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Abstract: Optimizing the delivery and penetration of nano-sized drugs within liver cancer sites, along
with remodeling the tumor microenvironment, is crucial for enhancing the efficacy of chemothera-
peutic agents. For this study, a platelet (PLT)-mediated nanodrug delivery system (DASA+ATO@PLT)
was developed to improve the effectiveness of chemotherapy. This system delivers nano-sized dasa-
tinib and atovaquone specifically to liver tumor sites and facilitates intra-tumoral permeation upon
release. Through JC-1, immunohistochemistry, and DNA damage analyses, the therapeutic effect
of DASA+ATO@PLT was assessed. In vitro simulation and intravital imaging were carried out to
determine the accumulation of dasatinib and atovaquone in liver tumor sites. The experiment demon-
strated the accumulation of dasatinib and atovaquone in tumor sites, followed by deep permeation in
the tumor microenvironment with the assistance of PLTs, while simultaneously revealing the ability of
DASA+ATO@PLT to remodel the liver cancer microenvironment (overcoming hypoxia) and enhance
chemotherapeutic efficacy. This system utilizes the natural tumor recognition ability of PLTs and
enhances the chemo-immunotherapeutic effect through targeted delivery of nano-chemotherapeutic
drugs to the tumor, resulting in effective accumulation and infiltration. The PLT-mediated nanodrug
delivery system serves as a “Trojan horse” to carry therapeutic drugs as cargo and deliver them to
target cells, leading to favorable outcomes.

Keywords: chemotherapy; tumor-targeted; accumulation; platelets; liver cancer

1. Introduction

Liver cancer presents a significant threat to human health, due to its aggressive nature,
rapid proliferation, and high incidence. Globally, it is the third most common cause of
cancer-related death, claiming approximately 400,000 lives annually in China alone [1–4].
Chemotherapy is widely recognized as one of the most effective therapeutic approaches
for cancer [5,6]; however, liver cancer is often diagnosed at advanced stages, characterized
by a hostile tumor microenvironment with insufficient oxygen, inadequate blood flow,
and limited nutrient availability [7,8]. This results in resistance to chemotherapy and
reduces the efficacy of treatment. Moreover, most liver cancer patients experience impaired
liver function, exacerbating the toxic adverse effects of chemotherapy. Addressing these
challenges effectively requires enhancing drug accumulation and penetration at liver cancer
sites, as well as remodeling of the tumor microenvironment.
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The application of nano-chemotherapeutic drugs has demonstrated potential in improv-
ing drug penetration within tumor cells and inhibiting the growth of solid tumors [9–11].
However, the clinical implementation of nanomedicine in liver cancer treatment presents
challenges. For instance, dasatinib (DASA), a third-generation tyrosine kinase inhibitor, has
been demonstrated to have limited efficacy in clinical applications, even in its nano-sized
formulation. Its low response rates, high resistance rates, and poor tolerability render it a
less-viable option for the treatment of hepatocellular carcinoma [12–14]. Furthermore, its
significant side effects and the common occurrence of liver function impairment among
liver cancer patients pose obstacles to its application [15]. Consequently, researchers have
shifted their focus towards enhancing the tumor microenvironment. Through hindering
electron transfer in the coenzyme Q of the cell respiratory chain, they aim to decrease
cellular respiration through inhibiting the synthesis of mitochondrial respiratory chain
complexes I and III [16,17]. This process restricts cellular oxidative phosphorylation, ulti-
mately enhancing the effectiveness of photodynamic therapy [18,19]. However, achieving
the desired therapeutic effects via direct intravenous injection or oral administration of ato-
vaquone (ATO) is challenging. In this context, utilizing targeted drug delivery mechanisms
and increasing the local drug concentration can significantly enhance the efficacy of the
drug [20,21].

The Trojan Horse drug delivery strategy utilizes carrier systems, such as nanoparticles
or liposomes, to clandestinely transport drug molecules to specific targets, ultimately
enhancing the efficacy of the drug while minimizing potential side effects [22,23]. This
strategy aims to enhance drug bioavailability, target specificity, and therapeutic outcomes in
various medical applications, including cancer treatment and the management of infectious
diseases. Among Trojan Horse drug delivery strategies, as platelets (PLTs) possess the
ability to evade phagocytosis by the endothelial system, prolong the drug’s presence in the
bloodstream, and successfully target tumor sites by traversing biological barriers, they have
been proven to be particularly effective carriers [24,25]. These inherent characteristics of
PLTs have been harnessed to facilitate efficient and targeted drug delivery [26]. For instance,
Hu et al. effectively employed platelet membranes to encapsulate polymeric nanoparticles,
resulting in the targeted delivery of tumor necrosis factor and an anticancer drug [27].
This approach demonstrated a reduction in blood clearance, enhanced tumor-targeting
efficiency, and inhibition of distant metastasis of cancer cells. PLTs used as carriers to
develop a tumor-targeted drug delivery system have also been reported by Xia et al. [28].
This system alleviates tumor hypoxia through oxygenation, thereby enabling low-dose
radiation therapy for cancer treatment.

Building upon the aforementioned Trojan Horse strategy, this study suggests em-
ploying PLTs as potent nanodrug carriers, with DASA serving as the representative drug,
while additionally incorporating ATO as a chemosensitizer to augment the effectiveness
of liver cancer therapy (Scheme 1). This approach was developed with the aim of estab-
lishing a novel PLT-powered nanodrug delivery system through encapsulating DASA
and ATO within PLTs—designated as DASA+ATO@PLT (Scheme 1A)—thus mitigating
the adverse toxic effects associated with chemotherapeutic drugs. Additionally, specific
targeting of tumor behavior was achieved through the interaction between P-selectin and
PLT surfaces, facilitating the effective delivery of drugs to liver tumor sites (Scheme 1B).
The subsequent release of ATO promptly inhibited tumor cell respiration, thereby im-
proving the liver cancer microenvironment. Consequently, this approach enhanced the
effectiveness of chemotherapy and achieved the desired objectives of tumor treatment
(Scheme 1C). Focusing on restructuring the tumor microenvironment to enhance the effi-
cacy of chemotherapy, our findings represent a novel method for augmenting the antitumor
effect of chemotherapy drugs.
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Scheme 1. Schematic representation of the Trojan Horse strategy using DASA+ATO@PLT for liver 
cancer: (A) illustration of DASA+ATO@PLT; (B) DASA+ATO@PLTs recognizing tumor cells via P-
selectin, leading to the targeted release of nano-DASA and ATO at the liver tumor site; and (C) the 
DASA+ATO@PLT system enhanced the effectiveness of chemotherapy and improved its efficacy 
mechanism. 

2. Materials and Methods 
2.1. Materials and Animals 

Atovaquone (ATO, 1.35 g/cm3), DASA (MW ≈ 488), Prostaglandin E1 (PGE1) (MW ≈ 
354.48), and adenosine diphosphate (ADP) (MW ≈ 427.2) were obtained from Bomei Bio-
technology (Hefei, China). Dimethyl sulfoxide and dimethylformamide were purchased 
from J&K Scientific (Beijing, China). CCK8 solution, JC-1 kit, AM-PI, DAPI, Cy5.5, DAB, 
and other staining solutions were all obtained from Beyotime (Shanghai, China). HRP an-
tibody, γ-H2AX antibody, Alexa Fluor 594-labeled goat anti-rabbit antibody, tumor ne-
crosis factor-alpha (TNF-α), and interleukin-6 (IL-6) antibody were obtained from Boao 
Biological (Beijing, China). Further, the 7721 liver cancer cell line and HUVEC cell line 
were both purchased from Binglemon Biotechnology (Zhengzhou, China). The cells were 
at passage number 3 and used up to passage number 9. 

Sprague Dawley (SD) rats (275–300 g) and BALB/c mice (15–20 g) were purchased 
from the Experimental Animal Center of Nantong University, China, and used under pro-
tocols approved by the aforementioned center for in vivo antitumor studies. Animals were 
housed at a controlled temperature of 20–22 °C, relative humidity of 40–70%, and 12 h/12 
h light/dark cycles, and fed with standard laboratory chow and tap water ad libitum. All 
animal experiments were conducted in accordance with relevant ethical regulations and 
institutional guidelines provided by the Division of Comparative Medicine at Nantong 
University. 

The experimental procedures were approved by the Animal Research Committee of 
Nantong University (approval number: 20220922-329). They adhered to the European Par-
liament Directive 2010/63/EU on animal welfare and the guidelines set forth by the Divi-
sion of Comparative Medicine of Nantong University (S202307061-023). All procedures 
were conducted in compliance with local regulations. Written informed consent was ob-
tained from the animal owners for their participation in the study. Live animal imaging 
was performed under anesthesia (2% isoflurane in oxygen, using the XGI-8 XENOGEN 
Gas Anesthesia System, Longmed group Co., Ltd., Suphanburi, Thailand), according to 
the manufacturer�s instructions. In other studies, subcutaneous injections and tail vein in-
jections were the only invasive procedures, which were considered less painful and, 

Scheme 1. Schematic representation of the Trojan Horse strategy using DASA+ATO@PLT for liver
cancer: (A) illustration of DASA+ATO@PLT; (B) DASA+ATO@PLTs recognizing tumor cells via
P-selectin, leading to the targeted release of nano-DASA and ATO at the liver tumor site; and
(C) the DASA+ATO@PLT system enhanced the effectiveness of chemotherapy and improved its
efficacy mechanism.

2. Materials and Methods
2.1. Materials and Animals

Atovaquone (ATO, 1.35 g/cm3), DASA (MW ≈ 488), Prostaglandin E1 (PGE1)
(MW ≈ 354.48), and adenosine diphosphate (ADP) (MW ≈ 427.2) were obtained from
Bomei Biotechnology (Hefei, China). Dimethyl sulfoxide and dimethylformamide were
purchased from J&K Scientific (Beijing, China). CCK8 solution, JC-1 kit, AM-PI, DAPI,
Cy5.5, DAB, and other staining solutions were all obtained from Beyotime (Shanghai,
China). HRP antibody, γ-H2AX antibody, Alexa Fluor 594-labeled goat anti-rabbit antibody,
tumor necrosis factor-alpha (TNF-α), and interleukin-6 (IL-6) antibody were obtained from
Boao Biological (Beijing, China). Further, the 7721 liver cancer cell line and HUVEC cell
line were both purchased from Binglemon Biotechnology (Zhengzhou, China). The cells
were at passage number 3 and used up to passage number 9.

Sprague Dawley (SD) rats (275–300 g) and BALB/c mice (15–20 g) were purchased
from the Experimental Animal Center of Nantong University, China, and used under
protocols approved by the aforementioned center for in vivo antitumor studies. Animals
were housed at a controlled temperature of 20–22 ◦C, relative humidity of 40–70%, and
12 h/12 h light/dark cycles, and fed with standard laboratory chow and tap water ad
libitum. All animal experiments were conducted in accordance with relevant ethical
regulations and institutional guidelines provided by the Division of Comparative Medicine
at Nantong University.

The experimental procedures were approved by the Animal Research Committee of
Nantong University (approval number: 20220922-329). They adhered to the European
Parliament Directive 2010/63/EU on animal welfare and the guidelines set forth by the
Division of Comparative Medicine of Nantong University (S202307061-023). All procedures
were conducted in compliance with local regulations. Written informed consent was
obtained from the animal owners for their participation in the study. Live animal imaging
was performed under anesthesia (2% isoflurane in oxygen, using the XGI-8 XENOGEN
Gas Anesthesia System, Longmed group Co., Ltd., Suphanburi, Thailand), according to
the manufacturer’s instructions. In other studies, subcutaneous injections and tail vein
injections were the only invasive procedures, which were considered less painful and,
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therefore, did not require anesthesia. At the conclusion of the experiments, mice were
euthanized via 100% CO2 anesthesia.

2.2. Preparation of DASA+ATO@PLT

PLTs were prepared through heart blood sampling of SD rats under anesthesia. The
blood was centrifuged at 200 g/min for 10 min and the supernatant was collected. The
same procedure was repeated until the supernatant was clear of blood. Subsequently, PGE1
was added, followed by centrifugation at 1800 g/min for 20 min. The extracted PLTs were
then dispersed in PBS and stored at room temperature.

Next, 75 mg of ATO was measured and dissolved in 1 mL of dimethyl sulfoxide to
prepare the ATO solution. Then, 75 mg of DASA was dissolved in 1 mL of dimethylfor-
mamide to prepare the DASA solution [29,30]. The ATO solution, DASA solution, and PLTs
were mixed in a 1:1:8 (v/v/v) ratio. The mixture was stirred for 5 min and sonicated under
100 W power for 10 min to prepare the DASA+ATO@PLT solution. DASA+ATO@PLT was
then centrifuged at 1800 g/min for a further 5 min to remove the residue, and allowed to
stand at room temperature.

2.3. Characterization of DASA+ATO@PLT

Next, 1 mL of 0.2 mg of the generated particles was suspended in 0.1 M sodium
phosphate buffer (pH 7.0). Zeta cells were pre-equilibrated at 21 ◦C with the buffer.
Three independent measurements were recorded for each of 12 runs from every batch.
The generated data were fitted using the Smoluchowski approximation assuming Henry’s
function f(Ka) of 1.5 [31]. To determine the particle size and Zeta potential of DASA solution,
ATO solution, PLTs, and DASA+ATO@PLTs, they were each dispersed in a Zetasizer Nano
ZS (Malvern, Worcestershire, UK). Particle size measurements were conducted using
dynamic light scattering (DLS). The particle size in the DASA+ATO@PLT suspension was
re-measured within 48 h to evaluate its stability.

The encapsulation rate was the total quality of DASA+ATO@PLTs after centrifuging
the DASA+ATO@PLT mixture and absorbing the supernatant. The formula for calculat-
ing the encapsulation efficiency was the quality of packed DASA+ATO/total quality of
DASA+ATO@PLTs × 100%. Drug loading efficiency (%) was calculated as (quality of
loaded DASA+ATO/quality of added DASA+ATO) × 100%.

Following activation by ADP, DASA+ATO@PLTs were centrifuged at 1800× g for
10 min. The supernatant was collected to determine the peak UV absorption. The ab-
sorbance of DASA was measured at 325 nm using a Varian Cary 5000 UV-Vis-NIR spec-
trophotometer (Varian, California, USA). The release rate of DASA+ATO@PLTs was calcu-
lated as Release rate (%) = Da/(Da + Db) × 100%, where Da is the absorbance of DASA
in the supernatant and Db is the absorbance of DASA in the precipitate. The precipitate
was pre-treated with deionized water to cause the platelet microcarriers to rupture, thus
releasing DASA. The mixture was centrifuged, DASA was collected, and the DASA con-
centration was measured at 325 nm. The absorbance of the ATO solution was detected
at 241 nm. The morphological characteristics of DASA+ATO@PLT and its activated and
released drugs were determined through scanning electron microscopy (JSM-6510, Tokyo,
Japan). Active DASA+ATO@PLT treatments were performed as follows: after 10 µM of
ADP was added, the DASA+ATO@PLTs were incubated at 37 ◦C. Samples were collected
before ADP addition, as well as at 10 min and 2 h after ADP addition. The collected samples
were treated with 2.5% (v/v) glutaraldehyde in PBS (0.1 M, pH 7.4) at 4 ◦C for 3 h. After
the samples were washed with distilled water at room temperature and sprayed with gold,
SEM images were obtained.

The biocompatibility of DASA+ATO@PLT was assessed via CCK8 assay. The vascular
epithelial cells (HUVECs) were cultured at 37 ◦C with 5% CO2, and divided into four groups:
phosphate-buffered saline (PBS), DASA, DASA+ATO, and DASA+ATO@PLT. Subsequently,
100 µL of the corresponding solution was added in each group and incubated for 24 h. After
incubation, the culture medium was discarded and 10 µL of CCK8 solution (10 mg/mL)
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and 190 µL of cell culture medium were added to each well. Cells were incubated in the
dark for 2 h and the absorbance was then measured at 450 nm using a spectrophotometer
to calculate cell inhibition.

2.4. Western Blot Analysis (WB)

WB was performed using conventional WB procedures. CD62p proteins were ex-
tracted from PLTs, DASA+ATO@PLT, and activated DASA+ATO@PLT with ADP (molecu-
lar weight: 110 kDa) through Western blotting, with β-actin (molecular weight: 42 kDa)
used as an internal reference protein (standard). The dilution ratio of CD62p was 1:1000,
and that of β-actin was also 1:1000. The secondary antibody was mouse HRP (rabbit anti-
mouse IgG, H&L), which was used at a dilution of 1:4000. A total of 60 µL of the resultant
buffered solution was used for sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) on a 10% SDS-PAGE gel at 100 V. The proteins were then transferred using
a semi-dry transfer method to a polyvinylidene difluoride (PVDF) membrane, followed
by bathing in 5% skimmed milk (20 mL) for 2 h. Key platelet membrane proteins were
identified using a CD62p antibody. The membranes were stored overnight at 4 ◦C and
then washed with 50 mL of PBS containing 0.05% v/v Tween 20 before the addition of
rabbit anti-mouse HRP-conjugated secondary antibodies and incubation for another 2 h
at room temperature. The membranes were combined with 1 mL of the ECL luminescent
reagent followed by scanning (Epson Perfection V370 Photo, Seiko Epson Corporation,
Suwo, Japan) and imaging using the ImageJ software (National Institutes of Health, ImageJ
V1.8.0, Bethesda, MD, USA) in order to quantify the amount of proteins present.

2.5. Changes in Mitochondrial Membrane Potential

Log-phase 7721 liver cancer cells were collected and seeded in 6-well plates at
6 × 105 cells per well, followed by incubation for 24 h in a 5% carbon dioxide incuba-
tor at 37 ◦C. Subsequently, the cells were treated with 200 µL of PBS, DASA, DASA+ATO,
or DA-SA+ATO@PLT for 48 h. After treatment, the cells were washed with PBS, followed
by the addition of 500 µL of culture medium and 500 µL of the JC-1 staining working
solution (5×). The mixture was thoroughly mixed and incubated for 20 min. Cells were
washed with pre-cooled JC-1 wash solution (1×) twice before adding 2 mL of cell culture
medium. The fluorescence of the JC-1 monomer (green) and the aggregated one (red) was
measured using confocal laser scanning microscopy (FV 3000, Olympus, Center Valley, PA,
USA) with excitation/emission settings at 514 nm/585 nm.

The average fluorescence intensity allows for semi-quantitative analysis of specific
protein expression. It yields a single-channel (monochrome) fluorescence image, where
the gray value of each pixel represents the fluorescence intensity at that point. ImageJ was
used to detect the average fluorescence intensity: Mean gray value (Mean) = Integrated
Density (IntDen)/The Area (Area).

2.6. Cell Apoptosis Assay

Log-phase 7721 liver cancer cells were counted and plated in a 6-well plate at
6 × 105 cells per well, followed by incubation for 24 h in a 5% carbon dioxide incuba-
tor at 37 ◦C. The cells were then treated with 200 µL of PBS, DASA, DASA+ATO, or
DASA+ATO@PLT for another 24 h. After two washes with PBS, 5 µL of 4 mM Calcein-AM
solution and 5 µL of 16 mM PI solution were added to each well. The wells were incubated
at room temperature for 30 min, washed twice with PBS, and observed under a fluorescence
microscope (495 nm/530 nm) for photography. The Calcein AM stain exhibited green fluo-
rescence, suggesting that the cells remained viable and non-toxic. Conversely, propidium
iodide (PI) staining revealed red fluorescence, indicating that the drug combination was
capable of inducing apoptosis.
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2.7. DNA Damage Assessment

DNA damage in cells was assessed using phosphorylated histone γ-H2AX. The 7721
liver cancer cells were plated in a 24-well plate at 1 × 105 cells per well, followed by
incubation for 24 h in a 5% carbon dioxide incubator at 37 ◦C. The cells were then treated
with 200 µL of PBS, DASA, DASA+ATO, or DASA+ATO@PLT, and further incubated for
24 h. Following fixation with paraformaldehyde and washing with PBS, the cells were
incubated with Triton-X 100 at room temperature for 15 min and then blocked with goat
serum. After another wash with PBS, a phosphorylated histone γ-H2AX rabbit polyclonal
antibody (1:500) was added, and the mixture was incubated overnight at 4 ◦C. This was
followed by washing again, then an Alexa Fluor 594-labeled goat anti-rabbit secondary
antibody was added and the solution was incubated in the dark at room temperature for
2 h. The cells were again washed with PBS, stained with DAPI, and sealed with an anti-fade
mounting medium. The formation of γ-H2AX foci was then observed under a fluorescence
microscope (594 nm).

2.8. Establishment of the Model

When the 7721 liver cancer cells reached 90% confluence, they were harvested and
adjusted to a concentration of 3 × 107 cells/mL. Subcutaneous injections of 100 µL of the
cell suspension were administered into the upper right thigh of male BALB/c mice. The
model was deemed successfully established when the solid tumor size reached 100 mm3.

2.9. In Vivo Imaging

Biodistributions of the samples were monitored using the IVIS Lumina III in vivo
imaging system (Perkin Elmer, Waltham, MA, USA). Before injection, the fluorescent dye
Cy5.5 was activated with EDC and NHS. Then, nano-DASA+ATO was labeled with Cy5.5
at a concentration of 1 mg/mL. Tumor-bearing mice were intravenously injected with
100 µL of Cy5.5-labeled DASA+ATO and DASA+ATO@PLT solutions. The distribution and
intensity of fluorescence were monitored 20 min post-injection using an animal imaging
system (stage temperature: 37 ◦C, excitation wavelength: 648 nm, emission wavelength:
662 nm, with a 1 s exposure).

2.10. Evaluation of Therapeutic Efficacy

The 40 mice were randomly allocated into four groups, with 10 mice in each group.
Tail vein injections with 0.1 mL of PBS, DASA, DASA+ATO, or DASA+ATO@PLT were
administered. Injections were administered every 3 d, for a total of four treatments. The
body weights of the mice were recorded, and tumor volumes were measured every morning
at 9 a.m. using calipers. Tumor volume was calculated using the following formula:
V = 0.5 ab2, where ‘a’ represents the longest diameter and ‘b’ represents the shortest
diameter. The survival rates and changes in tumor size were noted. At 4 d post-final
injection, the mice were euthanized, and the tumor and the major organs such as the heart,
liver, spleen, lungs, and kidneys were harvested for examination. Hematoxylin and eosin
(H&E) staining was performed on the collected tissues.

Paraffin-embedded tissue sections underwent antigen retrieval and blocking with
BSA, and were incubated overnight at 4 ◦C with tumor necrosis factor-alpha (TNF-α) and
interleukin-6 (IL-6) antibodies. Following treatment with a fluorescent secondary antibody,
the sections were stained with DAPI in the dark, washed, and sealed with an anti-fade
mounting medium. Fluorescence imaging was performed under a fluorescence microscope.

2.11. TUNEL Staining

The tumor tissues were paraffin-embedded, sectioned, and washed. Proteinase K
was applied, followed by incubation for 10 min at 37 ◦C. The TUNEL staining solution
was then added, with a further hour of incubation at 37 ◦C. After rinsing, DAB was
applied for a 10 min reaction in the dark, followed by hematoxylin staining for 5 min.
The sections were differentiated in hydrochloric acid–methanol for 5 s, dehydrated in a



Pharmaceutics 2024, 16, 905 7 of 19

graded series of alcohol, and sealed. Tumor cell apoptosis was observed and imaged under
an optical microscope. Biotin-labeled dUTP binds to the 3′-OH terminal of broken DNA
under the action of deoxyribonucleotide terminal transferase, then binds specifically to
streptavidin of horseradish catalase and produces a strong color response in the presence
of diaminobenidine, the substrate of horseradish catalase. Dark brown particles are DNA
of apoptotic cells.

2.12. Inflammatory Reaction Test

After subcutaneous injections of PBS, DASA, DASA+ATO, or DASA+ATO@PLT were
administered, blood was drawn every 5 days. Blood examinations revealed that the
total number of white blood cells (WBCs), neutrophils (NEs), lymphocytes (LYs), and
monocytes (MOs) remained within the normal range after DASA+ATO@PLT treatment.
During the treatment, liver function indices such as alkaline phosphatase (ALP), alanine
aminotransferase (ALT), and aspartate aminotransferase (AST), as well as renal function
indices such as blood urea nitrogen (BUN), were also assessed. The HEMAVET 950FS
Hematology System Analyzer was used for hematological assays. Biochemical analyses
were performed using an automated biochemical analyzer (Trilogy, Eaubonne, France).

2.13. Statistical Analysis

All values were averaged and are expressed as mean ± standard error of the mean.
Multiple group comparisons were evaluated through ANOVA, whereas t-tests were used
to evaluate the significance between two groups. A value of p < 0.05 was considered
statistically significant.

3. Results
3.1. Construction and Characterization of DASA+ATO@PLT

A PLT-based nanodrug delivery system was constructed with the aim of treating liver
cancer, called DASA+ATO@PLT, which is shown in Figure 1. The DASA and ATO particles
were approximately 100 nm in size, as illustrated in Figure 1A. In contrast, the PLT carriers
had a diameter of 850 ± 60 nm, which was sufficient to facilitate encapsulation of the DASA
and ATO. After encapsulation, the particle size of DASA+ATO@PLT was 615 ± 84 nm. The
change in particle size distribution indicated that the PLT drug carrier did not break during
the drug loading process, and remained in a resting state after drug loading [32]. Based on
the results shown in Figure 1B, the surface potential of DASA+ATO@PLT differed from
the positive charge of DASA and ATO, displaying a negative potential akin to PLTs. To
enhance the drug loading capacity of PLTs, PEG1 was employed to suppress PLT activation
during drug loading. PEG1 inhibits the aggregation of PLTs by binding to the PLT surface
glycoprotein Ib (GPIb) and preventing it from interacting with the von Willebrand factor
(VWF), which is essential for PLT aggregation. Activated PLTs would aggregate and release
their contents, which directly leads to changes in their morphology and particle size. There-
fore, the changes in morphology and particle size during loading of PLTs with DASA and
ATO were investigated in this study, in order to evaluate the effect of PEG1 on maintaining
the resting state of PLTs [33,34]. The surface morphology of DASA+ATO@PLT is presented
in Figure 1C, wherein the DASA+ATO@PLT morphology closely resembles that of resting
PLTs with a diameter of approximately 650 nm, corroborating the findings of the particle
size analysis. UV spectrum results (Figure 1D) revealed significant absorption peaks at
241 nm and 325 nm, corresponding to ATO (241 nm) and DASA (325 nm), respectively. The
presence of these absorption peaks in DASA+ATO@PLT confirmed the successful encap-
sulation of DASA and ATO within the PLTs. To minimize drug costs, the optimal loading
conditions were investigated. We found that the loading content was associated with the
amount of DASA (Figure S1). When the DASA concentration increased to 7.5 mg/mL,
the drug loading of DASA+ATO@PLTs attained the best economic benefits. The loading
efficiency of DASA in DASA+ATO@PLTs reached 38.7 ± 2.5%, even when it was negatively
associated with the initial concentration (Figure S2). Thus, in the following experiments,
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this optimized dose (7.5 mg/mL) was adopted to achieve high loading content without com-
promising the DASA loading efficiency. Overall, these findings demonstrate that PLT could
successfully envelop DASA and ATO, completing construction of the DASA+ATO@PLT.
The stability of DASA+ATO@PLT in PBS was assessed, focusing on particle size variation
as a key indicator of stability. As shown in Figure 1E, DASA+ATO@PLT maintained a
stable particle size (660 ± 23 nm) over 48 h, indicating the formulation’s favorable in vitro
storage properties. In addition, we sought to improve the biocompatibility of DASA and
ATO after encapsulation in PLT. The in vitro cytotoxicity assessment of DASA+ATO@PLT
(Figure 1F) indicated that the normal HEK cell inhibition rate was significantly reduced
after inclusion of nano-DASA and ATO in PLT, indicating the enhanced biocompatibility of
DASA+ATO@PLT.
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Figure 1. Characterization of PLT-based nanodrug delivery system (DASA+ATO@PLT): (A) size
distribution of DASA, ATO, PLTs, and DASA+ATO@PLT; (B) Zeta potential of DASA, ATO, PLTs, and
DASA+ATO@PLT; (C) SEM characterization results of resting PLTs and DASA+ATO@PLT; (D) UV-vis
spectra of DASA, ATO, and DASA+ATO@PLT; (E) stability of DASA+ATO@PLT in PBS in vitro; and
(F) cell inhibition rate results of DASA+ATO@PLT. ** p < 0.01.
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3.2. Liver Tumor—Responsive Targeting and Release Behaviors of DASA+ATO@PLT

In this study, DASA+ATO@PLT was designed to activate, aggregate, and release its
contents upon stimulation by tumor-related factors within the tumor vasculature. The
released DASA and ATO present platelet-specific P-selectin on their surfaces, enabling
targeted recognition and delivery to HCC cells within the tumor microenvironment, as
shown in Figure 2A. Based on this, we first investigated the activation of DASA+ATO@PLT.
A key factor for the success of this strategy is the ability of liver cancer cells to activate
DASA+ATO@PLT and trigger drug release. Previous studies have shown that ADP in-
teracts with P2Y1 and P2Y12 receptors on PLT surfaces, initiating a cascade of signal
transduction pathways which, in turn, affect the intracellular and extracellular calcium
levels, protein kinase activities, and integrin ligand-binding functions, thus altering PLT
shape, stability, and granule release [35,36]. Unlike normal cells, malignant tumor cells
could spontaneously form and release ADP, inducing PLT activation and drug release [37].
Therefore, ADP was used in our study to simulate the activation of DASA+ATO@PLT
in vitro, with SEM employed to monitor this process. The SEM results in Figure 2B show
the DASA+ATO@PLT during the activation process after ADP incubation. At the beginning,
PLTs can be observed extending pseudopodia and undergoing morphological changes.
After 2 h, DASA+ATO@PLT was fully activated, gradually releasing the encapsulated
DASA and ATO. The released DASA+ATO@PLT appeared as regular spherical particles
approximately 200 nm in diameter, consistent with particle size analysis results (Figure S3),
showing a diameter of 172 ± 30 nm. P-selectin is an essential component for PLTs to
recognize and adhere to tumor cells [38]. The WB results clearly indicated the presence of
P-selectin (110 kDa) in DASA+ATO@PLT (Figure 2C), revealing that P-selectin was still
on the surface of activating DASA+ATO@PLT. Post-activation, DASA was released from
DASA+ATO@PLT with an initial rapid release, while the final release rate at 10 h was
77.3 ± 3.2%, as shown in Figure 2D. In contrast, DASA+ATO@PLT not activated by ADP
showed a minimal release (release rate ≈ 10%). The release curve of DASA+ATO within
10 h conformed to the linear model with an R2 of 0.99296, indicating zero-order drug release
kinetics (Figure S4). Subsequently, the DASA+ATO release rate gradually decreased.

To further explore the targeted delivery of DASA+ATO@PLT in vivo, Cy5.5-labeled
DASA+ATO@PLTs were employed. Two hours after tail vein injection in tumor-bearing
mice, the DASA+ATO@PLT group exhibited pronounced fluorescence at the tumor site, as
shown in Figure 2E. The fluorescence intensity within the tumor tissue was then analyzed,
as shown in Figure 2F. The fluorescence intensity in DASA+ATO@PLT increased over time,
peaking at 2 h post-administration.

The in vitro cellular experiments and animal studies collectively demonstrated that
DASA+ATO@PLT could effectively target liver cancer tissues, releasing the encapsulated
drugs and enhancing drug concentration within the liver cancer tissues.
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Figure 2. Targeted tumor delivery effects of DASA+ATO@PLT: (A) schematic illustration of tumor
targeting and release process; (B) SEM images of DASA+ATO@PLT during the activation process and
fully activated DASA+ATO@PLT. The red arrows refer to pseudopodia in activated DASA+ATO@PLT;
(C) P-selectin bands (CD62p, 110 kDa) of pristine PLTs and activating DASA+ATO@PLT in Western
blotting. β-actin (42 kDa) was used as the internal reference protein (standard); (D) DASA release
time curve of DASA+ATO@PLT after activation; (E) live imaging at 2 h after administration; and
(F) change curve of fluorescence intensity in live imaging at the tumor site after administration of
DASA+ATO@PLT.

3.3. Remodeling of the Tumor Microenvironment by DASA+ATO@PLT

After targeting liver tumor cells, the ATO particles released from DASA+ATO@PLT.
As a chemotherapy drug sensitizer, ATO can inhibit the electron transfer of respiratory
chain coenzyme Q in liver cancer cells, reduce cell respiration, and inhibit the synthesis of
mitochondrial respiratory chain complex I and complex III, thus inhibiting the oxidative
phosphorylation process of cells, inhibiting the mitochondrial function of liver cancer
cells, and reshaping the tumor microenvironment [16,17]. Then, the changes in the mi-
tochondrial membrane potential in liver tumor cells were studied after treatment with
DASA+ATO@PLT. The fluorescence probe JC-1 was used to detect the changes in mitochon-
drial membrane potential (∆ψm). As shown in Figure 3A, the control group (PBS-treated)
displayed strong red fluorescence, indicative of high mitochondrial membrane potential
(normal condition). In contrast, the liver tumor cells treated with DASA+ATO@PLT ex-
hibited green fluorescence, signaling a lowered mitochondrial membrane potential. This
indicated that DASA+ATO@PLT altered the membrane potential of the tumor cells. The rate
of membrane potential changes in the DASA+ATO@PLT group was significantly different
from that of the control group (p < 0.01), as shown in Figure S5.
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Figure 3. Remodeled tumor microenvironment results of DASA+ATO@PLT: (A) the changes in mito-
chondrial membrane potential in vitro as detected by JC-1. Red: Normal membrane potential; Green:
Mitochondrial membrane potential depolarization; (B) fluorescence expression of pro-inflammatory
cytokines IL-6 in vivo. DAPI: Blue; IL-6: Red; Merge: Blue + Red; (C) statistical analysis of IL-6 expres-
sion levels; (D) fluorescence expression of pro-inflammatory cytokines TNF-α in vivo. DAPI: Blue;
IL-6: Red; Merge: Blue + Red; (E) statistical analysis of TNF-α expression level; and (F) schematic
illustration of ATO suppressing mitochondrial function, inducing elevated levels of IL-6 and TNF-α.
** p < 0.01.

To further validate the efficacy of DASA+ATO@PLT in remodeling the tumor microen-
vironment in vivo, changes in the inflammatory cytokines, such as interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-α), within the tumor were examined. As is well known,
IL-6 can mediate inflammatory responses, whereas TNF-α is central to coordinating inflam-
matory immune responses, reflecting direct changes in the tumor microenvironment [39,40].
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IL-6 and TNF-α were chosen as inflammatory indicators to evaluate the changes in the
tumor microenvironment. As shown in Figure 3B,C, the relative expression rate of IL-6 in
the control group was only 32.5 ± 2.9%, while DASA+ATO@PLT increased the expression
rate of IL-6 to 92.3 ± 1.5%. There was a significant difference between DASA+ATO@PLT
and the control group (p < 0.01). Furthermore, there was a large amount of red fluorescence
(positive) after DASA+ATO@PLT treatment (80.2 ± 5.4%), suggesting that liver tumor cells
secreted substantial amounts of TNF-α, indicating a serious inflammatory response as
compared with the control group (p < 0.01; Figure 3D,E). The expression of TNF-α was
significantly increased (p < 0.01). In contrast, the changes in inflammation were not as
pronounced in the group treated solely with DASA, as ATO can inhibit the synthesis of
mitochondrial respiratory chain complex I and III, resulting in cell respiration, thus leading
to an improved tumor microenvironment and increased levels of inflammatory response
factors, including IL-6 and TNF-α (Figure 3F). A slight improvement was observed in the
DASA+ATO group, possibly as the inhibitory function of ATO was not effective at the
tumor sites. This may be due to most of the drugs having been cleared by macrophages in
the bloodstream or metabolized by the kidneys, thus failing to reach the tumor site directly.
Therefore, the favorable inflammatory responses in the DASA+ATO@PLT group may be
attributed to the excellent targeting ability of PLT.

3.4. Therapeutic Efficacy In Vivo

To validate its therapeutic effect in vivo, the chemotherapeutic impact of DASA+ATO@
PLT was further studied. The drug administration scheme is depicted in Figure 4A.
DASA+ATO@PLT was administered through tail vein injections every 3 d for a total
of four doses. After 45 d, the volume and weight of tumors in the DASA+ATO@PLT-treated
group were significantly suppressed (Figure 4B,C), compared to the control group (p < 0.01).
Additionally, no excessive body weight loss was observed in the DASA+ATO@PLT-treated
group (Figure S6). Tumor growth was slightly suppressed in groups treated solely with
DASA or DASA+ATO, but the tumor volume gradually increased over time.

Furthermore, all mice in the control group (PBS-treated) succumbed to death within
45 d, whereas the survival rate in the DASA+ATO@PLT group reached 90%. Mice treated
solely with DASA or DASA+ATO had survival rates of only 30% and 40%, respectively, as
shown in Figure 4D. The comparatively lower survival rates in the DASA and DASA+ATO
groups may be due to lower drug aggregation in the tumor. In contrast, a higher survival
rate after DASA+ATO@PLT treatment was observed, which may be attributed to the
specific binding of PLTs to tumor cells via the interaction of surface P-selectin with the
hyaluronic acid receptor (CD44) expressed on tumor cells, enabling drugs to target the
damaged areas [41]. This allowed for the efficient adhesion of DASA and ATO to the tumor
cell surface, thus facilitating drug release and penetration, in the DASA+ATO@PLT group.
The cell apoptosis rate in the DASA+ATO@PLT group was noted, while slight increases
were observed in the DASA and DASA+ATO groups (Figure 4E,F). DASA treatment
produces DNA damage through inducing DNA double-strand breaks, which could be
assessed by detecting phosphorylated histone γ-H2AX. As shown in Figure 4G,H, the
DASA+ATO@PLT group displayed abundant red fluorescent dots in the nucleus, with a
mean fluorescence intensity of 89.5 ± 3.6%, much higher than that in the DASA group
(11.7 ± 2.9%) and DASA+ATO group (45.2 ± 5.4%), indicating more serious DNA damage
in cells treated with DASA+ATO@PLT. There were significant differences among all groups
(p < 0.01). In contrast, almost no red fluorescence signals of γ-H2AX were observed in
the control group, indicating no double-stranded DNA breaks. The pathological analysis
of tumor tissues post-treatment is shown in Figure 4I, indicating that extensive necrosis
occurred only in tumor tissues treated with DASA+ATO@PLT, whereas PBS caused almost
no damage, and only slight damage was observed in the DASA or DASA+ATO groups.
The H&E staining results corroborated the TUNEL assay findings (Figures 4J and S7),
showing a pronounced increase in apoptotic cells (brown granules) in the DASA+ATO@PLT
group. There was a significantly stronger apoptosis-inducing effect in the DASA+ATO@PLT
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group than treatment with only DASA or DASA+ATO. These findings further illustrated
that DASA+ATO@PLT enhanced the efficacy of the chemotherapeutic drug DASA in the
liver tumors.
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Figure 4. Therapeutic effects of DASA+ATO@PLT: (A) Administration diagram. The DASA+ATO@PLT
was administered every 3 d for a total of five times; (B) tumor volume change curve during drug
administration; (C) tumor quality in mice after 45 d of treatment; (D) survival curve during the 45 d
treatment; (E) immunofluorescence microscopy results of apoptosis; (F) statistical analysis of cell apopto-
sis; (G) statistical analysis of DNA damage; (H) immunofluorescence of γ-H2AX. Red: γ-H2AX; Blue:
DAPI nuclear staining; (I) H&E staining results of tumor tissue sections at 45 d post-treatment; and
(J) TUNEL assay of tumor tissue sections at 45 d post-treatment. Scale, 100 µm. ** p < 0.01.

3.5. Safety Evaluation

As a result of encapsulating DASA and ATO in PLTs, direct interactions with vital
organs could be minimized, thereby potentially reducing toxic side effects (Figure 5A).
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After DASA+ATO@PLT treatment, the mice were euthanized and a safety assessment was
performed. As shown in Figure 5B, there were no abnormal pathological changes in the
heart, liver, spleen, lung, or kidney, and significant inflammatory cell aggregation or inter-
stitial fibrosis was not observed in these major organs. The internal morphological structure
of the cells was observed under H&E staining, and the cells were not deformed and had
good morphology. Blood examinations revealed that the total number of white blood cells
(WBCs), neutrophils (NEs), lymphocytes (LYs), and monocytes (MOs) remained within the
normal range after DASA+ATO@PLT treatment (Figure 5C). During the treatment, liver
function indices such as alkaline phosphatase (ALP), alanine aminotransferase (ALT), and
aspartate aminotransferase (AST), as well as renal function indices such as blood urea
nitrogen (BUN), were all in their normal ranges. This suggests no apparent hepatic or
kidney dysfunction following DASA+ATO@PLT treatment. These results confirm that
DASA+ATO@PLT possesses excellent biocompatibility.
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Figure 5. Safety evaluation of DASA+ATO@PLT: (A) schematic of the mechanism by which
DASA+ATO@PLT minimizes toxic side effects; (B) H&E staining results of vital organs, including
the heart, liver, spleen, lung, and kidney. Scale bar: 100 µm. (C) Measurement of biochemical blood
indices, including white blood cell (WBC), neutrophil (NE), lymphocyte (LY), and monocyte (MO)
counts and alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and urea nitrogen (BUN).
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4. Discussion

Traditional systemic chemotherapy has demonstrated some success in the clinical
treatment of cancer; however, studies have shown that the liver tumor microenvironment
can compromise the efficacy of chemotherapeutic agents [42–45]. Hence, enhancing the
susceptibility of tumor tissue to chemotherapy presents a promising strategy to augment
its effectiveness [46,47]. DASA inhibits the interaction between Src tyrosine kinase and hep-
atocyte growth factor receptor, enhancing the sensitivity of cancer cells to tumor necrosis
factor-related apoptosis-inducing ligands [48–50]. A pH-sensitive small molecule devel-
oped by Tang et al., which involved conjugating DASA with an ortho-ester bond of an
acid, demonstrated substantial antitumor efficacy through targeted drug delivery to cancer
cells [51]. DASA has also been utilized to induce immunomodulation in solid tumors,
resulting in reduced intra-tumoral T-cells and delayed tumor progression in melanoma,
sarcoma, colorectal, and breast cancers [52,53].

Inhibiting mitochondrial respiration has been identified as a key strategy to enhance
chemotherapy outcomes [54,55]. ATO was used as a chemotherapy sensitizer in this study,
in order to boost the responsiveness of liver tumor cells to DASA through inhibiting mito-
chondrial function. Ashton et al. have reported that ATO at pharmacological concentrations
significantly reduces the oxygen consumption rate of tumor cells, thus promoting a hypoxic
environment inside tumor cells and reducing their energy supply, enhancing the efficacy of
radiotherapy, and delaying tumor growth [56]. Similarly, ATO-treated tumor cells exhibited
reduced oxygen consumption and ATP levels, enhancing tumor cell sensitivity. ATO can
specifically target oxidative phosphorylation to inhibit cancer cell proliferation, making it a
promising drug for ovarian cancer chemoprevention and chemotherapy [29,57]. This study
indicated that using ATO as a chemosensitizer for tumor cells resulted in the inhibition of
cellular respiration, improvement of the tumor microenvironment, enhanced sensitivity to
lower concentrations of DASA, and reduced adverse effects.

Earlier studies necessitated increasing the dosage concentration to achieve the desired
therapeutic effect [58,59]. Higher concentrations of DASA tend to induce auto-toxic side
effects, such as a marked decrease in platelet count and bone marrow suppression. Conse-
quently, targeted medication for liver cancer becomes crucial in precisely regulating the
inhibition of tumor cell growth and proliferation. Post-modification with polyethylene
glycol, drugs showed extended half-life and absorption time, enhancing the tumor target-
ing ability and immunogenicity [60]. However, this method can also induce the body to
produce specific antibodies, hindering the uptake of anticancer drugs by tumor cells, as
well as affecting the absorption rate and permeability of nanomedicines [61]. The design of
a nanoparticle-based drug delivery system significantly enhances in-body drug targeting
and controlled drug release [58]. Therefore, this study employed platelets (PLTs) as natural
drug carriers—a widely used approach in recent years. PLTs are abundant in human blood,
rapidly respond to infection and damaged tissue, and play a vital role in tumor treatment
and immunotherapy, making them an innovative vehicle for targeted drug delivery [62–64].
PLTs specifically bind to hyaluronic acid receptors (CD44) expressed on tumor cells through
surface P-selectin, enabling them to target damaged areas and penetrate tumors for ther-
apeutic effect [65,66]. In this study, PLTs were used as nanomedicine carriers, with ATO
as a chemotherapy sensitizer combined with DASA, in order to construct the PLT-loaded
liver cancer drug release system DASA+ATO@PLT. This PLT-based targeting system offers
high specificity, effective targeting, and strong enrichment permeability, compared with
previously reported drug delivery systems. The released ATO rapidly inhibits tumor cell
respiration, addressing tumor hypoxia and improving the liver cancer microenvironment.
Although PLT drug delivery strategies have shown potential as targeted drug delivery
systems, further exploration is required to optimize PLT-mediated drug delivery. Address-
ing these challenges can improve the effectiveness of PLT-based drug delivery strategies
and promote further research in this promising field, greatly enhancing the sensitivity of
liver cancer cells to chemotherapy and providing new avenues for the clinical treatment of
liver cancer.
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5. Conclusions

This study proposed a nanoparticle-based drug delivery system utilizing the Trojan
Horse strategy to enhance the efficacy of chemotherapy in the context of liver cancer. By
employing PLTs as targeted drug carriers and ATO as a chemotherapeutic drug sensitizer
for DASA, the DASA+ATO@PLT system was successfully developed. This system en-
ables targeted drug delivery to the tumor tissue site, releasing ATO and DASA for precise
therapeutic action. The released drugs are continuously enriched and penetrate the tu-
mor, with ATO inhibiting liver cancer cell respiration. The notable antitumor effects of
DASA+ATO@PLT demonstrate that the PLT-mediated nanodrug delivery system functions
as a “Trojan horse”, effectively delivering the therapeutic drugs to target cells. This innova-
tive combination of drug carriers and nano-chemotherapy drugs represents a promising
strategy to enhance the antitumor effect against liver cancer.
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of changes in TUNEL.
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