR exper-
iments were carried out. It was found that HSP and TPL
exhibited good binding affinities for the truncated EGFR
(aa.25-645, extracellular domain) with estimated KD con-
stants of 0.921 and 3.483 mM, respectively (Figure 2G,H). The
results of bioinformatics analysis, molecular docking and SPR
were highly consistent, thereby suggesting that the EGFR is a
potential target for the combined HSP-TPL treatment of BCa.

3.2 | Preparation and characterization of the
THE NPs

As described above, TPL and HSP share a common target,
namely the EGFR, and it is possible that the antioxidant HSP
may suppress the oxidative toxicity of TPL to the kidney and

liver. Such synergistic integration of TPL and HSP may there-
fore result in a superior anticancer efficacy and an improved
biocompatibility. Thus, with this in mind, TPL and HSP were
covalently conjugated into a prodrug (THE) and assembled
into NPs with the aim of improving their in vivo performance.
As outlined in Figure 3A, in the presence of a catalytic amount
of 4-dimethylaminopyridine (DMAP), TPL was reacted with
succinic anhydride in pyridine to yield compound 1 (Figures
SI,SZ).[24] In addition, HSP was reacted with an excess of
acetic anhydride to synthesize the acetylated HSP (compound
3, Figures 53,54), and the carbonyl group of the acetylated HSP
was selectively reduced to a hydroxyl group by transfer hydro-
genation to afford compound 4 (Figures S5,56) in the presence
of catalyst 51! (Figures $7,58). It should be noted that com-
pound 4 was not obtained using traditional reductants, such
as NaBH, or LiAlH,, or even using conventional palladium-
or platinum-based catalysts. Furthermore, compound 1 was
converted to compound 2 using oxalyl chloride, and then
reacted with compound 4 in dry dichloromethane to form
compound 6. After removal of the solvent without further
purification, 6 was efficiently deacetylated using a previously
reported method to obtain THE.[**] The successful synthe-
sis of THE was confirmed using HRMS and 'H and *C
NMR spectroscopy (Figures 5$9,510). A molecular docking
assay and SPR experiment were then employed to investi-
gate whether the THE conjugate exhibited a high affinity for
the EGFR. It was found that the amphiphilic THE conjugates
readily self-assembled into tiny micelles and further aggre-
gated into large NPs via multi-micelle aggregation. These NPs
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exhibited a spherical morphology, as observed by transmis-
sion electron microscopy (TEM) (Figure 3B); the inset of the
TEM micrograph shows that the THE NPs harbored many
small nanoparticles, which is highly consistent with the self-
assembly process outlined in Figure 1. Moreover, dynamic
light scattering (DLS) experiments revealed that the THE NPs
were uniform in size (polydispersity index, PDI = 0.166) with
an average hydrodynamic diameter of 85 nm (Figure 3C). The
harbored small micelles were measured as ~7 nm in size based
on the TME micrograph. The critical aggregation concentra-
tion (CAC) of THE NPs was measured by pyrene radiometric
method, as shown in Figure S11, the CAC of THE NPs was
3.64 pm; the low CAC indicated that THE NPs still remain the
nanostructure upon the blood dilution after the i.v. injection.
The THE NPs also exhibited a good serum stability, as shown
in Figure 3D, wherein both the particle size and PDI fluctu-
ated within narrow ranges during a period of 1 week. These
NPs not only addressed the poor water solubility of TPL, but
they also exhibited an overwhelmingly higher drug loading
(HSP 57.94%, TPL 34.05%, total loading = 91.99%) than the
currently developed HSP-(?") and TPL-based!?*) NPs.

3.3 |
NPs

Endocytosis and acidolysis of the THE

Previous studies have shown that TPL and HSP can individu-
ally bind to the EGFR, and so the affinity between the prepared
THE and the EGFR was subsequently investigated. Molecular
docking studies showed that THE possessed a good binding
affinity (—8.64 kcal mol™) toward the EGFR with converted
Kd of 2.29 nM (Figure 3E), as confirmed by SPR analysis
(Figure 3F). The affinity of the THE NPs toward the EGFR
was then examined using an SPR assay (Figure 3G), wherein
it was demonstrated that the NPs could bind to the truncated
EGFR*7%% with an estimated KD constant of 0.789 mM. It
should be noted that this value indicates a weaker binding
than those exhibited by the THE conjugate (Figure 3F) and the
drug precursors (HSP and TPL) (Figure 2G,H). It was there-
fore considered that this effect was due to the larger size of
the THE NPs compared to the conjugate and the drug precur-
sors, which could lead to a larger penetration effect. Overall,
these results demonstrate that the prepared THE NPs can
successfully bind to the EGFR in BCa cells.

After binding to the EGFR, the THE NPs were supposed
to be internalized by BCa cells. To verify the cell uptake, a
hydrophobic dye (DiD) was encapsulated in the THE NPs to
make them fluorescently traceable and the cell membrane was
stained as well. As shown in Figure S12, the THE NPs were
gradually internalized into cells (move away from the mem-
brane) with time elapse, demonstrating that the THE NPs
can be effectively uptaken into the cells. Generally, nanopar-
ticles are transported into lysosomes after being internalized.
Hence, the THE NPs were incubated with BCa cells, and their
fluorescence was co-localized with the lysosomes (indicated
by LysoTracker, Figure 3H), demonstrating that the THE NPs

were successfully ingested by cells and subsequently trans-
ported into the lysosomes. This fact reflected that the THE
NPs may release the free drugs by taking advantage of the
acidic lysosomal pH as the THE monomer was prepared by
the formation of an ester bond between TPL and HSP. The
drugs should escape from the lysosomes to affect the cells,
therefore, we investigated the lysosome escaping process by
incubate the THE NPs with BCa cells in different time interval.
As shown in Figure 513, the THE NPs were first showed large
colocalization area with lysosomes, then gradually detached
from the lysosomes, demonstrating that the THE NPs can
escape from the lysosomes.

The cumulative drug release was investigated by monitor-
ing the acidolysis rate of the THE NPs at different pH values
(5.0, 6.0, and 7.4) using HPLC. As shown in Figure 3I, the
THE NPs remained stable in neutral pH, while the reduc-
tion in pH can extensively expedite the drug release. More
specifically, at pH 6.0, approximately 50% of the TPL was
released after 48 h of incubation, while at pH 5.0, approxi-
mately 75% of the TPL was released in the first 12 h, although
this amount gradually increased over the following 36 h. Con-
sidering that the lysosome interior possesses an acidic pH of
5.0, these drug release results demonstrate that the THE NPs
are able to load the drug conjugate at physiological pH and
responsively release both HSP and TPL following endocyto-
sis by the lysosomes. In contrast, after incubation for 48 h
in PBS buffer, <20% of drug release was observed from the
THE NPs, indicating their high stability under neutral pH
conditions.

3.4 | THE NPs inhibit proliferation and
promote the apoptosis of BCa cells

Previous studies have shown that HSP['"°} and TPL!®®! play
antitumor roles in various cancers. Thus, to investigate the
antitumor effects of the prepared THE NPs, in vitro experi-
ments were carried out. Firstly, the CCK-8 assay demonstrated
that low-dose TPL significantly inhibited the proliferation
of 5637 cells, which was consistent with previous reports
(Figure 4A).>2°] In contrast to TPL, HSP showed mild cyto-
toxicity because due to the fact that the anticancer effect of
HSP is mainly related to its antioxidant and anti-inflammatory
activities.'”°) In addition, the inhibitory effect exhibited by
HSP was almost undetectable due to the fact that the treat-
ment dose in the CCK-8 assay was far below its ICs, value.
A physical mix of HSP and TPL exhibited similar antitumor
effects to those of TPL alone, indicating that free mixture
didn’t improve the antitumor efficacy of TPL. Furthermore,
the THE NPs showed reduced cytotoxicity compared to the
free TPL since drug release was slowed down in the NP sys-
tem. Subsequently, the effects of the NPs on apoptosis and the
cell cycle were evaluated. For this purpose, 5637 cells were
treated with PBS, HSP, TPL, HSP + TPL, and NPs and sub-
jected to flow cytometry analysis. The results showed that the
THE NPs significantly induced apoptosis and S-phase arrest in
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FIGURE 4 THE NPs inhibits BCa cell proliferation and promotes apoptosis by targeting EGFR. (A) The NPs can inhibit the activity of PI3K / Akt
signaling pathway in BCa. The 5637 cells were treated with the indicated dose of PBS, HSP, TPL, HSP+TPL and THE NPs for 48 h. Cell survival rates were
calculated and plotted. (B-E) The 5637 cells were treated with the indicated dose of PBS, HSP (10 pm), TPL (10 um), HSP (10 um) + TPL (10 um) and THE NPs
(10 pm) for 24 h, and were subject to flow cytometry assay for (B,C) apoptosis and (D,E) cell cycle. (F) GO and (G) KEGG enrichment analysis of the 42
common targets obtained by grid pharmacological analysis. (H) The 5637 cells were treated with indicated dose of THE NPs for 24 h and were subject to
western blot analyses. (I-K) Immunofluorescence analysis of 5637 cells treated with THE NPs (10 um) for 24 h. The scale bar is 20 um. *p < 0.05; **p < 0.01;
o) < 0.001.

the 5637 cells, and the observed activity was more potent than
that of HSP but weaker than that of TPL (Figure 4B-E). It was
therefore considered that the NPs trigger DNA damage and/or
methionine restriction to induce S-phase arrest in the 5637
cells.>°) We also applied colony-forming assay and 5-ethynyl-
2'-deoxyuridine (EdU) assay to evaluate the cell proliferation

inhibition of THE NPs, respectively. Colony-forming assay
showed that THE NPs could efficiently inhibit 5637 cells form-
ing colony and EdU test showed that THE NPs significantly
inhibit proliferation of 5637 cells (Figure S14). These results
indicate that the THE NPs inhibit proliferation and promote
the apoptosis of BCa cells by targeting the EGFR, which is
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overexpressed in ~74% of BCa cases, *"! thereby rendering it
a potential target for clinical use.

3.5 | Mechanism of THE NP-induced
apoptosis of the BCa cells

HSP and TPL were subjected to GO and KEGG analysis
using DAVID6.8, and the top 10 GO enrichment results for
the biological processes, cellular components, and molecu-
lar functions are presented in Figure 4F, including protein
autophosphorylation, the negative regulation of apoptosis,
and the positive regulation of cell proliferation. Ten KEGG
pathways were retained after screening at a p-value of <0.05.
Interestingly, the PI3K/AKT signaling pathway was also co-
targeted by TPL and HSP (Figure 4G). Although the EGFR
is widely expressed in BCa, it has been reported that tar-
geting this receptor provides little benefit to patients with
BCa. One possible reason for this is that the downstream
PI3K/AKT pathway could be activated by other RTKs, such
as FGFR. Numerous studies have shown that the PI3K/AKT
pathway plays a crucial role in the proliferation and migra-
tion of BCa,[*!l and thus inhibition of the PI3K/AKT pathway
could potentially inhibit BCa cell proliferation and promote
apoptosis.[*?!

To confirm these bioinformatic results, TPL and HSP were
tested for EGFR inhibition in 5637 cells. It was found that
TPL and HSP effectively inhibited phosphorylation of the
EGFR, which is consistent with the results of previous studies
(Figure S15).1% To investigate whether the cell killing effect
would be weakened after knocking down EGFR or inhibiting
EGFR activity, We applied siRNA in 5637 cells to knock-
down the expression of EGFR, siEGFR efficacy was tested
via Western blot. As shown in Figure S16, the killing effect
of THE NPs on bladder cancer was weakened after knock-
ing down EGFR, demonstrating that EGFR played a vital
role in our nanoparticle to interact with BCa cells. Subse-
quently, the ability of the THE NPs to inhibit the activity
of the EGFR/PI3K/AKT pathway was investigated by treat-
ing 5637 cells with the prepared NPs. As a result, the ICC
assay demonstrated that the phosphorylation levels of the
EGFR, PI3K, and AKT decreased significantly after NP treat-
ment (Figure 4H), as supported by the observed protein levels
(Figure 4I-K). These results suggested that the THE NPs
could inhibit the activity of the EGFR/PI3K/AKT signaling
pathway in 5637 cells. To investigate whether their signal
pathways compensate for the EGFR activation of PI3K, We
treated the 5637 cell line for 48 h in different concentrations
and tested protein expression levels via Western blot after-
wards. As shown in Figure S17, THE NPs can effectively inhibit
the activity of SRC, thereby inhibiting its compensation for
EGFR signal. The levels of apoptosis-related proteins were also
tested, and it was found that BCL2 was significantly down-
regulated, whereas BAX was significantly upregulated in the
5637 cells after THE NPs treatment (Figure S18). Therefore,
it appeared that the THE NPs could simultaneously target

the EGFR and PI3K/AKT to inhibit BCa growth and induce
apoptosis.

3.6 | Invivo antitumor effect and
biocompatibility of the THE NPs

Before we conducted the in vivo antitumor effect, the phar-
macokinetics (PK) of THE NPs versus TPL were evaluated
to see if the nanoformulation can improve the blood circu-
lation of the hydrophobic drug. As shown in Figure S19, The
AUC of THE NPs (14.69) was 8.96 times larger than free TPL
(1.638), while the half circulation time of THE NPs (4.9) was
5.4 times longer than free TPL (0.9 h). The PK study sup-
ported that our THE NPs can remarkably improve the blood
circulation of the hydrophobic TPL. To investigate the antitu-
mor effects of the NPs in vivo, xenograft BCa mouse models
were injected with PBS, HSP, TPL, HSP+TPL, and the NPs
into the tail vein (Figure 5A). As shown in Figure 5B, the THE
NPs preferentially accumulated at the tumor site after 12 h,
indicating that the NPs could effectively enter the tumor tis-
sue due to enhanced permeability and retention. The body
weights of the mice were also monitored, and no significant
differences were found among the control, HSP, and THE
NPs groups, while the TPL and HSP + TPL groups were sig-
nificantly decreased (Figure 5C). These results indicate that
TPL exhibits substantial biological toxicity, while our devel-
oped nanoformulation (THE NP) can significantly improve
the dose tolerance toward TPL. Upon monitoring the tumor
growth status, the tumor volume in the THE NPs 0.173 + 0.039
cm® on day 20, which was significantly lower than the vol-
umes of 0.847 + 0.122 cm’, 0.81 + 0.089 cm?, 0.381 + 0.043
cm?® and 0.314 + 0.032 cm? found in the control, HSP, TPL and
HSP + TPL groups, further demonstrating that the THE NPs
strongly inhibited tumor proliferation (Figure 5D,E). Subse-
quently, the tumors were collected and the expression levels of
the phosphorylated EGFR, PI3K and AKT were determined
using immunohistochemistry (IHC). It was found that the
phosphorylation level of the EGFR, PI3K and AKT in the THE
NP-treated group was significantly lower than that of the other
groups, which was consistent with the results of the cytolog-
ical experiments, again indicating that the THE NPs played
an anticancer role by co-targeting the EGFR and PI3K/AKT
(Figures 4H-K and 5F). These results demonstrated that the
THE NPs effectively inhibit and kill BCa cells in vivo.

To investigate the biocompatibility of the THE NPs, C57
mice were used to test acute toxicity. Following TPL or
HSP+TPL treatment, it was found that the number of mono-
cytes (MON#) and white blood cells (WBCs) dramatically
decreased, while the ALT, AST, HBDH, and LDH levels
increased significantly (Figure 6A-F). No significant differ-
ences of TB, Cr, PK, UA, CK, TP, or ALB, were observed
between the control and treatment groups (Figure S20). These
results suggested that TPL causes serious damage to the blood,
liver, and heart. However, there were no significant differ-
ences in these indices between the NP-treated and control
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THE NPs can suppress BCa in vivo. (A) Schematic diagram of establishment and treatment of xenograft BCa models. (B) Distribution of THE

NPs in different time periods after caudal vein injection indicated by DiD. (C,D) mice bearing subcutaneous BCa tumor after different treatments, body weight
and tumor volume, n = 5. (E) Mice were sacrificed after 20 days of treatment and obtained BCa tissues. (F) Immunofluorescence of p-EGFR, p-PI3K, and
p-AKT analysis of cancer tissues from xenograft BCa models after 20 days of treatment with PBS, HSP, TPL, HSP + TPL, and THE NPs. The scale bar is 40 um.

*p < 0.05;*p < 0.01; **p < 0.00L.

groups, thereby indicating that the NPs can effectively reduce
the toxicity of TPL. Furthermore, it was observed that the
ALP levels decreased significantly after treatment with HSP
or the THE NPs (Figure S20). Since ALP is associated with
liver failure, TUNEL and H&E (hematoxylin and eosin) stain-
ing were performed to analyze for apoptosis and injury in
the mouse liver tissues after drug treatment. The results of
the TUNEL assay showed that the apoptosis levels of the TPL
and HSP+TPL treatment groups were significantly increased,
but there were no significant differences between the HSP,
THE NPs, and control groups (Figure 6H). Moreover, H&E
staining of the livers demonstrated that in comparison to
the control group, the livers of the mice treated with TPL
or HSP+TPL were seriously injured, exhibiting congestion
of the hepatic sinusoids, rupture of the hepatic plates, and
necrosis of the hepatocytes (especially in the HSP+TPL treat-
ment group); in contrast, these injuries were inappreciable in

the HSP and NPs treatment groups (Figure 6G). Finally, the
TUNEL detection results were found to be consistent with
these morphological changes (Figure 6H). Therefore, these
data demonstrated that the THE NPs not only exhibited an
excellent antitumor effect, but that they also greatly reduced
the biological toxicity of TPL.

4 | CONCLUSION

In this work, bioinformatics analysis, molecular modeling,
and surface plasmon resonance experiments were employed
to demonstrate that triptolide (TPL) and hesperidin (HSP)
possess a common target (i.e., the epidermal growth factor
receptor, EGFR) in bladder cancer (BCa) cells, and that both
drugs exhibit a high affinity for the EGFR. Therefore, HSP
and TPL were conjugated into amphiphilic THE molecules
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by means of an ester bond and were subsequently assembled
into nanoparticles (THE NPs) to achieve synergistic antitu-
mor effects and improved biocompatibility. It was deduced
that the NPs enter the tumor cells through endocytosis and are
hydrolyzed into the individual HSP and TPL drug molecules
under the acidic conditions of the lysosomes. As a result,
HSP and TPL synergistically inhibited the activity of the
EGFR/PI3K/AKT signaling pathway, thereby suppressing the
proliferation of BCa cells whilst also promoting their apop-
tosis in vitro. In addition, the THE NPs effectively resolved
the issues related to the poor water solubility, low bioavail-
ability, and high toxicity of TPL. Furthermore, the developed
NPs were demonstrated to effectively inhibit the proliferation
of BCa cells in vivo. Overall, the obtained results indicate that
the THE NPs can target the EGFR and inhibit its signaling
and downstream pathways in the model of bladder cancer.
Notably, the NP system preserved the bioactivities of TPL and
HSP while lowering the overall toxicity compared to the indi-
vidual drug molecules alone. The dual-targeting function and
high drug loading achieved using these NPs led to a signifi-
cant antitumor effect, thereby providing a new option for BCa
treatment.

ACKNOWLEDGEMENTS

The authors wish to express their gratitude to the financial
supports from National Natural Science Foundation of China
(No.81903031, 82172084, 81803002), China National Post-
doctoral Program for Innovative Talents (No. BX20200156),

China Postdoctoral Science Foundation (No. 2021M693948),
the Key Research and Development Program of Shaanxi
province (No. 2021SF-119). Figure 1 is created with BioRen-
der.com. We would like to thank Editage (www.editage.cn) for
English language editing.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

All data needed to evaluate the conclusions in the paper are
present in the paper and/or in the Supporting Information.
Additional data related to this paper may be requested from
the authors.

ORCID
Hao Wu
Gang Zhou

https://orcid.org/0000-0003-1262-5932
https://orcid.org/0000-0001-8258-0923

REFERENCES

[1] H. Sung, J. Ferlay, R. L. Siegel, M. Laversanne, 1. Soerjomataram, A.
Jemal, E Bray, Ca-Cancer J. Clin. 2021, 71, 209.

[2] K. Saginala, A. Barsouk, J. S. Aluru, P. Rawla, S. A. Padala, A. Barsouk,
Med. Sci. 2020, 8, 15.

[3] K.C.DeGeorge, H. R. Holt, S. C. Hodges, Am. Fam. Physician 2017, 96,
507.

[4] a) A. Chaux, J. S. Cohen, L. Schultz, R. Albadine, S. Jadallah, K. M.
Murphy, R. Sharma, M. P. Schoenberg, G. J. Netto, Hum. Pathol. 2012,
43, 1590; b) C. Wasen, M. Ekstrand, M. Levin, D. Giglio, Int. Urol.
Nephrol. 2018, 50, 647.


http://www.editage.cn
https://orcid.org/0000-0003-1262-5932
https://orcid.org/0000-0003-1262-5932
https://orcid.org/0000-0001-8258-0923
https://orcid.org/0000-0001-8258-0923

Eeploration | o

(5]

(1]

(12]

(13]
[14]

(15]

(16]

(17]

a) T. Powles, R. A. Huddart, T. Elliott, S. J. Sarker, C. Ackerman, R. Jones,
S. Hussain, S. Crabb, S. Jagdev, J. Chester, S. Hilman, M. Beresford,
G. Macdonald, S. Santhanam, J. A. Frew, A. Stockdale, S. Hughes, D.
Berney, S. Chowdhury, Phase III, J. Clin. Oncol. 2017, 35, 48; b) M.
Hussain, S. Daignault, N. Agarwal, P. D. Grivas, A. O. Siefker-Radtke,
1. Puzanov, G. R. MacVicar, E. G. Levine, S. Srinivas, P. Twardowski, M.
A. Eisenberger, D. I. Quinn, U. N. Vaishampayan, E. Y. Yu, S. Dawsey, K.
C. Day, M. L. Day, M. Al-Hawary, D. C. Smith, Cancer 2014, 120, 2684;
¢) K. Miller, R. Morant, A. Stenzl, I. Zuna, M. Wirth, Urol. Int. 2016, 96,
5.

a) J.-H. Lee, R. Liu, J. Li, Y. Wang, L. Tan, X.-J. Li, X. Qian, C. Zhang,
Y. Xia, D. Xu, W. Guo, Z. Ding, L. Du, Y. Zheng, Q. Chen, P. L. Lorenzi,
G. B. Mills, T. Jiang, Z. Lu, Mol. Cell. 2018, 70, 197; b) B. Ponsioen, J.
B. Post, J. R. Buissant des Amorie, D. Laskaris, R. L. van Ineveld, S.
Kersten, A. Bertotti, F. Sassi, F Sipieter, B. Cappe, S. Mertens, I. Verlaan-
Klink, S. E Boj, R. G. J. Vries, H. Rehmann, P. Vandenabeele, F. B.
Riquet, L. Trusolino, J. L. Bos, H. J. G. Snippert, Nat. Cell. Biol. 2021, 23,
377.

S. M. Kupchan, W. A. Court, R. G. Dailey jr., C. J. Gilmore, R. E. Bryan,
J. Am. Chem. Soc. 1972, 94, 7194.

a) J.-T. Wen, J. Liu, L. Wan, L. Xin, J.-C. Guo, Y.-Q. Sun, X. Wang,
J. Wang, Int. Immunopharmacol. 2022, 106, 108616; b) P. Noel, D. D.
Von Hoff, A. K. Saluja, M. Velagapudi, E. Borazanci, H. Han, Trends
Pharmacol. Sci. 2019, 40, 327.

a) M. Yanchun, W. Yi, W. Lu, Q. Yu, Y. Jian, K. Pengzhou, Y. Ting, L.
Hongyi, W. Fang, C. Xiaolong, C. Yongping, Eur. J. Pharmacol. 2019,
851, 43.b) L. Zhao, Z. Lan, L. Peng, L. Wan, D. Liu, X. Tan, C. Tang, G.
Chen, H. Liu, Cell Prolif. 2022, 55, e13278. c) ]. Wen, J. Liu, X. Wang, J.
Wang, Phytother Res. 2021, 35, 4334.

a) H. Parhiz, A. Roohbakhsh, E Soltani, R. Rezaee, M. Iranshahi, Phy-
tother Res. 2015, 29, 323.b) V. Aggarwal, H. S. Tuli, E. Thakral, P. Singhal,
D. Aggarwal, S. Srivastava, A. Pandey, K. Sak, M. Varol, M. A. Khan, G.
Sethi, Exp. Biol. Med. 2020, 245, 486.

a) S. A. Jeong, C. Yang, J. Song, G. Song, W. Jeong, W. Lim, Antioxidants
(Basel) 2022, 11,1633. b) R. Xia, G. Xu, Y. Huang, X. Sheng, X. Xu, H. Lu,
Life Sci. 2018, 201, 111. ¢) K. M. Kim, A. R. Im, J. Y. Lee, T. Kim, K. Y. Ji,
D. H. Park, S. Chae, Biol. Pharm. Bull. 2021, 44,1492. d) J. M. P. Ferreira
de Oliveira, C. Santos, E. Fernandes, Phytomedicine 2020, 73, 152887. e)
Y. Wang, H. Yu, J. Zhang, J. Gao, X. Ge, G. Lou, BMC Cancer 2015, 15,
682.

A. A. A. Khamis, E. M. M. Ali, M. A. A. El-Moneim, M. M. Abd-
Alhaseeb, M. A. El-Magd, E. I. Salim, Biomed. Pharmacother. 2018, 105,
1335.

Y. Yang, L.-]. Zhang, X.-G. Bai, H.-J. Xu, Z.-L. Jin, M. Ding, Biomed.
Pharmacother. 2018, 106, 1307.

G. Saiprasad, P. Chitra, R. Manikandan, G. Sudhandiran, Eur. . Cancer
2014, 50, 2489.

a) X. Zheng, J. Xie, X. Zhang, W. Sun, H. Zhao, Y. Li, C. Wang, Chin.
Chem. Lett. 2021, 32,243;b) Q. Song, H. Wang, J. Yang, H. Gao, K. Wang,
H. Wang, Y. Zhang, L. Wang, Chin. Chem. Lett. 2022, 33, 1577.

C. Zheng, X. Liu, Y. Kong, L. Zhang, Q. Song, H. Zhao, L. Han, J. Jiao,
Q. Feng, L. Wang, Acta Pharm. Sin. B 2022, 12, 3398.

a) F. Wang, W. Yang, H. Liu, B. Zhou, J. Biomol. Struct. Dyn. 2022, 40,
11125; b) P. Huang, D. Wang, Y. Su, W. Huang, Y. Zhou, D. Cui, X. Zhu,
D. Yan, J. Am. Chem. Soc. 2014, 136, 11748.

[18] a) X. Xue, Y. Huang, R. Bo, B. Jia, H. Wu, Y. Yuan, Z. Wang, Z. Ma, D.
Jing, X. Xu, W. Yu, T. Y. Lin, Y. Li, Nat. Commun. 2018, 9, 3653; b) X.
Xue, Y. Huang, X. Wang, Z. Wang, R. P. Carney, X. Li, Y. Yuan, Y. He, T.
Y. Lin, Y. Li, Biomaterials 2018, 161, 203;

[19] X. Wang, C. Pan, J. Gong, X. Liu, H. Li, J. Chem. Inf. Model. 2016, 56,
1175.

[20] G. Stelzer, N. Rosen, I. Plaschkes, S. Zimmerman, M. Twik, S.
Fishilevich, T. I. Stein, R. Nudel, I. Lieder, Y. Mazor, S. Kaplan, D.
Dahary, D. Warshawsky, Y. Guan-Golan, A. Kohn, N. Rappaport, M.
Safran, D. Lancet, Curr. Protoc. Bioinformatics 2016, 54, 1.30.1.

[21] R.E.Buntrock, J. Chem. Inf. Comput. Sci. 2002, 42, 1505.

[22] G.Li, Z. Song, C. Wu, X. Li, L. Zhao, B. Tong, Z. Guo, M. Sun, J. Zhao,
H. Zhang, L. Jia, S. Li, L. Wang, J. Transl. Med. 2022, 20, 47.

[23] M. Rose, A. Maurer, J. Wirtz, A. Bleilevens, T. Waldmann, M. Wenz,
M. Eyll, M. Geelvink, M. Gereitzig, N. Ruchel, B. Denecke, E. Eltze, E.
Herrmann, M. Toma, D. Horst, T. Grimm, S. Denzinger, T. Ecke, T. A.
Vogeli, R. Knuechel, J. Maurer, N. T. Gaisa, Oncogene 2020, 39, 6856.

[24] Q.--L. He, I. Minn, Q. Wang, P. Xu, S. A. Head, E. Datan, B. Yu, M. G.
Pomper, J. O. Liu, Angew. Chem. 2016, 55, 12035.

[25] G.Zhou, A. H. Aboo, C. M. Robertson, R. Liu, Z. Li, K. Luzyanin, N. G.
Berry, W. Chen, J. Xiao, ACS Catal. 2018, 8, 8020.

[26] B.Kim, C.-E. Yeom, S. Lee, Y. Kim, Synlett 2005, 2005, 1527.

[27] G. M. Sulaiman, H. M. Waheeb, M. S. Jabir, S. H. Khazaal, Y. H. Dewir,
Y. Naidoo, Sci. Rep. 2020, 10, 9362.

[28] a) W. Zheng, C. Wang, R. Ding, Y. Huang, Y. Li, Y. Lu, Int. J. Pharm. 2019,
572, 118721; b) Y.-Q. Zhang, Y. Shen, M.-M. Liao, X. Mao, G.-J. Mi, C.
You, Q.-Y. Guo, W.-J. Li, X.-Y. Wang, N. Lin, T. ]. Webster, Nanomedicine
2019, 15, 86.

[29] S.-R.Chen, Y. Dai, J. Zhao, L. Lin, Y. Wang, Y. Wang, Front. Pharmacol.
2018, 9, 104.

[30] a) C. Wang, H. Li, P. Ma, J. Sun, L. Li, J. Wei, L. Tao, K. Qian, Fundam.
Clin. Pharmacol. 2020, 34,380; b) R. M. Hoffman, S. Yano, Methods Mol.
Biol. 2019, 1866, 49.

[31] A. Sathe, R. Nawroth, Methods Mol. Biol. 2018, 1655, 335.

[32] Y. Liu, E Lin, Y. Chen, R. Wang, J. Liu, Y. Jin, R. An, J. Cancer 2020, 11,
488.

[33] J. Wang, Z. Zhang, R. Li, W. Sun, J. Chen, H. Zhang, K. Shu, T. Lei, Life
Sci. 2018, 194, 150.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: G. Li, Z. Song, Y. Ru, J.
Zhang, L. Luo, W. Yang, H. Wu, H. Jin, X. Bao, D. Wei,
Z.Yan, H. Qu, Z. Zhu, X. Xue, G. Zhou, Exploration
2023, 3, 20220141.
https://doi.org/10.1002/EXP.20220141



https://doi.org/10.1002/EXP.20220141

	Small-molecule nanoprodrug with high drug loading and EGFR, PI3K/AKT dual-inhibiting properties for bladder cancer treatment
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Materials and characterization
	2.2 | Network pharmacology
	2.3 | Molecular docking
	2.4 | Cell culture and treatment
	2.5 | General procedure for preparation of the nanoparticles
	2.6 | General procedure for preparation of the DiD-loaded nanoparticles
	2.7 | CAC value of THE NPs was detected via pyrene radiometric method
	2.8 | The cumulative drug release assay
	2.9 | Apoptosis and cycle assays
	2.10 | Western blotting
	2.11 | Immunohistochemistry and immunocytochemistry
	2.12 | Lysosomal labeling
	2.13 | CCK-8 assay
	2.14 | TUNEL assay
	2.15 | Mouse models and treatment
	2.16 | Statistical analysis

	3 | RESULTS AND DISCUSSION
	3.1 | EGFR targeting of HSP and TPL in BCa
	3.2 | Preparation and characterization of the THE NPs
	3.3 | Endocytosis and acidolysis of the THE NPs
	3.4 | THE NPs inhibit proliferation and promote the apoptosis of BCa cells
	3.5 | Mechanism of THE NP-induced apoptosis of the BCa cells
	3.6 | In vivo antitumor effect and biocompatibility of the THE NPs

	4 | CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


