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Introduction: α-Solanine (α-Sol) shows promise for pancreatic cancer (PC) treatment by inhibiting PC cell proliferation, migration, 
and invasion. However, its clinical application is hindered by poor tumor targeting, significant toxicity, and undesirable pharmaco-
kinetics. To address these issues, this study developed a nanoparticle delivery system (PBSO NPs) using bovine serum albumin as 
a carrier, with polyallylamine hydrochloride surface modification to enhance α-Sol delivery.
Methods: PBSO NPs were characterized using transmission electron microscopy, dynamic light scattering, nanoparticle size 
analyzers, and Fourier-transform infrared spectroscopy. Their in vitro drug release profile and cellular uptake capabilities were 
evaluated. Furthermore, in vitro experiments were conducted using mouse pancreatic cancer cells (Panc02) to investigate the effects 
of PBSO NPs on Panc02 cell viability, migration, invasion, and apoptosis. Additionally, a pancreatic cancer xenograft tumor model 
was established for in vivo experiments to explore the impact of PBSO NPs on tumor growth.
Results: This study successfully developed PBSO NPs with favorable morphology and physiological stability, capable of enhancing 
cellular uptake. In vitro experiments demonstrated that PBSO NPs significantly inhibited the viability, migration, and invasion of 
Panc02 cells while promoting apoptosis. Moreover, PBSO NPs enhanced the inhibitory effects of α-Sol on Panc02 cells. In vivo 
experiments further confirmed that PBSO NPs improved the therapeutic efficacy of α-Sol against PC while partially reducing its 
toxicity. Additionally, PBSO NPs exhibited good biocompatibility.
Discussion: PBSO NPs enhance the therapeutic efficacy of α-Sol against PC by inhibiting the viability, migration, and invasion of PC 
cells while promoting apoptosis, thereby suppressing the progression of PC. This provides a promising therapeutic strategy for 
pancreatic cancer treatment.
Keywords: pancreatic cancer, α-solanine, bovine serum albumin, polyallylamine hydrochloride, apoptosis

Introduction
Pancreatic cancer (PC) is widely regarded as the “king of cancers”,1 a fatal and aggressive malignant tumor,2 

characterized by the growth of malignant cells within the pancreatic tissue.3 PC is known for its high malignancy and 
early metastasis.4 As a gastrointestinal cancer, PC progresses rapidly, and its early symptoms are often subtle or atypical, 
resulting in approximately 80% to 85% of patients being diagnosed at an advanced stage, when curative treatment is 
nearly impossible.1 This late diagnosis is one of the main reasons for the high mortality rate of PC.5 Furthermore, due to 
the location of PC near the stomach, rectum, and small intestine, surgical treatment is clinically challenging, leading to 
poor prognosis, with a 5-year survival rate of only 7.2%.4 A disease-mortality model predicts that by 2040, the global 
incidence of PC will reach 6.093 (95% CI 5.47–6.786) per 100,000, with a higher risk in women.6 Although survival 
rates for many cancers have significantly improved, the survival rate for PC patients remains largely unchanged. PC not 
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only exacerbates the economic burden on individuals and families but also poses a significant threat to public health.7 

Currently, chemotherapy remains the primary treatment for PC. Gemcitabine, as the first-line standard treatment for 
advanced pancreatic cancer, can improve survival rates but often induces resistance, limiting its efficacy. In recent years, 
the combination regimen FOLFIRINOX (comprising 5-fluorouracil (5-FU), leucovorin, irinotecan, and oxaliplatin) has 
become the gold standard for pancreatic cancer treatment, significantly extending overall survival in patients. However, 
its high toxicity limits its application in clinical practice.8 Therefore, there is an urgent need to develop more effective 
innovative therapeutic strategies to improve the survival outcomes of PC patients.

Natural products are chemical substances produced by living organisms that possess pharmacological or biological 
activities, and they play an important role in the treatment of human diseases. It is estimated that approximately 80% of 
the drugs approved for cancer chemotherapy are derived from natural compounds [9]. Solanum nigrum L. (commonly 
known as black nightshade) is one of the commonly used traditional herbal medicines in clinical practice for cancer 
treatment. Studies have shown that its extracts exhibit significant anticancer properties.9,10 Further research has identified 
α-solanine (α-Sol) as one of the most important bioactive components of Solanum nigrum. α-Sol is a natural steroidal 
alkaloid first discovered in 1820 and later widely detected in plants such as potatoes and tomatoes.10 Although α-Sol is 
commonly regarded as toxic, its effects on the human body depend on its concentration, and at appropriate doses, it can 
be beneficial to health. Research has demonstrated that α-Sol possesses a variety of biological activities, including 
antitumor, antidiabetic, antiallergic, anti-inflammatory, and antiviral effects.11,12 It has been shown to inhibit the growth 
of various tumor cells, including liver cancer, lymphoma, colon cancer, gastric cancer, and cervical cancer.13 Evidence 
suggests that, in PC, α-Sol can inhibit the proliferation, migration, and invasion of PC cells, thereby suppressing tumor 
growth.14 In our previous studies, we further discovered that α-Sol can downregulate the expression of vascular 
endothelial growth factor (VEGF) in PC by modulating the ERK1/2-HIF-1α and STAT3 signaling pathways, thereby 
affecting cancer cell proliferation, migration, and invasion.15 These findings suggest that α-Sol holds promise as an 
effective drug for the treatment of PC. However, its application remains challenging due to its hydrophobic nature.16 

First, its hydrophobicity, extensive toxicity, and prolonged serum half-life may lead to accumulation in the body 
following intravenous injection, potentially causing severe adverse effects such as neurological damage and respiratory 
failure.12,17 Second, high concentrations of α-Sol can induce strong cytotoxic effects, leading to rapid plasma membrane 
damage, metabolic disturbances, and ultimately, cell death.18 Additionally, α-Sol exhibits hemolytic activity, and direct 
intravenous administration may result in red blood cell lysis, triggering severe side effects such as acute cerebral edema 
and gastroenteritis.19 More importantly, the major challenge of intravenous α-Sol administration lies in its poor tumor- 
targeting ability, resulting in low accumulation in tumor tissues while causing significant systemic toxicity to normal 
tissues.20 Therefore, enhancing the tumor-targeting capability of α-Sol while reducing its toxicity remains a critical 
scientific issue that needs to be urgently addressed.

With the advancement of nanotechnology, various synthetic polymers, such as poly(lactic-co-glycolic acid) and poly-
vinylpyrrolidone, have been widely used to minimize side effects and enhance targeted therapy.21 However, these synthetic 
nanoparticles (NPs) are prone to being trapped in the reticuloendothelial system, and prolonged use may lead to side effects.22 

Among the various nanocarriers, nature-inspired NPs carriers have attracted considerable attention from researchers.23 

Recently, protein biomolecules have shown potential as ideal drug delivery carriers by overcoming the limitations of 
traditional therapies, such as poor water solubility, low bioavailability, and ineffective therapeutic outcomes.24 Among 
these, serum albumin (SA)-based drug delivery systems have gained popularity due to their selective delivery capabilities, 
good biodegradability, non-toxicity, safety of metabolic products, ease of purification, excellent water solubility, and lack of 
immunogenicity. Bovine serum albumin (BSA) is one of the most widely used albumins in biopharmaceutical applications.25 

Studies have shown that BSA NPs, as multifunctional protein carriers for drug delivery, exhibit properties such as non-toxicity, 
non-immunogenicity, low cost, good biocompatibility, easy metabolism, and excellent water solubility.26 Additionally, the 
structure of BSA contains both hydrophobic and hydrophilic domains and is rich in various functional groups, making it 
suitable for the loading of multiple drugs and functional modifications.27 Based on the enhanced permeability and retention 
(EPR) effect and interactions with the Gp60 receptor (a 60 kDa glycoprotein) on endothelial membranes,28 BSA NPs can 
accumulate in the tumor microenvironment, increasing the local concentration of drugs within the tumor.29,30 Several 
albumin-based drugs or imaging agents have already been launched in the market, and many products are currently in clinical 
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trials for various applications.24 Thus, BSA NPs show broad prospects in drug delivery. However, although BSA NPs can 
increase drug concentration at the tumor site, their tissue penetration remains limited.28 To overcome these limitations, surface 
modification of BSA NPs with ligands can enhance their drug targeting, optimize pharmacokinetics and biodistribution, 
thereby improving therapeutic efficacy and reducing side effects.28 Polyallylamine hydrochloride (PAH), a polycationic weak 
base,31 has been widely used in drug delivery to enhance the stability and delivery efficiency by modifying the surface of 
polymers and drugs.32 Research has shown that PAH modification can significantly improve the cellular uptake efficiency of 
BSA NPs.32

Based on this, the aim of this study is to develop a PAH-modified BSA-specific drug delivery system loaded with α- 
solanine (PAH-BSA-α-Sol NPs, abbreviated as PBSO NPs), to achieve targeted delivery and controlled release, thereby 
enhancing the therapeutic efficacy of α-solanine, reducing its toxicity, and ultimately achieving the goal of treating 
pancreatic cancer.

Materials and Methods
Preparation of PAH-BSA-α-Sol NPs (PBSO NPs)
To prepare the BSA solution, 100 mg of BSA was dissolved in 1 mL of double-distilled water (DDW). The resulting 
BSA solution and 1 mg of NaBH₄ were then added to 29 mL of DDW. Subsequently, using a syringe with a 30-gauge 
needle, 40 mL of 1 mg/mL α-Sol solution was gradually added dropwise into the BSA/NaBH4 mixture under continuous 
stirring at 1000 rpm for 2 h at 4°C. After the addition was complete, ultrafiltration centrifugation (100 kDa cutoff 
membrane) was performed for 10 min to remove unreacted NaBH4 and unencapsulated α-Sol. The obtained BSA-α-Sol 
NPs were then mixed with 30 mg of PAH (5 kDa) and incubated at 4°C for 2 h. Following incubation, another 
ultrafiltration centrifugation (100 kDa cutoff membrane) was carried out for 10 minutes to remove unreacted PAH, 
yielding the final PBSO nanoparticles. The resulting nanoparticles were freeze-dried and stored at room temperature in 
a light-protected environment for further experiments.

Characterization of PBSO NPs
The structure and morphology of the NPs were characterized using transmission electron microscopy (TEM, FEI Talos 
F200X, USA). The zeta potential and hydrodynamic diameter of the NPs were measured using a nanoparticle size 
analyzer (Zetasizer Nano ZS, UK). The particle size distribution of the synthesized NPs was determined by dynamic light 
scattering (DLS), and the chemical modification of the BSA NPs was verified using Fourier transform infrared spectro-
scopy (FTIR).

In vitro Drug Release
Free α-Sol and PBSO NPs were separately encapsulated in dialysis bags and placed in centrifuge tubes containing 10 mL 
of PBS. The tubes were maintained at 37°C under gentle stirring to simulate physiological conditions. Sampling time 
points were set at 0, 1, 2, 4, 6, 8, 12, 18, 24, and 48 h. At each time point, a specific volume of the release medium was 
withdrawn, filtered through a membrane, and the supernatant was collected. An equal volume of PBS was then added 
back to maintain a constant total volume of 10 mL. The amount of α-Sol in both free α-Sol and PBSO NPs corresponded 
to an equivalent dose of 2.6 mg. High-performance liquid chromatography (HPLC, Agilent 1260, USA) was used to 
determine the α-Sol concentration at different time points to evaluate its release profile.

Cell Culture
Human umbilical vein endothelial cells (HUVECs) and mouse pancreatic cancer cells (Panc02) were obtained from the 
Chinese Academy of Sciences (Shanghai, China) and Procell Life Science & Technology Co., Ltd. (Wuhan, China), 
respectively. HUVECs were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/ 
streptomycin, while Panc02 cells were cultured in RPMI-1640 medium with the same supplements. All cells were 
maintained in a humidified incubator at 37°C with 5% CO2. To determine the optimal concentration of PBSO NPs for 
subsequent experiments, Panc02 cells were exposed to various concentrations of PBSO NPs (0–150 μg/mL) for 
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24 h. Based on cell viability results, a concentration of 75 μg/mL was selected for further studies. Subsequently, 
HUVECs and Panc02 cells were divided into four groups: Control, α-Sol, BSA NPs, and PBSO NPs. Except for the 
Control group, which was cultured in regular medium, the other three groups were treated with media containing α-Sol 
(2 μg/mL), BSA NPs, or PBSO NPs (75 μg/mL, containing 2 μg/mL of α-Sol) for 24 h. The concentration of α-Sol in α- 
Sol and PBSO NPs groups was calculated based on the encapsulation efficiency of PBSO NPs.

Cellular Uptake
An in vitro cellular uptake experiment was conducted using Panc02 cells to evaluate the uptake of α-Sol, BSA NPs, and 
PBSO NPs. To better visualize cellular uptake under different intervention conditions, IR-780 was used to modify α-Sol, 
BSA NPs, and PBSO NPs. The carboxyl groups on IR-780 were activated to covalently bind with the hydroxyl groups on 
α-Sol, thereby successfully labeling α-Sol and endowing it with fluorescence properties. Additionally, due to the 
abundant functional groups of BSA, including carboxyl, amino, and hydrophobic regions, it can interact with IR-780 
through multiple mechanisms, such as covalent bonding, electrostatic interactions, and hydrophobic interactions.33 The 
specific procedure was as follows: IR-780 was separately incubated with α-Sol, BSA NPs, and PBSO NPs under stirring 
at room temperature for 24 h, yielding IR780-modified formulations. To ensure consistent fluorescence intensity among 
IR-780-labeled α-Sol, BSA NPs, and PBSO NPs, fluorescence spectroscopy was used to verify labeling efficiency, and 
sample concentrations were adjusted accordingly to maintain uniform fluorescence signals across experimental groups 
before further processing. After labeling, Panc02 cells were seeded in 6-well plates and treated the next day with IR780- 
labeled α-Sol, BSA NPs, and PBSO NPs. Following a 4h incubation, cells were washed with PBS, fixed with 4% 
paraformaldehyde (PFA), washed again with PBS, and counterstained with 4′6-diamidino-2-phenylindole (DAPI). 
Finally, confocal laser scanning microscopy was used to observe cellular uptake.

CCK-8 Assay
Panc02 or HUVEC cells (1 × 104 cells per well) were seeded in 96-well plates and divided into different groups 
according to the experimental design, with at least six replicates per group. When the cell confluence reached 
approximately 70% under a microscope, the original culture medium was replaced with fresh medium containing 
different concentrations of PBSO NPs, with or without α-Sol, BSA NPs, or PBSO NPs. The cells were then incubated 
for an additional 24 h. After discarding the medium, 10 μL of CCK-8 solution was added to each well, and the mixture 
was incubated for 2 h in the incubator. The absorbance at 450 nm was measured to evaluate cell viability.

Transwell Assay
The Panc02 cells were divided into the Control group, α-Sol group, BSA NPs group, and PBSO NPs group. Except for 
the Control group, the remaining three groups were incubated with culture medium containing α-Sol (2 μg/mL), BSA 
NPs, and PBSO NPs (75 μg/mL, with α-Sol at 2 μg/mL) for 24 h. The Control group was incubated with normal culture 
medium for 24 h. After incubation, cells in the logarithmic growth phase from each group were digested with 0.25% 
trypsin, and a single-cell suspension was prepared, adjusting the cell concentration to 5×105 cells/mL. A 100 µL aliquot 
of the cell suspension was added to the upper chamber of a Transwell, and 500 µL of culture medium was added to the 
lower chamber. For the invasion assay, Matrigel matrix gel was pre-coated in the upper chamber. After 36 h, PBS was 
used to wash the upper chamber, and cells that had passed through the upper chamber were fixed with 4% paraformal-
dehyde. The cells were stained with 1% crystal violet for 15 min, then inverted and air-dried. Finally, the cells were 
observed and counted under an inverted microscope, and images were obtained.

Flow Cytometry
Apoptosis of cells was detected using flow cytometry. The Panc02 cells were divided into the Control group, α-Sol group, 
BSA NPs group, and PBSO NPs group. Except for the Control group, the remaining three groups were incubated with 
culture medium containing α-Sol (2 μg/mL), BSA NPs, and PBSO NPs (75 μg/mL, with α-Sol at 2 μg/mL) for 24 h. The 
Control group was incubated with normal culture medium for 24 h. After incubation, cells from each group were 
collected, and the supernatant was removed by centrifugation. Next, 100 µL of 1× Binding Buffer was added to 

https://doi.org/10.2147/IJN.S508936                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 4238

Wen et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



resuspend the cells, followed by the addition of 5 µL Annexin V-Alexa Fluor 647 and 10 µL PI. The cells were incubated 
in the dark at room temperature for 15 min. After incubation, 300 µL of 1× Binding Buffer was added, mixed well, and 
the samples were placed on ice. Flow cytometry (Beckman Coulter, USA) was used for detection within 1 h.

TUNEL Assay
Apoptosis of cells was detected by TUNEL staining. The TUNEL detection kit (Beyotime) was used according to the 
manufacturer’s instructions to assess apoptosis in Panc02 cells or tumor tissue cells. The treatment method for Panc02 cells 
was the same as described in section 2.7, while tumor tissue was sourced from section 2.16. Briefly, Panc02 cells and tumor 
tissue sections were mounted using ProLong anti-fade mounting media with DAPI and observed under a confocal microscope. 
Images were taken at excitation wavelengths of 488 nm and 405 nm, respectively.

RT-PCR Assay
Total RNA was extracted from treated Panc02 cells or tumor tissue using the Cell/Tissue Total RNA Isolation Kit 
(Vazyme, Nanjing, China). Subsequently, the RNA was reverse transcribed into cDNA, PCR amplified, with GAPDH 
serving as an internal reference. The relative expression levels of caspase-3, Bcl-2, and Bax in cells or tissues were 
calculated using the 2−ΔΔCT method for relative quantification. The primer sequences are provided in Table 1.

Western Blot Assay
Total protein samples were extracted from cells or tumor tissue using RIPA lysis buffer. The treatment method for Panc02 cells 
was the same as described in section 2.7, while the tumor tissue was sourced from section 2.16. Following protein extraction, 
the protein concentration was determined using the Micro BCA Protein Assay Kit. Equal amounts of protein samples were 
separated on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 
a Polyvinylidene fluoride (PVDF) membrane. The PVDF membrane was blocked with 5% skim milk in TBST at room 
temperature for 1 h, followed by overnight incubation with primary antibodies (caspase-3: 1:2000; Bcl-2: 1:1000; Bax: 
1:2000; β-actin: 1:50,000). After washing three times with Tris-buffered saline, the PVDF membrane was then incubated with 
secondary antibodies at room temperature for 30 min, followed by detection using a chemiluminescence imaging and analysis 
system. All antibodies were procured from Proteintech (Wuhan, China).

Animals
All male BALB/c mice used in the experiments were procured from SiPeiFu (Beijing, China). All animal experimental 
procedures in this study complied with guidelines for the care and use of laboratory animals. The research protocol has been 
approved by the Animal Care and Ethics Committee of Wenzhou Medical University (Approval No. wydw2024-0551).

In vivo Targeting of PBSO NPs
Panc02 cells (1×107 cells/mL, 50 μL) were inoculated into the right flank of BALB/c mice (n=3) to establish a pancreatic 
cancer xenograft model. When the tumor volume reached approximately 50 mm3, the mice were intravenously injected 
with IR-780-modified PBSO NPs (8 mg/kg, containing α-Sol 0.2 mg/kg). Prior to imaging, the experimental mice were 
anesthetized with 2% isoflurane. At 0, 1, 3, 6, 12, and 24 h post-injection, fluorescence images were obtained using the 
PerkinElmer IVIS Spectrum. At the end of the experiment, all mice were euthanized under anesthesia with 3% 
pentobarbital sodium (30 mg/kg). Tumor, heart, liver, spleen, lung, and kidney tissues were then harvested and examined 

Table 1 The Primer Sequence

Gene Name Forward Reverse

Caspase-3 5′-AGGGGTCATTTATGGGACA-3′ 5′-TACACGGGATCTGTTTCTTTG-3′
Bcl-2 5′-GTCATGTGTGTGGAGAGCGTC-3′ 5′-CCGTACAGTTCCACAAAGGCATC-3′
Bax 5′-GCTGACATGTTTGCTGATGG-3′ 5′-GATCAGCTCGGGCACTTTAG-3′
GAPDH 5′-TCACCACCATGGAGAAGGC-3′ 5′-GCTAAGCAGTTGGTGGTGCA-3′
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under the same conditions for ex vivo fluorescence imaging analysis, with fluorescence intensity quantified using the 
IVIS spectrum method.

In vivo Biodistribution of PBSO NPs
The method for constructing the pancreatic cancer xenograft mouse model is the same as described in section 2.14 (ie, using 
Panc02 cells to establish the pancreatic cancer xenograft tumor model). When the tumor size reached approximately 50 mm3, 24 
BALB/c mice were randomly divided into two groups: α-Sol group and PBSO NPs group, with 12 mice in each group. Mice in 
the respective groups were intravenously injected with α-Sol (0.2 mg/kg) or PBSO NPs (8 mg/kg, containing 0.2 mg/kg of α-Sol). 
At designated time points (0.5 h, 1 h, 3 h, and 6 h), three mice from each group were randomly selected and euthanized under 
anesthesia with 3% pentobarbital sodium (30 mg/kg). Major organs (heart, liver, spleen, lung, and kidney) and tumor tissues were 
harvested, and the drug content in each tissue was determined using HPLC.

In vivo Anti-Tumor Activity of PBSO NPs
The construction method of the pancreatic cancer xenograft mouse model for in vivo targeting is as follows. After the tumors 
naturally grew and formed for 7 days, 20 BALB/c mice were randomly divided into four groups: Control group, α-Sol group, 
BSA NPs group, and PBSO NPs group, with 5 mice in each group. Mice in the respective groups were intravenously injected 
with saline (Control), α-Sol (0.2 mg/kg), BSA NPs, or PBSO NPs (8 mg/kg, containing 0.2 mg/kg of α-Sol) for intervention 
treatment, with injections given every 2 days. Tumor size was measured every 3 days during the experiment. Tumor volume 
was calculated using the formula: V (mm3) = 0.5 × tumor maximum diameter × tumor perpendicular diameter2. After 30 days 
of Panc02 cell injection, all mice in each group were euthanized under anesthesia with 3% pentobarbital sodium (30 mg/kg), 
followed by photography, tumor tissue collection, and weighing for further experiments.

Pathological Examination
The pathological changes in mouse tumor tissues were evaluated using the hematoxylin and eosin (H&E) staining 
method. Tissues were fixed in 4% paraformaldehyde, dehydrated, embedded, sectioned into 5 μm paraffin slices, and 
stained with H&E. Following washing, mounting, and drying, the tumor tissue pathological alterations were observed 
under a microscope.

Hemolysis Assay in vitro
Using red blood cells isolated from healthy mouse blood for hemolysis assessment. In brief, red blood cells (RBCs) were 
collected by centrifuging fresh blood samples from healthy mice to remove serum (5000 rpm, 5 min). The RBCs were 
washed, resuspended, and diluted with PBS to achieve a final concentration of 16% (v:v). Subsequently, 0.5 mL of 
diluted RBCs were mixed with 0.5 mL of PBSO NPs at different concentrations (20, 50, 100, 200 μg/mL). Deionized 
water served as the positive control, and PBS solution as the negative control. All test samples were then incubated at 
37°C for 1 h, followed by centrifugation at 3000 rpm for 10 min, and the supernatant was collected to measure the 
absorbance at 540 nm. The hemolysis percentage was calculated using the formula:

Serum Biochemical Analysis
Twenty BALB/c mice provided by SiPeiFu company (Beijing, China) were randomly divided into the Control group, 5d 
group, 10d group, and 15d group, with 5 mice in each group. The mice in the four groups were injected via the tail vein 
with either PBS or PBSO NPs (8 mg/kg, containing 0.2 mg/kg of α-Sol). Twelve hours later, all mice were euthanized 
under anesthesia with 3% pentobarbital sodium (30 mg/kg).After euthanizing all mice, blood samples were collected 
from each group. Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine (CRE), 
and blood urea nitrogen (BUN) were measured using an automated chemistry analyzer, following the method described 
previously.34
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HE Staining
Nine healthy BALB/c nude mice provided by SiPeiFu company (Beijing, China) were randomly divided into the Control 
group, α-Sol group, and PBSO NPs group, with 3 mice in each group. Mice in the three groups were intravenously 
injected with PBS, α-Sol (0.2 mg/kg), and PBSO NPs (8 mg/kg, containing 0.2 mg/kg of α-Sol), respectively. After 
24 h of treatment, all mice were euthanized, and heart, lung, liver, spleen, and kidney tissue samples were collected. HE 
staining method was used to evaluate the histopathology of heart, lung, liver, spleen, and kidney tissue sections from 
mice in the Control, α-Sol, and PBSO NPs groups.

Statistical Analyses
All experiments were repeated at least three times. All data are presented as mean ± standard deviation. Statistical 
analysis was performed using GraphPad Prism 9 software (GraphPad Inc, San Diego, CA, USA). Student’s t-test was 
used for comparisons between two groups, while one-way analysis of variance (ANOVA) was used for comparisons 
among multiple groups. A P-value of less than 0.05 was considered statistically significant.

Results
Characterization of PBSO NPs
To address the challenges of α-Sol in clinical applications, we designed and synthesized a nanoparticle delivery system 
(PBSO NPs) based on PAH-modified BSA loaded with α-Sol. In this study, we used a green method based on NaBH4 

reduction-induced denaturation and drug-induced self-assembly to prepare BSA NPs.35 Under the action of the reducing 
agent NaBH4, some of the disulfide bonds in BSA were reduced, leading to a relaxation of the protein conformation and 
exposing its hydrophobic core regions. Hydrophobic drug α-Sol was then added, interacting with the hydrophobic regions of 
BSA and inducing BSA self-assembly, forming BSA-α-Sol nanoparticles (BSA-α-Sol NPs). Subsequently, by introducing 
the positively charged PAH, which can bind to the negatively charged BSA NPs through electrostatic interactions, the 
stability of the nanoparticles was further improved, thus forming PBSO NPs. The morphological structures of BSA NPs and 
PBSO NPs were examined using TEM. The results (Figure 1A) showed that both BSA NPs and PBSO NPs appeared as 
irregularly sized spherical nanoparticles, indicating that α-Sol loading and PAH surface modification did not affect their 
morphology. The FTIR results (Figure 1B) of PBSO NPs showed N-H stretching vibration peaks at 3500 cm−1, 3432 cm−1, 
and 3044 cm−1, confirming the successful PAH modification. Studies have shown that the optimal size of drug carriers is 
100–200 nm. This small size facilitates the effective delivery of the drug to the targeted tumor site.36 Therefore, we utilized 
a nanoparticle size analyzer to measure the particle size of BSA NPs and PBSO NPs. The results (Figure 1C) showed that the 
particle size of BSA NPs was 82.87 ± 3.81 nm, which increased to 90.70 ± 1.24 nm after loading α-Sol and modification with 
PAH, falling within the ideal size range for tumor therapy. Further zeta potential analysis (Figure 1D) indicated that BSA NPs 
carried a negative surface charge37 with a zeta potential of approximately −21.73 mV. After modification with positively 
charged PAH and loading α-Sol, the overall charge of PBSO NPs became positive, with a zeta potential of approximately 
31.47 mV, confirming the successful modification of PAH on the surface of BSA NPs. The stability of drug delivery carriers 
in the medium is crucial.38,39 Therefore, we evaluated the stability of BSA NPs and PBSO NPs in deionized water. The 
results (Figure 1E) demonstrated that both NPs maintained a stable size distribution after dispersing in water for seven days, 
suggesting that PBSO NPs have potential advantages in drug delivery. Moreover, in vitro drug release analysis (Figure 1F) 
revealed that free α-Sol exhibited a burst release in simulated body fluid, with almost no detectable drug remaining after 
24 h. In contrast, PBSO NPs released only 60% of α-Sol within 48 h and continued to release the drug over time, indicating 
that PBSO NPs effectively mitigate the burst release effect and enable sustained drug release.

Cellular Uptake of PBSO NPs
Any nanocarrier must traverse the cell membrane barrier to enter the intracellular environment, where it releases the 
delivered therapeutic drug to exert its therapeutic effects. Therefore, cellular uptake of nanoparticles is a critical initial 
step for successful drug delivery.40 To investigate the cellular uptake of PBSO NPs, this study utilized IR-780 to label α- 
Sol, BSA NPs, and PBSO NPs, and the intracellular fluorescence intensity of IR-780 was measured to evaluate cellular 
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Figure 1 Characterization of PBSO NPs. (A) TEM images of BSA NPs and PBSO NPs, scale bar = 200 nm. (B) FTIR analysis of BSA NPs and PBSO NPs. (C) Particle size of 
BSA NPs and PBSO NPs. (D) Zeta potential of BSA NPs and PBSO NPs. (E) Stability of BSA NPs and PBSO NPs. (F) In vitro drug release profiles of free α-Sol and PBSO 
NPs. G, Cellular uptake of PBSO NPs in Panc02 cells, Bar = 100 nm.

https://doi.org/10.2147/IJN.S508936                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 4242

Wen et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



uptake of the nanocarriers. The results (Figure 1G) showed that, compared to the Control group, distinct IR-780 
fluorescence signals were observed in Panc02 cells treated with α-Sol, BSA NPs, and PBSO NPs. Among them, the 
BSA NPs group exhibited stronger fluorescence signals than the α-Sol group, while the PBSO NPs group displayed the 
highest fluorescence intensity, which was significantly higher than that of the BSA NPs group. These findings indicate 
that PBSO NPs significantly enhance cellular uptake efficiency.

In vitro Anti-PC Activity of PBSO NPs
We successfully synthesized PBSO NPs for the delivery of α-Sol and further evaluated their in vitro effects on Panc02 
cells. First, after treating Panc02 cells with different concentrations of PBSO NPs for 24 h the cell viability was assessed 
using the CCK-8 assay. As shown in Figure 2A, Panc02 cell viability exhibited a dose-dependent decrease with 
increasing concentrations of PBSO NPs (0–150 μg/mL), with an IC50 value of approximately 75 μg/mL. Therefore, 
75 μg/mL was selected as the concentration for subsequent experiments. To further investigate the effects of α-Sol and 
PBSO NPs on PC cells, Panc02 cells were cultured in vitro and subjected to different treatments to evaluate their impact 
on cell viability, migration, invasion, and apoptosis. The CCK-8 assay results (Figure 2B and C) showed that, compared 
to the Control group, both α-Sol and PBSO NPs significantly reduced cell viability (P<0.001), with no significant effects 
on HUVEC viability. Additionally, the CCK-8 results indicated that PBSO NPs exhibited a more pronounced inhibitory 
effect on Panc02 cell viability than free α-Sol, demonstrating a stronger anti-tumor effect without cytotoxicity. The 
Transwell assay results (Figure 2D–F) revealed that, compared to the Control group, both α-Sol and PBSO NPs 
significantly inhibited Panc02 cell migration and invasion (P<0.05), with PBSO NPs exhibiting a more pronounced 
inhibitory effect. Furthermore, flow cytometry analysis (Figure 2G and H) demonstrated that both α-Sol and PBSO NPs 
significantly induced apoptosis in Panc02 cells, with PBSO NPs exhibiting a stronger pro-apoptotic effect. Multiple 
studies have reported that apoptosis induction is one of the primary mechanisms by which α-Sol exerts its anti-tumor 
effects.41–43 To further explore the impact of PBSO NPs on apoptosis in PC cells, we conducted TUNEL assay, RT-PCR, 
and Western blot assays to analyze the expression levels of apoptosis-related proteins (caspase-3, Bcl-2, and Bax) in 
Panc02 cells. The TUNEL assay results (Figure 3A) showed a significant increase in fluorescence intensity and the 
number of TUNEL-positive cells in the α-Sol and PBSO NPs groups compared to the Control group. Moreover, RT-PCR 
and Western blot results (Figure 3B and C) demonstrated that, compared to the Control group, caspase-3 and Bax 
expression levels were significantly upregulated (P<0.05), while Bcl-2 expression was significantly downregulated 
(P<0.05) in the α-Sol and PBSO NPs groups. In conclusion, these findings indicate that both α-Sol and PBSO NPs 
effectively inhibit PC cell growth by suppressing cell viability, migration, and invasion while promoting apoptosis.

In vivo Biodistribution of PBSO NPs
To evaluate the in vivo biodistribution of PBSO NPs, PBSO NPs were intravenously injected into pancreatic cancer 
xenograft mice for in vivo imaging analysis. Fluorescence imaging results (Figure 4A) revealed that, 4 h after the 
injection of PBSO NPs, fluorescence began to gradually accumulate at the tumor site and remained stably localized there. 
Strong fluorescence was still detectable at the tumor site 24 h post-injection, indicating that PBSO NPs effectively 
delivered α-Sol to the tumor tissue. Further ex vivo fluorescence imaging of the tumor and major organs (Figure 4B) 
showed the strongest fluorescence in the tumor tissue. This is likely related to the endocytosis of cancer cells and the 
involvement of Gp60 receptors. Generally, due to the nanoparticle size effect, cancer cells can effectively internalize NPs 
via endocytosis. Moreover, Gp60 is highly expressed in the endothelial cells surrounding tumors, and the BSA carrier can 
effectively bind to Gp60 to form a BSA-Gp60 complex in caveolae. This complex can cross the tumor stroma via Gp60- 
mediated transcytosis, thereby enhancing the fluorescence intensity in tumor tissues.44,45 Additionally, we assessed the 
distribution of free α-Sol and PBSO NPs in various organs and tissues after injection. The results (Figure 4C and D) 
showed that free α-Sol primarily distributed in the liver and kidneys, and was also widely distributed in the heart, spleen, 
lungs, and tumor tissues. In contrast, the distribution of PBSO NPs in tumor tissues was significantly increased, while 
their distribution in the heart, liver, spleen, lungs, and kidneys was reduced. This suggests that PBSO NPs can reduce the 
distribution of the drug to other organs, thereby alleviating drug toxicity. Overall, PBSO NPs demonstrated good 
performance in delivering α-Sol specifically to tumor sites.
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Figure 2 PBSO NPs inhibit Panc02 cell viability, invasion, and migration while promoting apoptosis. (A) Effects of different concentrations of PBSO NPs on Panc02 cell 
viability. (B) Effects of PBSO NPs on cell viability. (C) Effects of PBSO NPs on the viability of HUVECs. (D–F), Transwell assay results showing the effects of PBSO NPs on 
cell invasion and migration. (G–H), Flow cytometry analysis of the effects of PBSO NPs on cell apoptosis. *P<0.05 vs Control or 0 μg/mL, **P<0.01 vs Control or 0 μg/mL, 
***P<0.001 vs Control or 0 μg/mL.
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Figure 3 PBSO NPs promote apoptosis in Panc02 cells. (A) TUNEL assay for detecting cell apoptosis. (B) RT-PCR analysis of caspase-3, Bcl-2, and Bax expression levels in 
cells. (C) Western blot assay for caspase-3, Bcl-2, and Bax expression levels in cells. *P<0.05 vs Control, **P<0.01 vs Control, ***P<0.001 vs Control.
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Figure 4 PBSO NPs exhibit good tumor targeting and biodistribution. (A) In vivo fluorescence imaging (n=3). (B) Ex vivo fluorescence imaging of tumor tissue and major 
organs (n=3). (C and D), Distribution of α-Sol and PBSO NPs in major organs and tumor tissue (n=3).

https://doi.org/10.2147/IJN.S508936                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 4246

Wen et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



In vivo Antitumor Activity of PBSO NPs
Based on previous experimental studies, we have demonstrated that PBSO NPs can inhibit the growth of PC cells 
in vitro. To further investigate the in vivo antitumor activity of PBSO NPs, we established a PC xenograft mouse model 
and applied different treatment interventions. The results (Figure 5A–D) showed that, compared to the Control group, 
tumor volume and weight were significantly reduced in the α-Sol and PBSO NPs groups (P<0.05), with PBSO NPs 
exhibiting a more significant inhibitory effect on tumor volume and weight, indicating that PBSO NPs enhance the 
antitumor effects of α-Sol. Further H&E staining results revealed that in the Control and BSA NPs groups, tumor cells 
were closely packed with intact cell morphology and clear cell nuclei, while in the α-Sol group, localized necrosis was 
observed in tumor tissue, and in the PBSO NPs group, extensive necrosis was present with loose cell arrangement and 
cell rupture (Figure 5E), suggesting that both α-Sol and PBSO NPs effectively inhibit tumor growth. Additionally, 
TUNEL staining, RT-PCR, and Western blot analysis (Figure 6) confirmed that both α-Sol and PBSO NPs promote cell 
apoptosis, significantly increasing the expression of caspase-3 and Bax in tumor tissues (P<0.01) while inhibiting the 
expression of Bcl-2 (P<0.01), consistent with the apoptotic effects observed in vitro. These results indicate that PBSO 
NPs not only enhance the antitumor effects of α-Sol but also inhibit the progression of PC by promoting cell apoptosis.

Biological Safety Evaluation of PBSO NPs
In vivo biological safety evaluation is a critical factor in assessing the clinical feasibility of nanoparticle-based drugs.46 

Therefore, we conducted an in-depth study on the biological safety of PBSO NPs. Currently, most nanomaterials are 
administered intravenously. Upon entering the bloodstream, these nanomaterials first interact with various biomolecules 
in the body fluids. Red blood cells account for 40%-50% of the total blood volume, making them a common subject of 
study for evaluating the blood compatibility of nanomaterials. Hemolysis rate is the most fundamental indicator of blood 
compatibility. When nanomaterials come into contact with red blood cells, their hydrophobic interactions and irregular 
shapes may disrupt the cell membrane, leading to hemoglobin release and causing hemolysis.47 Therefore, studying 
hemolysis is a key safety factor in avoiding severe side effects during in vivo drug administration.48 The hemolysis assay 
results in this study (Figure 7E) showed that even at a PBSO NPs concentration of 200 μg/mL, the hemolysis rate 
remained below 5%. This indicates that PBSO NPs are non-hemolytic and can serve as a blood-compatible system for 
drug delivery applications. Further serum chemistry analysis (Figure 7A–D) indicated that the levels of ALT, AST, BUN, 
and CRE in all groups were within the normal range, demonstrating that PBSO NPs treatment did not affect liver and 
kidney function. Moreover, 24 h after drug administration, we performed HE staining on the heart, liver, spleen, lung, 
and kidney tissues of the mice. The HE staining results (Figure 7F) showed that, except for the α-Sol group, no 
significant pathological lesions or inflammation were observed in the organs of the Control and PBSO NPs groups. 
However, mild inflammatory cell infiltration was observed in the heart tissue of the α-Sol group, suggesting potential 
cardiac toxicity. These findings indicate that PBSO NPs did not cause organ damage in the mice and could reduce the 
toxicity of free α-Sol. In conclusion, these results demonstrate that PBSO NPs are nanoparticles with good biological 
safety and hold potential for clinical applications.

Discussion
α-Sol is a steroidal glycoalkaloid derived from potatoes and has been shown to inhibit the proliferation, migration, and 
invasion of PC cells, thereby preventing PC progression.14 However, the in vivo tumor-targeting ability of α-Sol is 
relatively poor, leading to low accumulation in tumor tissues and high systemic toxicity to normal tissues.20 These 
adverse effects severely limit the clinical application of α-Sol. Additionally, the hydrophobic nature of α-Sol may further 
hinder its therapeutic efficacy.16 Therefore, improving the targeting ability of α-Sol and reducing its side effects to 
enhance its therapeutic effect on PC has become an urgent issue to address. To this end, this study designed and 
synthesized a novel PAH-modified BSA nanoparticle (PBSO NPs) for α-Sol delivery. These nanoparticles exhibit 
favorable morphology and physiological stability, enhance cellular uptake, and effectively improve the anti-PC activity 
of α-Sol. The findings of this study suggest that PBSO NPs represent a promising drug delivery system for α-Sol, 
providing new strategies and approaches for PC treatment.
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Figure 5 In vivo antitumor activity of PBSO NPs in PC. (A) Images of mice from each group (n=5). (B) Tumor tissue images from each group (n=5). (C) Changes in tumor 
volume of mice in each group (n=5). (D) Changes in tumor weight of mice in each group (n=5). (E) H&E staining images of tumor tissue from each group (n=5). *P<0.05 vs 
Control, **P<0.01 vs Control. Control, PC xenograft mice injected with physiological saline via tail vein. α-Sol, PC xenograft mice treated with α-Sol via tail vein injection. 
BSA NPs, PC xenograft mice treated with BSA NPs via tail vein injection. PBSO NPs, PC xenograft mice treated with PBSO NPs via tail vein injection.
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Encapsulating drugs within nanocarriers for in vivo delivery has been proven to be an effective strategy for enhancing 
drug stability and tissue penetration while reducing adverse effects49 Currently, the US Food and Drug Administration 
has approved more than 900 nanotechnology-based anticancer drugs for clinical trials, yet only a few have successfully 
reached the market.50 Although some nanomedicines can mitigate toxicity to a certain extent, they still fail to completely 
eliminate adverse effects. As a result, the currently developed nanomedicines have yet to meet the expectations for highly 

Figure 6 PBSO NPs promote cell apoptosis. (A) TUNEL staining to detect cell apoptosis (n=3). (B), RT-PCR to detect the expression levels of caspase-3, Bcl-2, and Bax 
(n=3). (C) Western blot assay to detect the expression levels of caspase-3, Bcl-2, and Bax (n=3). **P<0.01 vs Control, ***P<0.001 vs Control.
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Figure 7 PBSO NPs exhibit good biocompatibility. (A–D), Detection of ALT, AST, BUN, and CRE levels in serum using an automatic biochemical analyzer (n=5). (E) Blood 
compatibility test. (F), HE staining to detect pathological changes in the heart, liver, spleen, lung, and kidney of mice (n=3). ALT, alanine aminotransferase. AST, aspartate 
aminotransferase. BUN, blood urea nitrogen. CRE, creatinine. Control group, BALB/c nude mice treated with PBS via tail vein injection. 5d, BALB/c nude mice treated with 
PBSO NPs via tail vein injection for 5 days. 10d, BALB/c nude mice treated with PBSO NPs via tail vein injection for 10 days. 15d, BALB/c nude mice treated with PBSO NPs 
via tail vein injection for 15 days. α-Sol, BALB/c nude mice treated with α-Sol via tail vein injection. PBSO NPs, BALB/c nude mice treated with PBSO NPs via tail vein 
injection.
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efficient, safe, and low-toxicity cancer treatments.51,52 BSA NPs have been widely utilized for loading hydrophobic drugs 
to enhance their solubility due to their amphiphilic nature and the abundance of functional groups within their primary 
structure.53,54 Additionally, BSA NPs can enhance drug accumulation in tumor tissues by promoting the enhanced 
permeability and retention (EPR) effect and interacting with proteins such as SPARC.28 On the other hand, PAH 
modification of nanoparticle surfaces has been shown to improve their stability and delivery efficiency. Previous studies 
have demonstrated that PAH-modified BSA NPs significantly enhance cellular uptake.32 Therefore, this study developed 
a novel PAH-modified BSA nanocarrier (PBSO NPs) to synergistically enhance the targeted delivery of α-Sol, thereby 
improving its therapeutic efficacy against PC. It is well established that nanoparticle size significantly influences their 
biodistribution.55 Nanoparticles with a size range of 10–100 nm and moderate positive charge are more favorable for 
tumor-targeted delivery, whereas those smaller than 10 nm are rapidly cleared by the kidneys, and those larger than 100 
nm face challenges in penetrating tumor vasculature.56 The PBSO NPs synthesized in this study exhibited an average 
particle size of 90.70 ± 1.24 nm, aligning with the optimal range for tumor targeting and meeting the requirements for 
intravenous administration.57 Furthermore, while BSA NPs naturally exhibit a negative surface charge,58 PAH, a weakly 
basic polycation, effectively modified the surface of PBSO NPs, resulting in a positively charged nanoparticle. This 
finding is consistent with the study conducted by Choi, J. S. et al.32 These results suggest that the particle size and surface 
charge properties of PBSO NPs contribute to improving the tumor-targeted delivery efficiency of α-Sol. Further stability 
assessments and in vitro drug release experiments demonstrated that PBSO NPs exhibit excellent stability and sustained 
release properties. This stability may be attributed to the inherent storage stability of BSA,59 whereas the sustained 
release effect could be associated with surface charge alterations following PAH modification. As a polycation, PAH 
likely interacts electrostatically with the negatively charged surface of BSA, reinforcing the structural stability of the 
nanoparticles and restricting the rapid release of α-Sol to achieve a sustained release effect.32

Efficient cellular uptake of drugs is critical for their therapeutic efficacy.60 In this study, we found that BSA NPs 
exhibited a higher cellular uptake rate compared to free α-Sol. This may be attributed to the ability of BSA NPs to 
interact with specific receptors overexpressed on tumor cell surfaces, particularly the secreted protein acidic and rich in 
cysteine (SPARC), thereby facilitating endocytosis. SPARC, also known as osteonectin, is a matricellular glycoprotein61 

that can be directly expressed and secreted by tumor cells.62 It is highly expressed in various cancers, including breast 
cancer, lung cancer, PC, and melanoma,61 while its expression in normal tissues is relatively low.62 In PC, SPARC has 
been identified as a potential therapeutic target due to its involvement in cell proliferation, migration, metastasis, and 
immune evasion mechanisms.63 Studies have shown that SPARC serves as a natural ligand for albumin,62 demonstrating 
a high binding affinity for albumin.64 Its overexpression promotes the cellular internalization of albumin-based 
nanoparticles65 and has been proven to enhance the penetration and uptake of albumin nanomedicines in tumors.66 

Additionally, research by Lu et al67 demonstrated that BSA NPs could increase drug cellular uptake. Consistent with 
these findings, our study also confirmed that BSA NPs enhanced the uptake of α-Sol in PC cells. Further analysis 
revealed that compared to the BSA NPs group, the PBSO NPs group exhibited significantly stronger IR-780 fluorescence 
signals in Panc02 cells, indicating that PAH modification further enhanced the cellular uptake efficiency of BSA NPs. 
Previous studies have demonstrated that cell membranes are negatively charged, and nanoparticles (NPs) with 
a positively charged surface exhibit faster and higher internalization rates, thereby facilitating cellular uptake and 
intracellular transport.68 In contrast, negatively charged NPs tend to have higher absorption rate constants, resulting in 
slower and lower cellular internalization efficiency.32,69–71 In this study, the PAH modification of BSA NPs conferred an 
overall positive charge to PBSO NPs, leading to significantly higher cellular uptake efficiency compared to negatively 
charged BSA NPs. Furthermore, PBSO NPs demonstrated excellent biocompatibility, with a hemolysis rate below 5%, 
meeting the standards set by the American Society for Testing and Materials (ASTM), which considers hemolysis rates 
below 5% indicative of good blood compatibility.72 Serum biochemical analysis and hematoxylin-eosin (HE) staining 
results further confirmed that PBSO NPs did not cause damage to liver and kidney functions or major organs. 
Additionally, compared to free α-Sol, PBSO NPs were able to mitigate the toxicity of α-Sol to a certain extent.

Previous studies have demonstrated that α-Sol exerts antitumor effects by inducing apoptosis and inhibiting the proliferation, 
migration, and invasion of various cancer cells, including PC cells.14,43 Among these mechanisms, apoptosis is a fundamental 
biological process in multicellular organisms, playing a crucial role in eliminating abnormal or unnecessary cells. This process is 
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not only essential for biological evolution, homeostasis maintenance, and the development of various systems,73 but it is also 
recognized as a key defense mechanism by which the host combats tumor cells.43 As a result, apoptosis induction has become 
a major focus in cancer therapy research.10 Multiple studies have shown that apoptosis induction is one of the core mechanisms 
underlying the antitumor effects of α-Sol.42,43 Consistent with previous findings, our in vitro and in vivo experiments further 
confirmed that α-Sol effectively inhibits PC cell proliferation, migration, and invasion while inducing apoptosis. Moreover, 
PBSO NPs were found to enhance the antitumor activity of α-Sol against PC. Additionally, our in vivo results revealed that PBSO 
NPs increased the accumulation of α-Sol in tumor tissues while reducing its distribution in other organs, indicating that PBSO 
NPs improved the selective delivery efficiency of α-Sol. Studies have shown that BSA NPs can bind to Gp60 to form a BSA- 
Gp60 complex, which facilitates transcytosis across the tumor stroma via Gp60-mediated active transport, thereby promoting 
drug accumulation in tumor tissues.42,43 Taken together, our findings indicate that PBSO NPs not only enhance the inhibitory 
effects of α-Sol on PC cell proliferation, migration, and invasion while inducing apoptosis but also improve the tumor-targeting 
capability of α-Sol, thereby enhancing its anti-PC efficacy. These results suggest that PBSO NPs represent a safe and effective 
drug delivery system for PC treatment, with promising potential for clinical translation.

However, despite demonstrating the multiple advantages of PBSO NPs as a drug carrier for α-Sol, this study has certain 
limitations. First, the current biosafety evaluation system for PBSO NPs remains incomplete, and research on their biological 
effects in vivo is still in its early stages. Further systematic and in-depth studies, along with large-scale in vitro and in vivo 
experiments, are required to comprehensively assess their safety. Second, the pharmacokinetic properties of PBSO NPs 
in vivo have not yet been fully elucidated. Further investigations are needed to clarify their metabolism, distribution, and 
absorption processes, as well as comparative analyses with other nanocarriers to optimize their delivery performance. 
Additionally, the antitumor mechanisms of PBSO NPs remain incompletely understood. Whether they possess tumor- 
suppressing effects beyond the delivery of α-Sol remains unclear, necessitating further exploration of their potential molecular 
mechanisms. In conclusion, this study confirms that PBSO NPs represent a safe and effective nanoscale delivery system for α- 
Sol, capable of effectively inhibiting PC progression and holding great promise for clinical translation.

Conclusion
To the best of our knowledge, this study successfully developed PBSO NPs loaded with α-Sol for the first time. PBSO 
NPs demonstrated good physiological stability and biocompatibility, showing promising potential for clinical applica-
tions. In vitro experiments indicated that PBSO NPs could enhance the uptake of the drug by PC cells, inhibit cell 
viability, invasion, and migration, and promote apoptosis, thereby suppressing tumor cell growth. In vivo experiments 
further confirmed the significant therapeutic efficacy of PBSO NPs in inhibiting the progression of PC. Additionally, this 
study found that the anti-PC activity of PBSO NPs was superior to that of free α-Sol and that PBSO NPs could reduce the 
toxicity of α-Sol to some extent. In summary, this study successfully developed α-Sol-loaded PBSO NPs, which 
increased the concentration of α-Sol in tumor tissues and exhibited significant anti-PC activity, providing a new 
therapeutic approach for the treatment of pancreatic cancer in the future.
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