
O R I G I N A L  R E S E A R C H

Mitochondria-Targeting Virus-Like Gold 
Nanoparticles Enhance Chemophototherapeutic 
Efficacy Against Pancreatic Cancer in a Xenograft 
Mouse Model
Youshuai Meng 1,*, Chuan Chen1,2,*, Ronggui Lin1,3,*, Linlin Zheng4, Yanying Fan5, Mengdi Zhang1, 
Ziqi Zhang1, Han Shi1,3, Xiaohan Zheng1,3, Junyu Chen1, Dezhao Chen1,3, Tianhong Teng1,3, 
Bing Chen 1

1Key Laboratory of Nanomedical Technology (Education Department of Fujian Province), Department of Pharmaceutical Analysis, School of Pharmacy, 
Fujian Medical University, Fuzhou, 350122, People’s Republic of China; 2Innovation Center for Enzyme Catalysis and Drug Synthesis, School of Pharmacy, 
Xiamen Medical College, Xiamen, 361023, People’s Republic of China; 3Department of General Surgery/ Department of Obstetrics & Gynecology, Fujian 
Medical University Union Hospital, Fuzhou, 350001, People’s Republic of China; 4Department of Oncology, Affiliated Hospital of Putian University, Putian, 
351199, People’s Republic of China; 5Fuzhou Children’s Hospital of Fujian Province, Fuzhou, 350005, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Bing Chen, School of Pharmacy, Fujian Medical University, Fuzhou, 350122, People’s Republic of China, Email BingChen_001@126.com, 
BingChen_001@fjmu.edu.cn; Tianhong Teng, Fujian Medical University Union Hospital, Fujian Medical University, Fuzhou, 350122, People’s Republic of 
China, Email tianhongteng24@fjmu.edu.cn

Background: The dense and fibrotic nature of the pancreatic tumor microenvironment significantly contributes to tumor invasion and 
metastasis. This challenging environment acts as a formidable barrier, hindering effective drug penetration and delivery, which 
ultimately limits the efficacy of conventional cancer treatments. Gold nanoparticles (AuNPs) have emerged as promising nanocarriers 
to overcome the extracellular matrix barrier; however, their limited targeting precision, poor delivery efficiency, and insufficient 
photothermal conversion present challenges.
Methods: We developed triphenyl phosphonium-functionalized high-branch gold nanoparticles, denoted as Dox@TPAu, to enhance 
drug delivery and targeting capabilities. The targeted penetration, biopharmaceutical and pharmacokinetic properties of Dox@TPAu 
were characterized, and the synergistic therapeutic effect was evaluated by the BxPC-3 xenograft tumor mouse model.
Results: Dox@TPAu exhibits superior photothermal conversion efficiency (91.0%) alongside a high drug loading efficiency (26%) 
and effective photo-triggered drug-release potential. This Dox@TPAu drug delivery system adeptly accumulates at tumor sites due to 
its unique properties, enabling targeted localization within cancer cells and the mitochondria of stromal fibroblasts. This localization 
disrupts mitochondrial function and transfer—processes crucial for energy production, metabolism, and cell signaling within the tumor 
microenvironment. Pharmacokinetic analyses revealed an optimal spatiotemporal distribution of Dox@TPAu at the tumor site. This 
strategic accumulation enables precise disruption of both the physical barrier and cancer cells, enhancing treatment efficacy through 
near-infrared light-triggered local chemo-photothermal synergistic therapy.
Conclusion: Our findings demonstrate that this innovative strategy effectively leverages the unique properties of mitochondria- 
targeting, virus-like AuNPs for precise and efficient stromal depletion, presenting a promising approach to enhance the efficacy of 
pancreatic cancer treatment.
Keywords: mitochondria-targeting, gold nanoparticle, stromal depletion, chemo-photothermal therapy, pancreatic cancer

Introduction
Pancreatic cancer is one of the deadliest solid malignancies worldwide and is distinguished by its aggressive behavior 
and dismal prognosis. The 5-year survival rate of patients with this condition hovers around a bleak 10%.1 Clinically, 
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pancreatic cancer is characterized by nonspecific symptoms and reliable detection biomarkers, and more than 80% of 
patients present with regional or distant metastasis, resulting in missed opportunities for surgical intervention.2 Currently, 
systemic therapy remains the primary treatment approach for patients with pancreatic cancer at different clinical stages; 
however, its overall benefits are limited.3 The main reasons for the failure of pancreatic cancer treatment are fibrotic and 
stromal microenvironments, which are crucial in tumor progression and therapeutic resistance.4 The pancreatic tumor 
microenvironment surrounding tumor cells exhibits myriads of complex features, such as the presence of cancer- 
associated fibroblasts (CAFs), mesenchymal cells, extracellular matrix (ECM), and other key components, which create 
a complex milieu that supports tumor cell invasion and metastasis.5 The ECM acts as a physical barrier that impedes the 
delivery of chemotherapy and immunotherapy agents to the tumor microenvironment, whereas CAFs contribute to 
treatment resistance through the secretion of growth factors and cytokines.6 Additionally, the tumor microenvironment 
plays crucial roles in both primary and acquired resistance to a range of therapies, including traditional cytotoxic 
chemotherapies, targeted therapies, and immune-modulating treatments.7,8

Accumulating evidence has demonstrated that mitochondria not only provide essential energy for cells but also play 
a key role in signaling pathways that affect cell survival, proliferation, and metabolism.9,10 Recent studies have revealed 
that pancreatic cancer cells can transfer functional mitochondria to stromal fibroblasts through a process known as 
mitochondrial transfer.11 Crosstalk between cancer cells and CAFs occurs through mitochondrial signaling pathways, 
inducing metabolic reprogramming, growth factor secretion, and mitochondrial DNA fusion/fission dynamics, which 
further promote tumor progression, metastasis, and treatment resistance.12,13 Understanding the intricate interplay 
between mitochondrial structure, function, and therapeutic responsiveness in both cancer cells and stromal fibroblasts 
is essential for developing effective treatment strategies for pancreatic cancer.14,15 Targeting mitochondrial dysfunction 
presents a promising therapeutic avenue. By specifically addressing mitochondrial damage in both pancreatic cancer cells 
and CAFs, we can potentially disrupt tumor growth and enhance the sensitivity of these cells to chemotherapy.16,17 

However, achieving effective delivery of mitochondria-targeted therapies poses significant challenges due to the intricate 
tumor microenvironment, characterized by physical barriers, heterogeneous cell populations, and vasculature.18,19 Given 
the multifaceted nature of pancreatic cancer and the dynamic interplay between cancer cells and stromal fibroblasts, 
combination therapies targeting multiple pathways, including mitochondrial dysfunction, may be more effective than 
single-agent approaches.20

Hyperthermia therapy can substantially improve the outcomes of traditional chemotherapy and radiation therapy, and 
both clinical and preclinical data indicate that it will play a crucial role in future cancer treatments.21,22 The current 
clinical and preclinical status of hyperthermia therapy shows promising advancements, with FDA-approved indocyanine 
green (ICG) and gold nanoparticles (AuNPs) demonstrating excellent biocompatibility, making this approach a feasible 
and effective treatment modality.23,24 However, the use of free ICG is limited by its rapid clearance, restricted tumor 
accumulation, and shallow tissue penetration depth. Here, virus-like hyperbranched AuNPs offer a compelling solution 
due to their ability to be engineered to enhance targeting specificity to tissues or cellular organelles. This targeted 
approach maximizes therapeutic efficacy while minimizing systemic toxicity.25,26 Furthermore, their unique structural 
features, including a high specific surface area and tunable surface chemistry, enable versatile applications in combina-
tion therapies.27,28 Moreover, hyperbranched AuNPs possess exceptional photothermal properties, allowing them to 
convert absorbed radiation into heat effectively.29,30 This capability is particularly advantageous for synergistic chemo- 
photothermal therapy (PTT), which can overcome drug resistance and improve overall treatment outcomes. In summary, 
a deeper exploration of the mechanisms by which mitochondrial targeting and virus-like AuNPs can enhance treatment 
efficacy is warranted. This approach not only addresses the multifaceted nature of pancreatic cancer but also leverages 
the interplay between cancer cells and stromal components to develop more effective combination therapies.31,32

In this work, we developed a novel mitochondria-targeting and synergistic therapeutic gold-based drug delivery 
system, referred to as Dox@TPAu, designed to overcome treatment resistance in pancreatic cancer.33 Dox@TPAu is 
composed of virus-like AuNPs functionalized with triphenylphosphonium (TPP) and loaded with doxorubicin (Dox), 
a broad-spectrum chemotherapy drug that achieves mitochondria-specific PTT and targeted drug release, thereby 
facilitating precise spatiotemporal synchronization of chemotherapy and PTT. We propose that Dox@TPAu can effec-
tively accumulate at tumor sites and maintain therapeutic concentrations by subsequently entering tumors and their 
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associated cell mitochondria. This mechanism allows Dox@TPAu to escape lysosomal degradation, harnessing the 
localized mitochondria-targeting ability of TPAu to enable synergistic chemo-PTT that depletes the extracellular matrix 
(ECM) and mitigates treatment resistance (Scheme 1). Our mitochondria-targeting virus-like AuNPs showed excellent 
PTT together with high and efficient drug loading for near-infrared light-triggered synergistic therapy at the cellular and 
organism levels.34 Overall, this study not only realizes the design of virus-like AuNPs for mitochondria-targeting and 
remote photo-triggered chemo-PTT for cancer treatment but also provides a promising therapeutic strategy to amplify 
stromal depletion against pancreatic cancer. Furthermore, this research opens new avenues for the development of similar 
targeted therapies across various solid tumors that exhibit stromal barriers to drug delivery. The combination of targeted 
drug delivery with remotely activated therapeutic modalities holds great promise for refining cancer treatment protocols, 
ultimately leading to better patient outcomes.

Materials and Methods
Sodium borohydride (NaBH4) and potassium iodide (KI) were purchased from Aladdin (Shanghai, China). Tetrachloroauric 
acid (HAuCl4), trisodium citrate dihydrate (TSC), l-ascorbic acid (AA), polyvinylpyrrolidone (PVP), dopamine, and 
doxorubicin hydrochloride (Dox·HCl) were obtained from MedChemExpress (NJ, USA). Cholesterol and mPEG2000-SH 

Scheme 1 Schematic diagram of photo-triggered high-branch Au nanoparticles (HBAu) via functional modification for mitochondria-targeted drug delivery. (A) The design 
and Preparation of Dox@TPAu. Dox@TPAu is composed of TPP-functionalized HBAu encapsulating Dox. (B) Anticancer mechanism of Dox@TPAu augmented 
chemophototherapeutic efficacy. Enhanced synergistic therapy relies on loosened extracellular matrix (ECM) and therapeutic sensitization due to in-situ hyperthermia 
therapy and drug release triggered by near-infrared (NIR) irradiation.
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were acquired from AVT Pharmaceutical Technology Co., Ltd. (Shanghai, China). TPP-PEG2000-SH was obtained from 
Qiyue Biology (Xi’an, China). RPMI-1640 and trypsin were acquired from HyClone (Logan, UT, USA). Phosphate buffered 
saline (PBS) and fetal bovine serum were obtained from Herui Biotechnology (Fujian, China). MTT, calcein/PzI cell viability, 
and JC-1 mitochondrial potential sensor detection kits were acquired from Thermo Fisher Scientific (Waltham, MA, USA). 
Hoechst 33342 and MitoTracker@Red were purchased from Beyotime Biotechnology (Shanghai, China). All other chemical 
reagents were obtained from Sinopharm Chemical Reagent Corporation (Shanghai, China).

The in-vitro and in-vivo Studies Using Animal Model
Human pancreatic cancer cell line BxPC-3 was acquired from MeisenCTCC Cell Technology Co., Ltd. (Zhejiang, 
China); the cells were grown in RPMI-1640 medium supplemented with penicillin/streptomycin (1%, w/v) and 
10% FBA. All cells were cultured under standard conditions in a humidified atmosphere with 5% CO₂ at 37°C.

BALB/c nude mice (male, 6–8 weeks old) were obtained from SLAC Laboratory Animal Co., Ltd. (Shanghai, China), 
housed in a pathogen-free controlled environment with a humidity of 50% ± 10% and an ambient temperature of 25°C ± 
5°C, and provided ad libitum access to water and food under a 12-:12-h light/dark cycle. All animal experiments were 
performed in compliance with the Guidelines for the Care and Use Ethics Committee of Fujian Medical University 
(Certificate number: FJMU IACUC 2021-NSFC-0022).

Synthesis of HBAu
The synthesis of HBAu involves two main steps: first, the preparation of gold nanoseeds, followed by the formation of 
HBAu nanoparticles. Gold nanoseeds were prepared using a one-step seed growth method.35 Briefly, 0.5 mL of 5 mm 
HAuCl4 and 0.5 mL of 5 mm TSC were added into 9 mL deionized water; then, 0.3 mL of 0.1 M NaBH4 was injected 
into the reaction solution under vigorous stirring. The solution turned yellowish-red immediately. After 5 h, 1.25 mL of 
0.1 M AA, 1.25 mL of 25.4 mm HAuCl4, 1 mL of 0.2 M KI, and 2.5 mL of 5 wt% PVP were added to the mixture under 
vigorous stirring. The gold nanoseeds were washed twice with deionized water and purified by centrifuging at 
10,000 rpm for 10 min. Finally, the obtained gold nanoseeds were redispersed in deionized water at 4°C for further use.

Subsequently, 100 μL of 25.4 mm HAuCl4 and 50 μL of 4 mg/mL dopamine were injected into the dispersed 100 μL 
of 14 nm gold nanoseed solution in 9 mL Tris-HCl buffer solution under the protection of nitrogen. The solution’s color 
changed immediately to pale yellow and gradually darkened to black. The reactor was stirred continuously for 6 h. The 
HBAu nanoparticles were washed twice with deionized water and purified by centrifuging at 10,000 rpm for 10 min. 
Finally, the obtained HBAu nanoparticles were redispersed in deionized water at 4°C for further use.

Preparation of Dox@HBAu and Dox@TPAu
HBAu (0.1 mg/mL, 5 mL) was obtained through centrifugation, and then modified with mPEG2000-SH (3 mg/mL, 5 mL) 
to improve its stability in a physiological environment. The modification utilizes thiol groups that form gold-sulfur bonds 
with the gold nanoparticle surface, effectively improving the particle’s biocompatibility and longevity in biological 
systems. After removing the supernatant, an equal-mass aqueous solution of Dox and a cholesterol aqueous solution 
(4 mg/mL, 5 mL) were added, and the mixture was vigorously stirred overnight for drug loading. This facilitates the 
encapsulation of Dox within the hydrophobic core formed by the cholesterol, promoting effective loading onto the 
nanoparticles. Dox@HBAu were washed twice with deionized water to remove any unencapsulated Dox, purified by 
centrifuging at 12,000 rpm for 10 min, and then stored in deionized water at 4°C for further use.

The preparation protocol for Dox@TPAu was similar to that for Dox@HBAu, except that TPP-PEG2000-SH was used 
instead of mPEG2000-SH. TPP (triphenylphosphine) serves as a mitochondrial targeting moiety, allowing for specific 
interaction with mitochondrial membranes. Upon synthesis, the obtained Dox@TPAu were redispersed in deionized 
water and stored at 4°C for further use.

Characterization of Dox@TPAu
The mean hydrodynamic diameter, polydispersity index, and zeta potential of the gold nanoseeds and Dox@TPAu were 
analyzed using a dynamic laser light scattering (DLS) system (Anton Paar, USA). The UV-Vis and near-infrared light 
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(NIR) absorption spectra of HBAu were recorded in the range for 400–900 nm using a UV-2600 spectrophotometer 
(Shimadzu, Japan). The Dox content in the AuNPs and biological samples was determined using an HPLC-MS/MS 
system (Agilent, USA) that was equipped with a ChromCore C18 column (150 mm × 4.6 mm, 5 μm; Welch Materials, 
Inc., Ellicott, MD, USA). Encapsulated and free drugs were separated through high-speed centrifugation, allowing for the 
assessment of encapsulation efficiency and drug loading capacity. The morphology of the gold nanoseeds and 
Dox@TPAu was characterized using a transmission electron microscopy (TEM) system (Thermo Fisher).

Photothermal Efficiency Analysis
To measure the elevated temperature upon the photothermal conversion of Dox@TPAu at different concentrations, 
Dox@TPA dispersions (CAu = 12.5, 25, 50, and 100 μg/mL) were subjected to NIR laser irradiation at a density of 1 W/ 
cm2 for 5 min, with temperature changes recorded every 0.5 min. Equal amounts of PBS irradiated with the same laser 
were used as a negative control. Dox@TPA dispersions (CAu = 10 μg/mL) were subjected to NIR irradiation at a density 
of 1 W/cm2 for 5 min and cooled to room temperature for another 5-min laser irradiation. The irradiation and cooling 
cycles were repeated three times, with temperature measurements recorded after each cycle.

Mitochondrial Uptake and Targeting Evaluation
BxPC-3 cells were inoculated in confocal dishes at 1×104 cells per dish and cultured overnight at 37°C with 5% CO2. Dox-loaded 
gold nanosystems, HBAu and TPAu, were added to the cells and cultured for another 2 or 6 h, respectively. After washing thrice 
with PBS, the BxPC-3 cells were stained with Hoechst 33342 for 30 min and MitoTracker@Red for 30 min (Ex/Em = 358/517 
nm for Hoechst 33342, Ex/Em = 490/550 nm for Dox, Ex/Em = 579/599 nm for MitoTracker@Red), and then washed with PBS 
three times. Next, they were examined using a confocal laser scanning microscope (TCS SP5; Leica, Germany).

Measurement of Mitochondrial Membrane Potential
Mitochondrial membrane potential (Δψm) changes of the BxPC-3 cells were evaluated using the JC-1 assay kit. Specifically, 
the BxPC-3 cells were inoculated in petri dishes (1 × 105 cells per dish); cultured overnight at 37°C with 5% CO2; and then 
incubated with RPMI-1640 serum-free medium, Dox, HBAu plus 808-nm laser irradiation, Dox@HBAu, Dox@TPAu, and 
Dox@TPAu plus 808-nm laser irradiation. The BxPC-3 cells were sequentially irradiated with NIR laser (1 W/cm2 for 5 min) 
after another 3 h of incubation, and JC-1 working solution was added to the dishes and stained at 37°C for 20 min in the dark. 
Finally, the BxPC-3 cells were washed and analyzed using flow cytometry (FACSVerse, BD, Germany).

Cytotoxicity Analysis
The cytotoxicity of Dox, HBAu, Dox@HBAu, and Dox@TPAu on pancreatic cancer cells was measured using MTT 
assay. Briefly, BxPC-3 cells with apparent logarithmic growth phase were grown in 96-well plates (4 × 104 cells per well) 
and incubated overnight in a humidified atmosphere with 5% CO2 at 37°C, and then incubated with various concentra-
tions of Dox, HBAu, Dox@HBAu, and Dox@TPAu (0.5, 1, 2.5, 5, and 10 μg/mL equivalents) with or without 808-nm 
laser irradiation. The BxPC-3 cells were then sequentially irradiated with an 808-nm laser (1 W/cm2 for 5 min) after 
3 h of incubation, and incubated at 37°C for another 48 h.

BxPC-3 cells with apparent logarithmic growth phase were grown in 96-well plates; incubated overnight in 
a humidified atmosphere with 5% CO2 at 37°C; and then treated with RPMI-1640 complete medium, Dox, HBAu 
plus 808-nm laser irradiation, Dox@HBAu, Dox@TPAu, and Dox@TPAu plus 808-nm laser irradiation. After 3 h of 
incubation, the BxPC-3 cells were sequentially irradiated with an 808-nm laser (1 W/cm2 for 5 min) and incubated for an 
additional 48 h. The BxPC-3 cells were washed thrice with PBS, stained with Calcein-AM and propidium iodide (PI), 
kept away from light for 30 min, and then imaged using a fluorescence microscope.

Analysis of Dox@TPAu Biodistribution and Tumor Targeting
To evaluate the biodistribution and tumor targeting of Dox@TPAu, a BxPC-3 xenograft tumor model was established 
through subcutaneous injection of BALB/c athymic nude mice (male, 18–22 g, 6–8 weeks old) with BxPC-3 cell 
suspension. When the tumor volume reached approximately 200 mm3, the BxPC-3 tumor-bearing mice were randomly 
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divided into three groups and administered Dox, Dox@HBAu, or Dox@TPAu (with a Dox-equivalent dose of 3 mg/kg) 
intravenously through the tail vein. The mice were sacrificed, and their main tissues were collected at 1, 3, 6, 9, and 
12 h (n = 3) post injection and stored at –80°C until analysis.

The collected tissue samples were weighed, diced into small pieces, and homogenized in three volumes of ice-cold 
PBS. Subsequently, 50 μL of tissue homogenate was spiked with 5 μL of epirubicin (internal standard solution), mixed 
by vortexing with 150 μL of ethanol (chromatographic grade) for 10 min, and centrifuged at 13,000 × g for 20 min at 4°C 
to precipitate proteins. The resultant supernatants (10 μL) were measured using HPLC–MS/MS.

Anti-Tumor Efficacy Study
The BxPC-3 xenograft tumor-bearing male BALB/c athymic nude mice were randomly assigned to the following five 
groups (n = 4): PBS, Dox, Dox@HBAu, Dox@TPAu, and Dox@TPAu plus 808-nm laser irradiation. The specified 
formulations (with a Dox-equivalent dose of 3 mg/kg) were injected into the mice through the tail vein every 2 d seven 
times. For the laser irradiation groups, an 808-nm laser was used 24 h post-injection (1 W/cm2 for 5 min). The body 
weight and tumor volume of mice were monitored every 2 d for 2 weeks. At the end of treatment, the mice were 
sacrificed, and the tumor tissues were collected and imaged. To evaluate the toxic adverse effects of these specified 
formulations comprehensively, major organs, including the liver, heart, spleen, lungs, and kidneys, were collected and 
analyzed using hematoxylin and eosin staining. To further analyze the stromal depletion ability and antitumor mechan-
ism, tumor slices were subjected to immunohistochemistry (CD34 to assess tumor vascular density) and immunofluor-
escence staining (fibroblast activation protein (FAP) and α-smooth muscle actin (α-SMA) to assess CAFs).

Statistics Analysis
All experiments were performed a minimum of three times, with results reported as mean ± SD. Statistical analyses and 
graphing were conducted using GraphPad Prism 8 Software (San Diego, USA). A two-tailed Student’s t-test was utilized 
for all analyses, and significance levels are indicated as follows: *P < 0.05 and **P < 0.01.

Results and Discussion
In this study, we utilized polydopamine to regulate crystal growth during the reduction process of gold precursors, 
successfully synthesizing hyperbranched virus-like gold nanoparticles (HBAu).36 As a first step, transmission electron 
microscopy (TEM) was employed to characterize the gold nanoseeds, which displayed a uniform particle size—a critical 
factor for the synthesis of multi-level branching HBAu (Figure 1A).37,38 As shown in Figure 1B, the gold nanoseeds 
exhibited a prominent absorption peak at 527 nm in the UV-Vis absorption spectrum. The gold nanoseeds were then 
mixed with a Tris-HCl buffer solution, followed by the sequential addition of polydopamine and tetrachloroauric acid for 
further seed-grafting growth to obtain the final 3D branched virus-like HBAu. HBAu with closely arranged, highly 
branched structures often exhibit a broadband localized surface plasmon resonance (LSPR).39,40 UV-Vis spectroscopy 
indicated that broadband absorption appeared at a concentration of 12.5 μg/mL HBAu, with a linear concentration- 
dependent relationship observed across the measured range (Figure 1C). To enhance mitochondrial targeting, TPP- 
modified TPP-PEG2000-SH was coated onto the surface of HBAu via gold-thiol covalent bonds. Characterization 
revealed the zeta potential and average size of TPAu to be 6.59 ± 1.46 mV and 48.25 ± 4.02 nm, respectively. 
Moreover, the drug loading rate is 13.68 ± 2.54 mg/g, while the encapsulation rate is 31.16 ± 1.24%. (Table 1). Dox 
was loaded with cholesterol using its multi-level branched structure. DLS analysis revealed that the average nanoparticle 
size and zeta potential of Dox@TPAu were 51.94 ± 3.85 nm and –28.57 ± 1.24 mV (polydispersity index = 0.128), 
respectively, to improve tumor cell uptake and reduce reticuloendothelial system sequestration.41,42 Morphological 
characterization confirmed that Dox@TPAu had a 3D branched virus-like morphology, which correlated with its 
favorable LSPR and photothermal conversion efficiency, consistent with TEM images of the microstructural features 
(Figure 1D–F).43

HBAu exhibited broad absorption across the visible to NIR range, even at low concentrations, showing high 
photothermal conversion efficiency concordant with our hypothesis (Figure 1C).44 We adopted the common NIR 
threshold of 808 nm to evaluate the photothermal properties of HBAu, based on the skin threshold established by the 
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American National Standards Institute (ANSI Z136.1–2007). This study indicated that HBAu achieved a high photo-
thermal conversion efficiency of up to 91.0% at 808 nm (Figure S1). To investigate the photothermal conversion 
capabilities of Dox@TPAu comprehensively, aqueous solutions with varying concentrations of Dox@TPAu were 
exposed to 808-nm NIR laser irradiation at a power density of 1 W/cm2 for 5 min, and the resulting temperature 
changes were monitored. The photothermal conversion efficiency of Dox@TPAu demonstrated favorable dose depen-
dency, and the temperature of the low-concentration Dox@TPAu (12.5 μg/mL) increased from 25.0°C to 44.5°C after 
5 min of 808-nm laser irradiation, prompting the deformation of 3D branched AuNPs and subsequent drug release, 
thereby leading to selective, sustained, and controlled in situ Dox release (Figure 2A). To further evaluate the photo-
thermal properties of Dox@TPAu, we investigated its photothermal stability through temperature changes over three NIR 
irradiation cycles (Figure 2B). The results showed that the highest temperature and heating rate were nearly identical in 
every cycle, rather than following a marked trend, signifying the high photothermal stability of Dox@TPAu.

Mitochondria-targeted therapy strategies are widely considered effective for improving the efficacy of PTT and 
combination therapies because mitochondria play a crucial role in regulating tumor cell metabolism and apoptosis and 
are particularly susceptible to hyperthermia and oxidative damage.45,46 Gold nanocarriers are known for their excellent 
LSPR and PTT; however, their limited specific targeting effects hinder their application prospects and clinical 
translation.47 In this study, we used HBAu to construct Dox@TPAu, which possessed mitochondria-targeted and light- 
responsive drug release properties and demonstrated excellent mitochondrial targeting and hyperthermia abilities.48 To 
validate this hypothesis, BxPC-3 cells were cultured with Dox-loaded HBAu and TPAu for 2 and 6 h, respectively. After 

Figure 1 Preparation and characterization of Dox@TPAu. Transmission electron microscopy (TEM) images of (A) gold nanoseed (Scale bar, 50 nm) and (D) Dox@TPAu 
(Scale bar, 100 nm). UV-vis spectra of (B) gold nanoseed and (C) HBAu at concentrations of 0, 12.5, 25, 50, and 100 μg/mL (E) Size distribution and (F) zeta potential of 
Dox@TPAu.

Table 1 Nanoparticle Size, Zeta Potential, PDI, EE, and DL of Gold 
Nanoparticles

Samples Size (nm) Zeta (mV) PDI EE (%) DL (mg/g)

HBAu 46.73 ± 2.13 − 28.57 ± 1.24 0.097

TPAu 48.25 ± 4.02 + 6.59 ± 1.46 0.141
Dox@TPAu 51.94 ± 3.85 − 18.57 ± 1.24 0.128 31.16 ± 1.24 13.68 ± 2.54

Note: Data are presented as mean ± SD (n=3).
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an additional 30 min of incubation, the cells were labelled with MitoTracker@Red and Hoechst 33342, red and blue 
fluorescent dyes that selectively stain the mitochondria and nuclei, respectively. As shown in Figure 2C, we investigated 
the overall effect of Dox on the cancer cell uptake of Dox@HBAu and Dox@TPAu. Enhanced spatiotemporal overlap 

Figure 2 Photothermal properties and mitochondrial targeting of Dox@TPAu (A) Evaluation of photothermal effect of Dox@TPAu. The Dox@TPAu suspension 
(containing HBAu 0, 12.5, 25, 50, and 100 μg/mL) was exposed to an 808-nm laser (1 W/cm2 for 5 min), and the temperature was monitored at an interval of 30s for 
5 min. (B) Assessment of photothermal stability of Dox@TPAu through three cycles of laser on/off (C) Investigation of mitochondrial specificity of Dox@HBAu and 
Dox@TPAu. BxPC-3 cells were treated with Dox-loaded gold nanosystem (HBAu or TPAu) for 2 h or 6 h, followed by staining and imaging with MitoTracker@Red and 
Hoechst 33342 (Scale bar: 25 μm).
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between the green fluorescence signal of Dox-loaded TPAu and red fluorescence signal of the mitochondrial marker was 
observed, leading to a pronounced superimposed yellow fluorescence within the mitochondria compared to Dox-loaded 
HBAu. These results confirm that Dox@TPAu possesses the ability to selectively target and accumulate within 
mitochondria, which can promote synergistic chemo-photothermal therapeutic effects in pancreatic cancer.

Mitochondrial abnormalities not only contribute to the metabolic reprogramming of pancreatic cancer cells but also 
promote tumorigenesis and the acquisition of aggressive phenotypes.49 Therefore, we used the mitochondrial membrane- 
permeable dye JC-1, a mitochondrial membrane potential indicator, to monitor whether Dox, Dox@HBAu, and 
Dox@TPAu, with/without irradiation, induced programmed cell death and to assess the mitochondrial health of BxPC- 
3 cells. As depicted in Figure 3A–F, more than 90% of JC-1 aggregated in the mitochondrial matrix of the PBS control 
group, indicating the presence of healthy mitochondria. In addition, all other groups exhibited significantly increased 
proportion of JC-1 monomers within the cell population, suggesting varying degrees of mitochondrial membrane 
potential depolarization, which serves as an early apoptotic signal in pancreatic cancer cells. HBAu under 808-nm 

Figure 3 In vitro cytotoxicity assessment of Dox, Dox@HBAu, and Dox@TPAu on BxPC-3 cells. FACS analysis of mitochondrial dysfunction markers (JC-1, mitochondrial 
potential) in BxPC-3 cells following treatment with (A) PBS, (B) Dox, (C) HBAu plus 808-nm laser, (D) Dox@HBAu, (E) Dox@TPAu and (F) Dox@TPAu plus 808-nm 
laser (1 W/cm2 for 5 min) (G and H) Evaluation of cytotoxic effects of various concentrations of Dox, HBAu, Dox@HBAu, and Dox@TPAu with/without irradiation on 
BxpC-3 cells for 48 h, with cell viability determined using the MTT assay. Data are presented as mean ± SD (n=5).
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laser irradiation (1 W/cm2 for 5 min) exhibited a similar potential as Dox to induce mitochondrial dysfunction, 
confirming its favorable hyperthermia therapeutic potential. Compared to Dox, Dox@HBAu, Dox@TPAu, and 
Dox@TPAu (which had the highest mitochondrial targetability) caused significantly high degree of mitochondrial 
damage, inhibited proliferation, and enhanced the apoptosis of cancer cells. In addition, Dox@TPAu with 808-nm 
laser irradiation exerted 1.55-fold higher cytotoxicity than Dox@HBAu, implying that mitochondrial-targeted accumula-
tion, photo-triggerable hyperthermia therapeutic, and Dox release could significantly change the MPP and disrupt 
mitochondrial function in cancer cells.50

Chemotherapy, PTT, and synergistic therapy with or without mitochondria-targeting HBAu were preliminarily 
evaluated and compared in vitro. BxPC-3 cells were exposed to Dox, HBAu, Dox@HBAu, or Dox@TPAu for 48 h; 
the outcomes are depicted in Figure 3G and H. In the absence of irradiation, the cell survival rates of both HBAu and 
control groups exceeded 85% within the observed concentration range, indicating favorable biocompatibility. The 
survival rates of BxPC-3 cells treated with Dox, Dox@HBAu, and Dox@TPAu exhibited a significant dose-dependent 
relationship, with IC50 values of 3.67, 2.55, and 2.26 μg/mL, respectively. These findings suggest that Dox@TPAu 
exerted the most potent cytotoxic effect, which may be attributed to its improved accumulation via mitochondria-targeted 
delivery, thus promoting chemotherapy-induced cell death. In contrast, the HBAu, Dox@HBAu, and Dox@TPAu groups 
under 808-nm laser irradiation exhibited significantly higher cytotoxicity than the non-irradiated group, showing 
a significant positive correlation with an increase in HBAu content. Specifically, under 808-nm laser irradiation, 
Dox@TPAu (IC50 = 1.38 μg/mL) resulted in 3.65- and 1.48-fold higher cytotoxicity than Dox and Dox@HBAu, 
respectively. Furthermore, the cytotoxicity of Dox@TPAu treated with or without NIR laser irradiation was significantly 
inferior to that of Dox@HBAu. Therefore, the mitochondria-targeted chemo-photothermal synergistic therapy resulted in 
the most effective cancer cell proliferation inhibition and apoptosis-induced effects. We additionally explored the 
antitumor efficacy of single or combined treatments involving Dox@TPAu with mitochondrial targetability, employing 
the Calcein-AM/PI dual staining assay to track the levels of viable and non-viable cells. As depicted in Figure 4A, the 
control group exhibited a minimal percentage of non-viable cells due to regular cell turnover and maintenance processes. 
In contrast, both single PTT and free Dox groups demonstrated substantially higher proportions of non-viable cells, 
indicating their capacity to trigger apoptosis or necrosis in tumor cells effectively. When the percentages of dead cells in 
Dox, Dox@HBAu, and Dox@TPAu were compared, the results confirmed that virus-like HBAu could enhance the 
cytotoxicity of Dox by altering the cellular uptake pathway, and Dox@TPAu (possessing the mitochondria-targeting 
functionality) achieved the highest anti-activity. Dox@TPAu under 808-nm laser irradiation exhibited the highest PI 
fluorescence intensity, indicating that almost all tumor cells were eradicated, with only scattered remnants in the culture 
dish, resulting from the precise synergistic treatment of mitochondrial-targeted PTT and chemotherapy.

To further evaluate the biodistribution and tumor-specific targeting ability of Dox, Dox@HBAu, and Dox@TPAu 
following a single intravenous dose (equivalent to 3 mg/kg of Dox), a BxPC-3 cell-derived xenograft tumor model of 
mice was established. A validated LC-MS/MS method to track the biodistribution of the mentioned formulations was 
utilized.49 The experimental mice were humanely sacrificed through cervical dislocation at 1, 3, 6, 9, and 12 h after the 
intravenous administration and tissues were collected. The biodistribution patterns of Dox within the specified formula-
tions in rats are depicted in Figure 4B, C and S2. Notably, free Dox presented rapid distribution, non-targeted 
accumulation, and retention in rats, revealing the reasons for the severe systemic toxic adverse effects and poor quality 
of life in clinical patients receiving treatment. Importantly, we found that Dox@TPAu significantly improved accumula-
tion and retention in the tumor lesions, exhibiting 1.0–2.5- and 0.2–0.6-fold higher Dox concentrations than Dox alone 
and Dox@HBAu, respectively. These results indicate that Dox@TPAu can significantly evade reticuloendothelial system 
clearance, prolong circulation, enhance tumor site-specific delivery, release Dox in a controlled manner, and improve 
antitumor efficacy.51 Meanwhile, the virus-like hyperbranched TPAu accumulated in the tumor site can provide effective 
thermal therapy under near-infrared light stimulation, thanks to its excellent photothermal conversion efficiency.52 

Additionally, free Dox demonstrated significantly higher drug concentrations and longer retention times in the liver, 
kidneys, heart, and spleen compared to Dox@HBAu and Dox@TPAu. This accumulation in normal tissues can lead to 
severe cellular damage and tissue injury. While free Dox showed elevated concentrations within the first hour, there were 
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no significant differences in drug concentrations among the three formulations at later time points in the lungs. This may 
suggest that the branched gold nanoparticle drug delivery system does not effectively mitigate pulmonary damage.

We further assessed the antitumor efficacy of Dox@TPAu and the synergistic effects of NIR-triggered PTT combined 
with Dox release using a BxPC-3 cell-derived xenograft tumor mouse model. Mice were randomly divided into five 
groups and intravenously administered PBS, Dox, Dox@HBAu, Dox@TPAu, and Dox@TPAu under 808-nm laser 
irradiation (with a Dox-equivalent dose of 3 mg/kg) every 2 d for a total of seven treatments. Considering the favorable 
tumor distribution of Dox@TPAu at 3 h post-injection, we chose this time point for NIR irradiation (1 W/cm2 for 5 min) 
at the tumor inoculation site. During the 2-week treatment period, the mouse weight and tumor volume were monitored 
every 2 d. As depicted in the tumor growth curve (Figure 5A), rapid malignant growth of pancreatic cancer was observed 
in the blank group, with the tumor volume increasing to 494.60 ± 20.85 nm within 2 weeks. Although tumor growth was 
inhibited in the Dox groups, the mouse weight exhibited a significant decrease, indicating that non-targeted accumulation 
leads to severe toxic adverse effects. Strikingly, the Dox@TPAu with 808-nm laser irradiation group displayed 
significantly smaller tumors than the Dox@HBAu and Dox@TPAu groups without NIR irradiation on day 14 post- 
inoculation. In particular, the Dox@TPAu (+NIR irradiation) group showed tumors that were only half of the initial 

Figure 4 (A) Live/dead staining of BxPC-3 cells post various treatments BxPC-3 cells underwent treatment with PBS, Dox, HBAu plus 808-nm laser, Dox@HBAu, 
Dox@TPAu, and Dox@TPAu plus 808-nm laser (1 W/cm2 for 5 min), followed by evaluating cell status (Scale bar: 100 μm). Biodistribution patterns of Dox in (B) liver and 
(C) tumor of BxPC-3 tumor-bearing mouse post intravenous administration of Dox, Dox@HBAu, Dox@TPAu at Dox dose of 3 mg/kg over different time points. Data are 
presented as mean ± SD (n=3), *P < 0.05 and **P < 0.01, (one-sample t-test) compared to the Dox group.
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Figure 5 Investigating the synergistic therapeutic effect of Chemo-PTT with Dox@TPAu in vivo (A) tumor growth curves and (B) body weight changes of BxPC-3 tumor- 
bearing mice over a 2-week period post-treatment with PBS, Dox, Dox@HBAu, Dox@TPAu and Dox@TPAu plus 808-nm laser (1 W/cm2 for 5 min) (C) Representative 
photograph of excised BxPC-3 tumors from mice treated with PBS, Dox, Dox@HBAu, Dox@TPAu, and Dox@TPAu plus 808-nm laser (1 W/cm2 for 5 min), and tumors 
were collected for further analysis. (D) Representative immunofluorescence (IF) staining images of α-SMA and FAP positive regions in mouse tumor (Scale bar: 100 µm). 
Data are presented as mean ± SD (n=3), *P < 0.05, and **P < 0.01 (one-sample t-test) compared to the Dox group.

https://doi.org/10.2147/IJN.S497346                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2024:19 14070

Meng et al                                                                                                                                                                           

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



tumor size, as well as those that were approximately 67.47% and 86.18% smaller than those of the Dox@HBAu and 
Dox@TPAu groups, respectively. More importantly, histopathological staining of major organs such as the heart, liver, 
spleen, lung, and kidney in the Dox@HBAu and Dox@TPAu groups did not reveal obvious damage or changes in mouse 
body weight, indicating that the virus-like AuNP drug delivery system can enhance tumor-targeted accumulation and 
reduce systemic toxicity (Figures 5B and 6).

To systematically evaluate the anti-tumor effects of Dox in the specified formulations in vivo, immunohistochemistry 
staining with CD34 to assess tumor vascular density and immunofluorescence staining with α-SMA and FAP to assess 
CAFs in pancreatic cancer xenograft mouse was conducted. As expected, the Dox@TPAu with NIR irradiation group had 
the lowest tumor vascular density, confirming the improved tumor microvasculature and tumor-associated angiogenesis 
disrupted by the virus-like gold nanoplatform through synergistic chemo-PTT.53 Finally, we verified that the Dox@TPAu 

Figure 6 Representative H&E and immunohistochemical (IHC) staining images of CD34 positive areas in mouse tissues including heart, liver, spleen, lung, kidney, and tumor 
from BxPC-3 xenograft-bearing mouse after intravenous administration of PBS, Dox, Dox@HBAu, Dox@TPAu, and Dox@TPAu plus 808-nm laser (Scale bar: 100 µm).
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with NIR irradiation group had a lower number of CAFs (green of α-SMA and red of FAP) than the Dox, Dox@HBAu, 
and Dox@TPAu groups (Figure 5C). These encouraging results indicate that the synergistic chemo-PTT significantly 
reduced the levels of α-SMA and FAP, which can decrease stromal desmoplasia, thereby disrupting the physical barrier 
for treatment and effectively delivering drugs to tumor cells. Collectively, our findings demonstrate the validity and 
feasibility of employing virus-like gold nanoplatforms for synergistic chemo-PTT to achieve effective stromal depletion 
and pancreatic cancer treatment.

Conclusions
In summary, we have developed a novel mitochondria-targeting, NIR-triggered system for the delivery of Dox that 
enhances PTT and enables NIR-controlled drug release. This innovative platform effectively amplifies stromal depletion 
and results in synergistic therapeutic effects against pancreatic cancer. The use of virus-like hyperbranched gold 
nanoparticles (HBAu) not only facilitated high drug-loading efficiency but also demonstrated excellent photothermal 
performance, achieving an efficiency of 91.0%. Characterization through UV-Vis spectroscopy, dynamic light scattering 
(DLS), and transmission electron microscopy (TEM) confirmed the successful synthesis of Dox@TPAu, which exhibited 
remarkable photo-triggered hyperthermic capabilities. This system’s ability to localize within mitochondria allows for 
controlled drug release upon NIR irradiation, leading to significant mitochondria-dependent apoptosis and enhanced 
antitumor efficacy both in vitro and in vivo. Furthermore, the modification of our delivery system improved the targeting 
of pancreatic cancer cells and associated stromal fibroblasts, effectively enhancing drug penetration and improving 
treatment outcomes. While our findings illuminate the potential of this platform, several challenges remain. Continued 
exploration is needed to further optimize the system’s targeting specificity, minimize potential off-target effects, and 
assess long-term safety. Future studies should focus on translational strategies, including robust preclinical trials, to pave 
the way for clinical applications. Overall, our platform appears to be a promising advanced strategy for pancreatic cancer 
treatment and is essential to the successful translation of these therapies from preclinical studies to clinical applications.
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