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Purpose: Aurora-A is often overexpressed in lung cancer and is associated with poor prognosis, making it a potential therapeutic 
target for non-small cell lung cancer (NSCLC) treatment. This study aimed to evaluate the therapeutic potential of nanomedicine-based 
delivery of the Aurora-A inhibitor Danusertib (Danu) in NSCLC treatment.
Methods: Boron phenylalanine (BPA)-modified polydopamine (PDA) was used as a carrier to load Danu, preparing B-PDA@Danu 
nanoparticles. The structure, microstructure, particle size, zeta potential, stability, drug loading capacity, loading rate, and in vitro 
release were characterized. In vitro studies investigated its effects on A549 cell viability, apoptosis, uptake ability, and cell cycle. In 
vivo studies examined its distribution and/or anti-tumor effects in subcutaneous xenograft tumors in mice. The anti-tumor effects and 
biosafety of B-PDA@Danu were studied in a subcutaneous xenograft tumor model in mice. The in vivo distribution and anti-tumor 
effects of B-PDA@Danu were studied in a mouse lung carcinoma in situ model.
Results: The synthesized B-PDA@Danu nanoparticles were spherical, negatively charged, with an average particle size of (172.96 
±1.61) nm, exhibited good stability, and efficiently loaded Danu. B-PDA@Danu promoted cellular uptake in vitro, inhibited cell 
viability (P < 0.001), induced G2/M cell cycle arrest (P < 0.001), and increased apoptosis (P < 0.001). In the subcutaneous xenograft 
tumor model, B-PDA@Danu suppressed tumor growth (P < 0.001), induced cell cycle arrest in tumor cells (P < 0.001), caused tumor 
tissue damage, and showed good biosafety. In the mouse lung carcinoma in situ model, B-PDA@Danu effectively targeted and 
accumulated at the site of carcinogenesis, leading to tumor shrinkage.
Conclusion: B-PDA@Danu provides a novel nanomedicine approach for anti-NSCLC therapy that enables targeted tumor elimina-
tion with low potential toxicity.
Keywords: boron phenylalanine, polydopamine, Danusertib, non-small cell lung cancer

Introduction
The 2020 GLOBOCAN report revealed that lung cancer ranks second globally in terms of new cases and first in terms of 
mortality among human cancers.1 Non-small cell lung cancer (NSCLC) constitutes the primary histological type of lung 
cancer, representing over 85% of all cases.2 Current clinical approaches for NSCLC treatment typically encompass 
surgical resection, radiotherapy, chemotherapy, and immunotherapy, among others.3 However, due to delayed diagnoses 
leading to metastasis or advanced stages, some patients lose the opportunity for surgical intervention.3 Moreover, the 
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non-specific adverse effects associated with chemotherapy often subject patients to significant physical and psychological 
distress, sometimes hindering treatment adherence.3 Consequently, the outlook for NSCLC treatment appears challen-
ging, underscoring the urgent need for more precise and efficient targeted therapeutic agents to enhance cure rates and 
quality of life for NSCLC patients.

In normal cells, Aurora-A plays a crucial role in a series of key mitotic events and is one of the primary regulatory 
factors of the cell cycle.4 However, in various human cancer types, Aurora-A promotes tumorigenesis through amplifica-
tion and/or overexpression, including NSCLC, hepatocellular carcinoma, bladder cancer, colorectal cancer, and breast 
cancer, and is associated with poor prognosis.4–7 Notably, studies indicate that inhibiting Aurora-A can lead to spindle 
formation abnormalities and mitotic defects, ultimately resulting in tumor cell death.4–7 Therefore, Aurora-A may serve 
as a critical therapeutic target in NSCLC. Danusertib (Danu), a broad-spectrum Aurora-A inhibitor, has undergone 
clinical trials and demonstrated certain anti-tumor effects in multiple cancer types, establishing it as an effective Aurora- 
A inhibitor.8,9 Despite showing promise as an anticancer agent, Danu still faces challenges in targeting efficiency and 
tolerability during clinical application. A growing body of research indicates that nanotechnology-based precision 
targeted therapy for lung cancer can minimize drug toxicity and enhance drug delivery to tumor sites, increasing drug 
accumulation within tumors, and improving treatment efficacy.10,11 This has become an effective means to address the 
limitations of traditional targeted therapies. Hence, developing a nanodrug delivery system based on Danu for achieving 
targeted therapy holds great promise for improving survival rates and prognosis for NSCLC patients.

Graphical Abstract
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Various nanocarrier platforms, including liposomes, hydrogels, micelles, and nanoparticles, have been explored 
for drug delivery in cancer therapy. Liposomes, as phospholipid bilayer vesicles, offer biocompatibility and efficient 
encapsulation of hydrophilic and hydrophobic drugs, but they often suffer from limited structural stability and rapid 
clearance in vivo.12 Hydrogels provide excellent drug retention and controlled release profiles, yet their mechanical 
weakness and potential burst release pose challenges for systemic administration.13 Polymer micelles, while offering 
advantages such as enhanced drug solubility, targeted delivery, and prolonged circulation, still face challenges 
regarding their stability under physiological conditions and concerns about premature drug leakage.14 In contrast, 
polydopamine (PDA) nanoparticles, a biomimetic nanomaterial, not only possess a high surface area for effective 
drug adsorption and loading but also exhibit diverse cellular uptake mechanisms, multi-drug responsive release 
characteristics, and good biocompatibility, making PDA nanoparticles widely applicable in the field of 
nanomedicine.15 However, using PDA nanoparticles alone to deliver Danu lacks specificity. To address this 
limitation, this study proposes modifying PDA with boron phenylalanine (BPA) groups to enhance its targeting in 
NSCLC. Studies have shown that sialic acid is overexpressed on the surface of lung cancer cells,16 and phenyla-
lanine residues exhibit high affinity and selectivity for sialic acid,17 providing a potential binding site for BPA- 
modified nanocarriers, thereby enabling preferential accumulation of the nanoparticles in tumor regions. Introducing 
BPA into the nanocarrier can enhance the transport of drug-loaded nanoparticles to tumors through sialic acid 
recognition, significantly improving drug accumulation and penetration at tumor sites, thereby enhancing the 
bioavailability of the drug in the body.16

Based on this, the present study utilized BPA-modified PDA as a carrier to load Danu, resulting in the preparation of 
B-PDA@Danu nanoparticles. This research combines the targeting of Aurora-A by Danu with the tumor-targeting 
capabilities of B-PDA nanoparticles, thereby achieving precise targeted therapy for NSCLC.

Materials and Methods
Preparation of B-PDA
Dopamine and benzoic acid mixture were stirred in a water solution with a pH of 10.0 for 12 hours to prepare 
nanoparticles with a dopamine to BPA mass ratio of 4:1. Subsequently, the nanoparticles were separated by centrifuga-
tion at a speed of 10,000 rpm for 10 minutes. The nanoparticles were then washed three times with deionized water using 
high-speed centrifugation at 10,000 rpm for 10 minutes, resulting in the final product, B-PDA.17

Preparation of B-PDA@Danu
B-PDA nanoparticles were suspended in water, and Danu (at a mass ratio of 1:10 to B-PDA) was added to the reaction 
solution, labeled as M1. The solution was then stirred for 12 hours, followed by centrifugation at 10,000 rpm for 
10 minutes to separate and purify the product, which underwent three washes with deionized water. The concentration of 
free Danu in the supernatant after centrifugation (denoted as W1) was detected using HPLC, and the encapsulation 
efficiency was calculated using the formula:

Here, M represents the total mass of B-PDA@Danu.18

The synthesized B-PDA was identified using infrared spectroscopy. The microscopic morphology of B-PDA and 
B-PDA was observed using transmission electron microscopy. The particle size of B-PDA and B-PDA was measured 
using dynamic light scattering (DLS). The Zeta potential of B-PDA and B-PDA was determined using a nanoparticle size 
analyzer.

Extravasated Release Curve
Phosphate-buffered saline solution (PBS) containing 0.5% Tween 80 was utilized as the release medium to measure the 
release of Danu from B-PDA@Danu. B-PDA@Danu nanoparticles and Danu solution were loaded into a dialysis bag, 
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which was then placed in 20 mL of the release medium. The temperature of the shaker was set to 37°C with a shaking 
frequency of 100 rpm. At 1, 2, 4, 8, 12, 24, 36, and 48 hours, 1 mL of the release medium was withdrawn, and an equal 
volume of fresh release medium was added to maintain sink conditions. The content of Danu in each sample was 
determined using the HPLC method, and the cumulative release amount was calculated using the following formula:

Here, V0 represents the total volume of the release medium (V0 = 20 mL), Va is the volume of the sample taken (Va = 
1 mL), Cn is the concentration of Danu at the nth sampling time, and M is the total amount of Danu.19,20

Cell Culture
The human normal lung epithelial cell line BEAS-2B (iCell-h023, iCell) and the human NSCLC cell line A549 (iCell- 
h011, iCell) were cultured in BEAS-2B cell-specific culture medium (iCell-h023-001b, iCell) and A549 cell-specific 
culture medium (iCell-h011-001b, iCell), respectively. All cells were maintained in a 5% CO2 and 37°C CO2 incubator.

Cell Counting Kit-8 (CCK8)
BEAS-2B and A549 cells were seeded in 96-well plates and cultured overnight. When the cell density reached 
approximately 75%, drug treatment was initiated. After 24 hours, the plates were removed from the incubator, old 
medium was aspirated, and fresh medium containing 10% CCK-8 was added. The plates were then further incubated at 
37°C for 1.5 hours before being placed in a microplate reader, with absorbance measured at a wavelength of 450 nm.

① Different concentrations (0, 10, 20, 40, 80, 160, and 320 μg/mL) of B-PDA were used to treat BEAS-2B or A549 
cells for 24 hours.

② A549 cells were treated with B-PDA, Danu, or B-PDA@Danu for 24 hours, with a constant Danu concentration 
of 1 μM. The quantity of B-PDA and B-PDA@Danu was calculated based on the drug loading of the microspheres 
(subsequent in vitro experiments involving drug treatment would follow the same protocol).

Cell Calcein AM/PI Straining
A549 cells were seeded in 6-well plates containing round coverslips and left overnight for cell adhesion and growth. 
Once the cell density reached approximately 80%, drug treatment was administered. After 24 hours, the culture was 
terminated. Cells were gently washed with PBS to remove any drug-containing medium that could interfere with the 
detection. Subsequently, 1 mL of Calcein AM/PI detection working solution was added to each well, and the cells were 
incubated at 37°C in the dark for 30 minutes. After the incubation period, the coverslips were removed, mounted on glass 
slides, and observed under a fluorescence microscope to assess cell staining.21

Cell Uptake
Cyanine5 (Cy5) fluorescent dye (DuoFluor) was used in place of Danu to prepare B-PDA@CY5. The uptake behavior of 
A549 cells towards B-PDA@CY5 was studied at 1, 2, and 4 hours using a fluorescence microscope.22

Western Blot
Total protein was extracted from A549 cells or tumor tissue using RIPA lysis buffer. Following protein concentration 
determination, quantification, and denaturation by boiling, the proteins were loaded onto a polyacrylamide gel for 
electrophoresis. Once the target proteins were visibly separated, the electrophoresis was stopped, and the target proteins 
were transferred from the gel to a polyvinylidene fluoride (PVDF) membrane. The PVDF membrane was then immersed 
in a blocking solution and incubated for 1 hour. Specific primary antibodies were added and allowed to incubate 
overnight at 4°C. The next day, corresponding secondary antibodies were added (incubated for 1 hour) to bind to the 
primary antibodies on the membrane. Unbound secondary antibodies were washed away, and an enzyme substrate was 
added onto the membrane. The membrane was placed in a chemiluminescence imager for visualization. Antibodies used: 
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Cyclin B1 (ab181593, Abcam), Bax (ab32503, Abcam), GAPDH (ab8245, Abcam), p53 (10,442-1-AP, Proteintech), Bcl- 
2 (26,593-1-AP, Proteintech), GAPDH (60004-1-Ig, Proteintech), γ-H2A.X (ab81299, Abcam).

Cell Cycle Analysis
After drug treatment, A549 cells were collected and the cell density was adjusted to 1×106 cells/mL. A 1 mL single-cell 
suspension was taken, centrifuged at 1000 rpm for 3 minutes, and the supernatant was removed. Subsequently, 500 μL of 
70% cold ethanol was added to the cells for fixation. After fixation, 500 μL of pre-prepared PI/RNaseA staining solution 
(F10797, ThermoFisher) was added to the cells, and they were incubated at room temperature in the dark for 
30–60 minutes. Finally, fluorescence at the excitation wavelength of 488 nm was recorded using a flow cytometer.

Construction of Subcutaneous Tumor Xenografts in Mice
Fifty-one male BALB/c-nu nude mice (5 weeks old, weighing 17–20 g) were purchased from Sibeifu (Beijing) 
Biotechnology Co., Ltd.

Twenty mice were randomly selected and subcutaneously injected with 100 μL of A549 cell suspension at a density 
of 1×106 cells/mL to establish subcutaneous tumor xenograft models. The successful establishment of the xenograft 
model was confirmed when the tumor volume reached 100 mm3.

The mice were then randomly divided into Saline group, B-PDA group, Danu group, and B-PDA@Danu group, with 
5 mice in each group. In the Danu group, mice were treated with 30 mg/kg Danu via tail vein injection. The B-PDA 
group and B-PDA@Danu group received B-PDA and B-PDA@Danu treatments via tail vein injection, respectively 
(Calculate the corresponding doses of B-PDA and B-PDA@Danu based on a loading dose of 30 mg/kg Danu). The 
Saline group received an equivalent volume of saline via tail vein injection as a control. Dosage administration occurred 
every 2 days with weight measurements, and the treatment concluded after 14 days.

Hematoxylin and Eosin (HE) Staining
Tissues, following steps such as fixation in paraformaldehyde, dehydration in xylene and ethanol, embedding in paraffin, 
and sectioning with a microtome, were prepared into 4 μm-thin sections and mounted on glass slides. The tissues were 
stained using the standard HE staining protocol. Subsequently, the slides were sealed with neutral resin, air-dried, and 
then observed and captured under an optical microscope.

Hemolytic Analysis
Fresh mouse blood (1 mL) was added to a centrifuge tube containing 10 mL of PBS, centrifuged, the supernatant 
discarded, and the precipitated red blood cells washed using the same method. This washing process was repeated 2–3 
times until the supernatant no longer showed a red color. The collected blood cells were then added to 10 mL of PBS to 
create a cell suspension.

Subsequently, 200 μL of the blood cell suspension was added to separate Eppendorf tubes containing 800 μL of 
different concentrations (50, 100, 200, 300, and 400 μg/mL) of B-PDA@Danu, 800 μL of PBS (negative control), and 
800 μL of Triton X-100 (positive control). The Eppendorf tubes were placed in a centrifuge set at 3000 rpm and 4°C for 
5 minutes. After centrifugation, images were captured, and the Optical Density (OD) was measured at 570 nm to 
calculate the hemolysis rate. The experiment was independently repeated three times.

Blood and Biochemical Index Analysis
Fresh blood samples were collected from the mouse eye socket, left to stand at room temperature for 30 minutes, then 
centrifuged at 1000 rpm/min for 15 minutes at 4°C. The supernatant was collected for analyzing blood and biochemical 
markers related to the liver, kidney, and heart (Red blood cell (RBC), White blood cell (WBC), Platelet (PLT), 
Hemoglobin (HGB), glutamic pyruvic transaminase (ALT), glutamic oxaloacetic transaminase (AST), creatine kinase 
(CK), lactate dehydrogenase (LDH)).
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Construction of Mouse Lung Orthotopic Tumor Model
Using the remaining 31 male BALB/c nude mice, a mouse A549 lung orthotopic tumor model was constructed. The mice 
were anesthetized, and the chest wall was disinfected with 70% alcohol. A 5–7 mm skin incision was made below the 
scapula of the chest, along the mid-axillary line dorsally (approximately 1.5 cm above the lower rib line). While 
monitoring lung movements, a 40 μL PBS mixture containing 1×106 A549 cells was slowly injected into the lung 
parenchyma, and the incision was sutured. The mice in the Sham group underwent the same procedure but were injected 
with PBS solution without cells.23

Twenty-five A549 lung orthotopic tumor model mice were divided into 5 groups: Sham group, Saline group, B-PDA 
group, Danu group, and B-PDA@Danu group, each consisting of 5 mice. After 2 weeks of inoculation, the mice were 
treated with B-PDA, Danu, or B-PDA@Danu via tail vein injection (each group equivalent to 30 mg/kg Danu).8 The 
control group received injections of the corresponding volume of saline as a control. Dosage administration occurred 
every 2 days with weight measurements, and the treatment concluded after 14 days.

Data Statistics and Analysis
Collect data from at least three independent replicates. Utilize GraphPad Prism 8.0 for statistical analysis and plotting. 
Data will be presented as mean ± standard deviation. Between-group comparisons will be conducted using one-way 
analysis of variance, while changes in tumor volume or mouse weight over time will be analyzed using two-way analysis 
of variance. Differences will be considered statistically significant when the P-value is less than 0.05.

Results
Characterization of B-PDA and B-PDA@Danu
From the infrared spectrum in Figure 1A, compared to PDA, the infrared spectrum of B-PDA not only exhibited the 
characteristic stretching vibration peaks of PDA (–OH, –NH₂, –C=C–, –C=N, and C–N–C groups), but also displayed 
a stretching vibration peak of B–N near 1380 cm⁻¹, indicating the successful synthesis of B-PDA. Results in Figure 1B– 
E showed that the synthesized B-PDA is spherical with an average particle size of (154.79±4.29) nm and an average 
potential of −25.8±1.11. After loading Danu, the shape remained unchanged, with a slightly increased average particle 
size of (172.96±1.61) nm and an elevated Zeta average potential of −31.5±0.41 (Figure 1B–E). The measurement of the 
hydrated particle size within 7 days can reflect the stability of nanospheres. Figure 1F demonstrated that there is no 
significant difference in particle size of B-PDA and B-PDA@Danu over 7 days, indicating good stability of both 
formulations. The in vitro release behavior of Danu was shown in Figure 1G, revealing that free Danu rapidly releases in 
the release medium, with a high cumulative release rate of (90.23±1.58) % at 12 hours. In contrast, the cumulative release 
rate of B-PDA@Danu was only (73.87±4.15) % at 24 hours and reached (82.98±2.45) % at 48 hours, confirming the 
sustained release effect of B-PDA and B-PDA@Danu. Additionally, the encapsulation efficiency of Danu was measured 
to be (90.50±2.31) %, with a drug loading capacity of (8.30±0.19) %.

Impact of B-PDA@Danu on NSCLC Cells
To evaluate the cytotoxicity of the biomaterial, unloaded B-PDA was applied to human normal lung epithelial cell line 
BEAS-2B and human NSCLC cell line A549. Results in Figure 2A and B demonstrated that even at a high concentration 
(320 μg/mL) of B-PDA, there was no significant decrease in the viability of BEAS-2B and A549 cells, indicating low 
cytotoxicity of B-PDA.

Furthermore, we assessed the impact of B-PDA@Danu on NSCLC cells. The CCK8 results in Figure 2C showed 
a significant decrease in cell viability for both the B-PDA and B-PDA@Danu groups of A549 cells, with the inhibitory 
effect of B-PDA on A549 cell viability being significantly stronger than that of free Danu. The cell AM/PI staining 
experiment (Figure 2D) revealed the highest amount of red fluorescence in the B-PDA@Danu group, indicating the 
highest cell death, consistent with the CCK8 results, further demonstrating the superior anti-tumor effect of 
B-PDA@Danu over free B-PDA.
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In this study, CY5 fluorescent dye was used instead of Danu to observe the impact of B-PDA on cell uptake. As 
shown in Figure 2E, A549 cells exhibited limited uptake of free CY5, but after encapsulation in B-PDA, the cellular 
uptake significantly increased, indicating that B-PDA facilitates cellular uptake of the drug.

Further analysis of apoptotic levels in each group was performed using flow cytometry (Figure 3A). The results 
demonstrated that both free Danu and B-PDA@Danu significantly increased the apoptosis rate of A549 cells (P < 
0.001). Notably, B-PDA@Danu exhibited a markedly stronger pro-apoptotic effect compared to free Danu (P < 0.001). 

Figure 1 Characterization of B-PDA and B-PDA@Danu. (A) FT-IR spectrum of PDA and B-PDA. (B) TEM images of B-PDA and B-PDA@Danu. (C) Particle size distribution 
of B-PDA. (D) Particle size distribution of B-PDA@Danu. (E) Zeta potential of B-PDA and B-PDA@Danu. (F) Hydrated particle size of B-PDA and B-PDA@Danu over 7 
days. (G) In vitro release curves of free Danu and B-PDA@Danu.

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S519608                                                                                                                                                                                                                                                                                                                                                                                                   8421

Xu et al

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



Figure 2 Impact of B-PDA@Danu on A549 cell viability, apoptosis, and uptake. (A) Viability of BEAS-2B cells after 24-hour exposure to different concentrations (0, 10, 20, 
40, 80, 160, and 320 μg/mL) of B-PDA. (B) Viability of A549 cells after 24-hour exposure to different concentrations (0, 10, 20, 40, 80, 160, and 320 μg/mL) of B-PDA. (C) 
Viability of A549 cells after 24-hour exposure to different treatments. (D) Apoptosis of A549 cells after 24-hour exposure to different treatments. (E) Uptake of free CY5 
and B-PDA@CY5 by cells. ***P < 0.001 vs Control, ##P < 0.01 vs Danu.
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Figure 3 Impact of B-PDA@Danu on the cell cycle of A549 cells. (A) Representative flow cytometry plots of cell apoptosis and corresponding quantitative analysis. (B–G) 
Relative expression levels and quantitative analysis of apoptosis-related proteins, cell cycle-related proteins, and DNA damage-related proteins in each group. (H) 
Representative flow cytometry plots of cell cycle distribution and corresponding quantitative analysis. *P < 0.05, **P < 0.01 and ***P < 0.001 vs Control, #P < 0.05, 
##P < 0.01 and ###P < 0.001 vs Danu.
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As depicted in Figure 3B–G, Western blot analysis revealed that the B-PDA@Danu group exhibited significant 
upregulation of the pro-apoptotic protein Bax and downregulation of the anti-apoptotic protein Bcl2 expression 
compared to other groups, once again confirming the excellent anti-tumor effect of B-PDA@Danu. Moreover, after co- 
incubation of B-PDA@Danu with A549 cells for 24 hours, B-PDA@Danu induced a notable elevation in DNA 
damage markers, including p53 and γ-H2A.X proteins, suggesting its ability to trigger DNA damage. Concurrently, the 
significant downregulation of G2/M phase-related protein cyclin B1 expression indicated a possible cell cycle arrest at 
the G2 phase, thereby inhibiting cell proliferation. Consistently, the flow cytometry analysis in Figure 3H demonstrated 
that B-PDA@Danu can significantly induce cell cycle arrest at the G2/M phase, aligning with the Western blot 
findings.

Impact of B-PDA@Danu on Subcutaneous Transplant Tumors in Mice
To investigate the in vivo anti-tumor effects of B-PDA@Danu, we established a subcutaneous xenograft tumor model 
and treated groups of mice with B-PDA, Danu, or B-PDA@Danu. Throughout the treatment period, the body weights of 
the mice in each group remained stable without significant changes (Figure 4A). However, compared to the Sal group 
mice, tumor growth significantly slowed down in mice treated with Danu or B-PDA@Danu (Figure 4B and C). Notably, 
the inhibitory effect of B-PDA@Danu on tumor growth was markedly stronger than that of Danu (Figure 4B and C). 
Consistent with our expectations, mice in the B-PDA@Danu group exhibited evident pathological damage in tumor 
tissues, characterized by severe nuclear dissolution and shrinkage of tumor cells, indicating substantial damage to the 
tumor tissue (Figure 4D). Subsequently, we further investigated the effects of B-PDA@Danu on apoptosis, cell cycle, 
and the expression of DNA damage-related proteins in vivo. As shown in Figure 4E–J, following treatment with 
B-PDA@Danu, the expression of Bax, p53, and γ-H2A.X was significantly upregulated, while the expression of Bcl2 
and cyclin B1 was significantly downregulated. These findings suggest that B-PDA@Danu may induce DNA damage, 
affect the cell cycle, and ultimately lead to tumor cell apoptosis. These results collectively demonstrate that 
B-PDA@Danu can significantly inhibit tumor growth without causing weight loss in mice. Its mechanism of action 
may involve cell cycle arrest, DNA damage, and apoptotic pathways, highlighting the tremendous potential of 
B-PDA@Danu in the treatment of NSCLC.

Safety Evaluation of B-PDA@Danu
To further assess the safety of B-PDA@Danu for in vivo applications, we evaluated its blood compatibility and its effects 
on major organs and tissues in mice. The results in Figure 5A and B demonstrate that at various concentration gradients 
(0, 50, 100, 200, 400, and 800 μg/mL), the hemolysis rate of B-PDA@Danu was less than 3%, indicating good blood 
compatibility. HE staining results of the heart, liver, spleen, and kidneys in the Sal group and B-PDA@Danu group 
showed well-arranged cells with homogeneous cytoplasm, and normal histopathological evaluations (Figure 5C). 
Additionally, there were no significant differences in blood, liver, kidney, and cardiac-related parameters (RBC, WBC, 
PLT, HGB, ALT, AST, CK, and LDH) between the B-PDA@Danu group and the Sal group, indicating low blood, liver, 
kidney, and cardiac toxicity of B-PDA@Danu (Figure 5D–K). These data collectively demonstrate that B-PDA@Danu 
exhibits good biocompatibility and safety.

Distribution of B-PDA@Danu in Mice
To investigate whether B-PDA@Danu can effectively target and accumulate at the site of carcinogenesis, we established 
a mouse lung in situ cancer model and used IR780 fluorescent dye instead of Danu to study the in vivo distribution of the 
drug after intravenous administration (Figure 6A). Live imaging of mice revealed that at 24 hours, the pulmonary 
fluorescence in the IR780 group was very weak, while the B-PDA@IR780 group still exhibited a strong fluorescence 
signal, indicating the strong tumor site retention effect of B-PDA@IR780 (Figure 6B). Mice were dissected at 24 hours 
post-injection, and heart, liver, spleen, lung, and kidney tissues were collected to observe the distribution of IR780 in 
each tissue. The results showed that at 24 hours, the lung tissue in the B-PDA@IR780 group still exhibited a strong 
fluorescence signal (Figure 6C).
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Figure 4 Effects of B-PDA@Danu on subcutaneous xenograft tumors in mice. (A) Mouse body weight changes. (B and C) Changes in tumor volume in mice. (D) Mouse 
tumor HE staining. (E–J) Relative expression levels and quantitative analysis of apoptosis-related proteins, cell cycle-related proteins, and DNA damage-related proteins in 
mouse tumor tissues. *P < 0.05, **P < 0.01 and ***P < 0.001 vs Control, #P < 0.05 and ###P < 0.001 vs Danu.
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Figure 5 Safety Evaluation of B-PDA@Danu. (A and B) Hemolysis analysis. (C) HE staining of mouse heart, liver, spleen, and kidneys. (D–K) Relative levels of serum RBC, 
WBC, PLT, HGB, ALT, AST, CK, and LDH in each group of mice.
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Figure 6 Distribution of B-PDA@Danu in vivo. (A) Schematic diagram and representative images of the lung in situ tumor model. (B) In vivo imaging of mice at 1, 2, 4, 8, 12, 
and 24 hours post-dosing. (C) Tissue distribution imaging at 24 hours post-dosing.
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Effects of B-PDA@Danu on Mouse Lung in Situ Transplant Tumors
In the mouse lung cancer in situ model, we further investigated the effects of B-PDA@Danu on NSCLC. During the 
treatment period, mice in the Sal and B-PDA groups showed a decreasing trend in body weight and poor overall 
condition, while mice in the Danu group maintained relatively stable body weight initially but started to decrease later 
on. In contrast, mice in the B-PDA@Danu group maintained relatively stable body weight throughout the treatment 
(Figure 7A). After the treatment concluded, the lung tissues of mice in each group were weighed. The lung weight of the 
B-PDA@Danu group was significantly lower than that of the Sal group, with no significant difference compared to the 
Sham group (Figure 7B). This to some extent may reflect a decrease in tumor density in the lung tissues of mice in the 
B-PDA@Danu group. Histological examination of lung tissues using HE staining revealed that after treatment with 

Figure 7 The effects of B-PDA@Danu on mouse lung orthotopic transplantation tumors. (A) Changes in body weight of mice during treatment. (B) Lung tissue weights of 
mice in each group. (C) HE staining of lung tissues from mice in each group (100× magnification). (D) External appearance of lung tissues (The red circle marks the tumor). 
*P < 0.05 and ***P < 0.001 vs Sham.
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B-PDA@Danu, the area occupied by tumors in the lung tissues (dark regions) decreased (Figure 7C). Following the 
treatment, the appearance of lung tissues is shown in Figure 7D. Both the Sal and B-PDA groups exhibited large tumor 
masses in the lung tissues, while the lung tumors in the Danu and B-PDA@Danu groups showed varying degrees of 
shrinkage, with the tumors in the B-PDA@Danu group demonstrating the most significant size reduction.

Discussion
The research application of nanotechnology in the medical field provides NSCLC patients with the opportunity to receive 
more effective treatments. Nanoparticles, not only as a special form of nanomaterial, dominate the field of nanomedicine 
applications, but also represent a current research hotspot in NSCLC therapy. The Aurora-A inhibitor Danu has shown 
significant potential in previous studies for its anti-tumor effects. However, due to issues such as targeting efficiency, its 
clinical application remains limited.8,24,25 Therefore, in this study, B-PDA@Danu nanoparticles with a precise targeting 
effect were prepared for delivering Danu. These nanoparticles can effectively target and accumulate at the tumor site, 
leading to tumor shrinkage.

Over the past two decades, due to its strong ability to enter different cell types, the convenience of surface 
modification with other biomolecules, and good biocompatibility, PDA has been used as a classic drug-loaded nano-
particle for drug delivery to disease sites.15,26–28 Additionally, PDA has a high surface area, which allows for effective 
drug adsorption and encapsulation. In this study, the encapsulation efficiency of the synthesized B-PDA@Danu 
nanoparticles was (90.50±2.31) %, with a drug loading capacity of (8.30±0.19) %. However, using PDA alone as 
a carrier cannot avoid the non-selective distribution of drugs, leading to systemic toxicity. Sialic acid is overexpressed on 
the cell membrane of tumor cells and is associated with metastasis, progression, and resistance to chemotherapy, serving 
as a tumor marker.18,29 Recent studies have shown that BPA can specifically interact with sialic acid residues on the 
surface of cancer cells.30 Introducing BPA into drug delivery systems can enhance drug accumulation and penetration at 
tumor sites, facilitating drug uptake by tumor cells.31,32 Therefore, in this study, BPA was used to modify the surface of 
PDA, as evidenced by the characteristic δB-N infrared absorption band at 1380 cm−1, confirming the successful 
synthesis of B-PDA.

The surface charge of nanoparticles plays a pivotal role in cellular uptake and biodistribution. Our synthesized 
B-PDA@Danu exhibited a highly negative zeta potential of −31.5 ± 0.41 mV, which may significantly influence their 
biological behavior. Studies have suggested that moderate negative charges could enhance receptor-mediated endocytosis 
in cancer cells overexpressing sialic acid.33 This aligns with our findings of significantly improved cellular uptake of 
B-PDA@Danu compared to free Danu. Furthermore, the negative surface charge may contribute to prolonged circulation 
time by minimizing opsonization and macrophage clearance, thereby enhancing tumor accumulation. More notably, this 
surface feature may facilitate cellular internalization via enhanced electrostatic interactions with positively charged 
domains of cancer cell membranes.34 Previous research has shown that by encapsulating drugs using nanotechnology, it 
is possible to reduce the toxic side effects of drugs on other organs, improve the bioavailability of drugs in tumor cells, 
achieve drug sustained release, reduce dosing frequency and amount;35,36 and increase drug retention time at tumor sites, 
enhancing drug uptake by tumor cells.17 As demonstrated in our biosafety assays, the low hemolysis rate and the absence 
of histological toxicity in major organs suggest that the negative surface charge contributes not only to improved uptake 
but also to an excellent safety and immunogenicity profile in vivo. This electrostatic profile may be particularly 
advantageous in minimizing off-target effects and systemic toxicity, thus enhancing the therapeutic index of the 
nanomedicine.

Research has indicated that Aurora-A can promote tumorigenesis and development through various mechanisms, 
including facilitating cell cycle progression, activating cell survival signals, and anti-apoptotic pathways.6,37,38 Aurora-A 
is found to be overexpressed in various cancers, including NSCLC, making it a potential target for cancer therapy.5–7,39 

A small molecule Aurora-A inhibitor, Danu, has been identified to exhibit significant inhibitory effects on the Aurora-A 
family and is being investigated in clinical trials as a promising candidate for cancer treatment.8,40 In this study, Danu 
was shown to inhibit the viability of A549 cells in vitro, induce apoptosis in A549 cells, inhibit tumor growth in vivo, 
induce damage to tumor tissues, and lead to tumor shrinkage. The use of B-PDA for delivering Danu further enhanced its 
anti-tumor effects and demonstrated good biocompatibility.
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More importantly, our findings revealed that B-PDA@Danu significantly induced G2/M phase cell cycle arrest in 
A549 cells. This arrest plays a pivotal role in anti-cancer therapy as it halts cells at a critical checkpoint before 
mitotic division, effectively blocking the proliferation of rapidly dividing tumor cells.41 Prolonged arrest at this 
phase often triggers intrinsic apoptotic pathways, further reinforcing the cytotoxicity of the therapeutic agent. The 
suppression of Cyclin B1 expression observed in our study confirms the interruption of mitotic progression, while 
the concomitant upregulation of p53 and γ-H2A.X indicates substantial genotoxic stress. p53, a guardian of the 
genome, orchestrates DNA damage response and either promotes cell cycle arrest for repair or initiates apoptosis 
upon irreparable damage. The persistent upregulation of these markers upon B-PDA@Danu treatment not only 
reflects effective DNA damage but also suggests the potential for long-term therapeutic suppression of tumor 
recurrence. These results collectively demonstrate that B-PDA@Danu can significantly inhibit tumor growth without 
causing weight loss in mice, and that the mechanism of action may involve cell cycle arrest, DNA damage, and 
apoptotic pathways.

Conclusion
In this study, we developed a novel nano-drug delivery system, B-PDA@Danu, by employing BPA-modified PDA 
nanoparticles for the targeted delivery of the Danu in the treatment of NSCLC. The B-PDA@Danu nanoparticles 
exhibited high drug encapsulation efficiency and selective tumor-targeting ability. In vitro, B-PDA@Danu significantly 
enhanced cellular drug uptake, induced G2/M phase arrest, upregulated p53 and γ-H2A.X, and downregulated Cyclin B1, 
ultimately leading to apoptosis in A549 cells. In vivo, B-PDA@Danu demonstrated superior tumor accumulation, 
prolonged intratumoral drug retention, effective tumor growth inhibition, and favorable biocompatibility compared 
with free Danu. Collectively, these results highlight the potent therapeutic potential of B-PDA@Dan as a targeted and 
efficient delivery platform for NSCLC treatment.
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