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Background: The clinical translation of ruthenium complexes as alternatives to platinum-based drugs is hindered by insufficient 
tumor targeting and limited therapeutic efficacy. Although nanodrug delivery systems (NDDS) offer potential solutions, existing Ru 
platforms often fail to integrate multi-modal therapeutic mechanisms effectively. This study aimed to construct a tumor-targeted Ru– 
Au nanoplatform, KKS-Ru@AuNPs, that synergizes Ru-based chemotherapy with photothermal therapy (PTT) to suppress tumor 
growth and metastasis simultaneously.
Methods: The KKS-Ru@AuNPs system was developed by conjugating arginine-glycine-aspartic acid peptide-modified Ru complexes 
with Au nanospheres. The nanoscale properties of KKS-Ru@AuNPs were characterized utilizing transmission electron microscopy and 
nanoparticle size-measuring techniques. The photothermal performance of the KKS-Ru@AuNP system was assessed using near-infrared 
irradiation assays utilizing an infrared thermal imaging device. Additionally, anti-tumor efficacy was evaluated in an A549 xenograft 
mouse model, and tumor-targeting efficiency was quantified by inductively coupled plasma mass spectrometry (ICP-MS).
Results: The KKS-Ru@AuNPs exhibited nanospherical morphology, with nanospheres having a diameter of ~75 nm. Compared with 
AuNPs, KKS-Ru@AuNPs exhibited enhanced stability and superior photothermal conversion efficiency. Under in vitro conditions 
with irradiation using an 808 nm laser, the KKS-Ru@AuNPs exhibited significantly enhanced cytotoxic effects. In vivo studies 
revealed that KKS-Ru@AuNPs achieve greater tumor accumulation than that achieved by AuNPs. The synergistic therapeutic effect of 
KKS-Ru@AuNPs was evidenced by an 84.6% reduction in tumor weight and a 46% decrease in the number of lung metastatic 
nodules.
Conclusion: This study established a Ru-based NDDS by integrating active targeting, chemotherapy, and PTT into a single platform, 
overcoming the limitations of conventional monotherapeutic approaches. However, challenges persist in terms of long-term biosafety 
due to hepatic Au accumulation and tumor heterogeneity-dependent targeting efficiency. Future studies should focus on degradable 
carrier designs and multi-omics mechanistic analysis to promote clinical applicability of Ru-based NDDSs.
Keywords: Ru complexes, Au nanoparticles, photothermal therapy, tumor suppression, anti-metastasis

Introduction
In recent years, ruthenium complexes have garnered significant attention as promising alternatives to platinum-based 
drugs.1–3 Unlike traditional chemotherapeutic agents, Ru complexes exhibit not only reduced systemic toxicity and more 
favorable safety profiles, but also distinctive redox activities,4 multi-target mechanisms of action,5 and excellent 
biocompatibility.6 Ru complexes exert antitumor effects by disrupting the cancer cell cycle and inducing the apoptotic 
signaling pathways. Nonetheless, small-molecule Ru complexes encounter substantial challenges in clinical translation.7 
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Firstly, the rapid metabolism and inadequate tumor targeting significantly reduce the accumulation efficiency of Ru 
complexes in vivo.8,9 Secondly, the reliance of Ru complexes on a single chemotherapeutic mechanism is often 
insufficient to effectively inhibit tumor metastasis and angiogenesis.10–12 Although structural optimization can address 
certain pharmacokinetic limitations of Ru complexes, achieving a balance between the steric hindrance of ligands and 
requisite lipophilicity remains challenging.7,13–16 To address the challenges and limitations associated with the use of Ru 
complexes, nanodrug delivery systems (NDDSs) have been developed.17–20 NDDSs present innovative approaches for 
the functional enhancement of Ru-based therapeutics.21–23

Recently, gold nanoparticles (AuNPs) have emerged as exemplary drug delivery platforms owing to their distinctive 
surface plasmon resonance properties, tunable photothermal conversion capabilities, and biocompatibility.24 Utilizing 
advanced surface functionalization techniques,25 AuNPs can achieve passive targeting via enhanced permeability and 
retention (EPR) effect26 and active targeting via ligand modification.9,27 Surface functionalization of AuNPs substantially 
increases drug accumulation at tumor sites.28 Furthermore, the multifunctional integration capabilities of NDDS facilitate 
the incorporation of photothermal therapy, chemotherapy, and antimetastatic functions into a single platform, overcoming 
the limitations associated with traditional monotherapeutic approaches.29 Recent studies have reported that Ru 
(η6-p-cymene) complexes co-modified with poly(N-vinylpyrrolidone) on AuNPs (Ru@AuNPs) can markedly enhance 
the cytotoxic efficacy against colorectal cancer cells by improving cell membrane permeability, facilitating the develop
ment of multimodal therapeutic.25 In 2021, peptidyl arginine deiminase 4 (PAD4) inhibitor-loaded Au nanorods were 
reported to demonstrate superior tumor suppression and antimetastatic activities compared with those of PAD4 inhibitor- 
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loaded Au nanospheres. The improved tumor suppression and antimetastatic activities observed using PAD4 inhibitor- 
loaded Au nanorods can be attributed to increased cellular and tissue permeability.30

Previous studies have explored hybrid Ru–Au systems; for example, Ru(η6-p-cymene) complexes co-modified with 
poly(N-vinylpyrrolidone) on AuNPs were shown to enhance cytotoxicity against colorectal cancer cells by improving 
membrane permeability.25 In another study, PAD4 inhibitor-loaded Au nanorods outperformed nanospheres in tumor 
suppression and antimetastatic activity, attributed to improved tissue permeability.30 However, these systems often lack 
specific targeting ligands and exhibit limited spatial-temporal synergy between therapeutic components.

This study focused on developing a Ru-Au nanocarrier system (KKS-Ru@AuNPs), designed to overcome these 
limitations. This system preserves the photothermal properties AuNPs while enhancing Au accumulation in tumors by 
incorporating Ru complexes to achieve dual antitumor and antimetastatic effects. The developed nanocarrier system 
utilized AuNPs as core carriers with near-infrared photothermal conversion capability for physical ablation. The KKS-Ru 
complex, which has integrin-targeting properties, was incorporated with AuNPs to form KKS-Ru@AuNPs. The presence 
of an arginine-glycine-aspartic acid sequence (RGDS)-targeting moiety in KKS-Ru@AuNPs allowed detection of 
overexpressed integrin receptors in tumor cells, synergistically augmenting tumor accumulation and enhancing antimeta
static efficacy of the nanoparticles. The KKS-Ru@AuNPs maintained a photothermal conversion efficiency comparable 
to that of unmodified AuNPs in vitro, enhancing tumoricidal activity. Additionally, the KKS-Ru@AuNPs increased the 
lysosomal count and induced cell death. In vivo studies indicated that the concentration of KKS-Ru@AuNPs within 
tumor tissues reached 69.1 ± 26.6 ng Au/mg tissue, which is significantly greater than that observed using unmodified 
AuNPs. The tumor-targeting effect of KKS-Ru@AuNPs reduced the volume of orthotopic tumors by 84.6% and 
decreased the number of metastatic nodules in lungs by 41.7%. The observed multi-mechanism synergy exhibited by 
the KKS-Ru@AuNPs is attributable to the following: (1) RGDS-mediated active targeting, which enhances tumor 
accumulation, and (2) the spatiotemporal synergy between Ru complexes and photothermal effects that amplifies 
apoptotic signals. This study not only introduces a novel paradigm for the targeted delivery of Ru-based therapeutics 
but also establishes a theoretical foundation for developing multimodal nanoplatforms with simultaneous antitumor and 
antimetastatic capabilities.9

Materials and Methods
All reagents and instruments employed in the study are listed in Tables S1 and S2. Furthermore, the detailed procedures 
for the synthesis and characterization of KKS and KKS-Ru, along with the operational protocols for DLS, TEM, and 
SEM analyses, as well as the experimental methods for live/dead cell staining and biological distribution assessed by 
ICP-MS, are fully described in the supporting documents.

Synthesis of KKS and KKS-Ru
The reactive intermediates, 1-(quinolin-2-yl)-9H-pyrido[3,4-b]indole-3-carboxylic acid (KQ) and R(NO2)GD(OBzl) 
S-OBzl, were synthesized using a method described elsewhere.31 Subsequently, as outlined in Figure 1, R(NO2) 
GD(OBzl)S-OBzl was sequentially condensed with Cbz-Lys(Boc)-COOH and KQ using EDC/HOBt-mediated amidation 
reaction to yield Cbz-K(KQ)-R(NO2)GD(OBzl)S-OBzl. The protecting groups were then removed by catalytic hydro
genolysis under mild conditions, yielding compound K(KQ)-RGDS, referred to as KKS ligand. Detailed experimental 
procedures and compound identifications are provided in the Supporting Information (Figure S1–S15).

Next, KKS ligand (85 mg, 0.1 mmol) was subjected to heating with 52 mg of Ru(bpy)2Cl2•2H2O (0.1 mmol) in 
ethanol at 60 °C for 48 hours. The resulting product was purified using C18 column chromatography, yielding 92 mg 
(71.1%) of the target compound [(bpy)2Ru(II)(KKS)], designated as KKS-Ru complex, in the form of a purple–red solid 
powder (Purity: 90.43%; Q-TOF-MS (m/z): 1294.8997 [M-H]+; Figure 2A). The 1H NMR spectrum in Figure 2B reveals 
that after Ru complexation, a distinctive bipyridine peak emerges while the peak related to the chiral carbon of RGDS 
exhibits a shift toward high field. The ultraviolet spectrum of KKS-Ru in Figure 2C shows a peak, which is characteristic 
of Ru-bipyridine, in the range of 400–500 nm. These results confirm the successful coordination of KKS with Ru.
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Preparation of KKS and KKS-Ru Nanoparticles
KKS and KKS-Ru nanoparticles were prepared using a conventional self-assembly technique.32 Briefly, solid powders of 
KKS ligand and KKS-Ru complex were each dissolved in dimethyl sulfoxide (DMSO) to obtain stock solutions. 
Subsequently, ultrapure water, phosphate buffered saline, or normal saline were incrementally added under ultrasonic 
conditions for 30 minutes to induce nanoparticle formation. The final concentration of DMSO in the resulting solutions 
was maintained below 1% (v/v).

Preparation of AuNPs and KKS-Ru@AuNPs
The KKS-Ru complex was conjugated with SH-PEG3000-COOH via EDC/NHS-mediated coupling to obtain SH-PEG3000 

-KKS-Ru (designated as PEG-KKS-Ru), which was purified by dialysis (MWCO: 3500 Da). This step activates the 
terminal carboxyl group of SH-PEG3000-COOH by forming an amine-reactive NHS ester, allowing it to covalently bind 
to primary amine groups on the KKS-Ru complex through the formation of stable amide bonds.

Subsequently, KKS-Ru@AuNPs were synthesized by incubating PEG-KKS-Ru with AuNPs at various mass ratios, as 
detailed in Table S3. Control AuNPs were synthesized using SH-PEG3000-COOH in place of SH-PEG3000-KKS-Ru. The 
formation of KKS-Ru@AuNPs is primarily driven by the strong covalent coordination between the thiol (-SH) group at 
the distal end of the PEG spacer and the gold surface. This Au-S bond is one of the most stable interfacial linkages in 
nano-bioconjugation, providing robust anchoring of the PEG-KKS-Ru conjugate onto the AuNP core. Control AuNPs 
were synthesized using SH-PEG3000-COOH in place of SH-PEG3000-KKS-Ru.

Figure 1 Sythetic routes of (a) KKS-Ru and (b) KKS-Ru@AuNPs. (i) DCC, HOBt, THF, NMM; (ii) 4M HCl/EA; (iii) KQ, EDC, HOBt, THF, NMM; (iv) Pd/C, H2, CH3OH; (v) 
(bpy)2Ru(II)Cl2·2H2O, DMF/H2O, pH 8.0, r.t., 24 hours; (vi) EDC, NHS; (vii) Stirring and incubating at r.t. for 4 hours, excess PEG-KKS-Ru was removed by centrifugation 
(11,000 rpm, 10 minutes) and washed three times with buffer.
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Figure 2 Characterization of KKS-Ru and KKS-Ru@AuNPs. (A) FT-MS spectrum of KKS-Ru; (B and C) Changes in the ¹H-NMR and UV-Vis spectra of KKS and KKS-Ru, 
confirming successful complexation; (D) UV-Vis data, (E) encapsulation efficiency, and (F) drug loading capacity (including photos of solutions) of KKS-Ru@AuNPs with 
increasing PEG-KKS-Ru: AuNPs mass ratio (1: 1 to 5: 1); (G and H) Nanoparticle size and zeta potential of KKS-Ru@AuNPs on day 1 and day 7 after preparation, with 
increasing KKS-Ru:AuNP mass ratios (1: 1 to 4: 1); (I) Thermal images and (J) corresponding temperature elevation profiles of KKS-Ru@AuNPs under 808 nm laser 
irradiation (1 W/cm², 0–15 minutes). Groups: (a) AuNPs; (b–f) KKS-Ru@AuNPs with increasing KKS-Ru:AuNP mass ratios from 1:1 to 5:1.
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Specially, 1 mL of gold nanoparticles (size = 20 nm, concentration = 0.05 mg/mL) was centrifuged at 11,000 rpm for 
10 minutes, the supernatant discarded, and the pellet washed twice with ultrapure water to remove citrate stabilizers and 
other impurities, thereby exposing the clean gold surface for efficient conjugation. The cleaned gold nanoparticles were 
resuspend in 950–750 μL of PBS or normal saline. PEG-KKS-Ru (1 mg/mL, 50–250 μL) was then added dropwise under 
stirring, and the mixture was incubated at room temperature for 4 hour to enable complete conjugation. During this 
incubation, the thiolated PEG-KKS-Ru ligands spontaneously assemble onto the AuNP surface via chemisorption, 
forming a stable, self-assembled monolayer that presents the KKS-Ru complexes outward into the solution. After 
incubation, unbound PEG-KKS-Ru was removed by centrifugation at 11,000 rpm for 10 min, followed by three washes 
with buffer to ensure the purification of the final conjugate and accurate quantification of loading efficiency. The final 
product KKS-Ru@AuNPs were stored at 4 °C. US-vis absorption spectroscopy confirmed successful surface modifica
tion of AuNPs with the Ru complex, while ICP-MS was employed to quantify drug loading and encapsulation efficiency.

Photothermal Conversion Capacity
The photothermal conversion capacity of AuNPs and KKS-Ru@AuNPs was determined by monitoring temperature 
elevation using an infrared thermal imaging camera. Specifically, aqueous dispersions of AuNPs (20 μg/mL) and KKS- 
Ru@AuNPs at various KKS-Ru ratio (1:1, 2:1. 3:1, 4:1, 5:1) were irradiated with an 808 nm NIR laser at a power density 
of 1 W/cm² for 15 minutes, during which the temperature changes were recorded in real time. Additionally, the 
photothermal heating curves of KKS-Ru@AuNPs at different nanoparticle concentrations (H2O as control, 5, 10, and 
20 μg/mL) were obtained under the same laser irradiation conditions (808 nm, 1 W/cm²) for 10 minutes. To evaluate 
photostability, the solution of KKS-Ru@AuNPs (20 μg/mL) was subjected to three consecutive laser on/off cycles, with 
temperature monitored throughout both irradiation and cooling periods.

3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay
The human non-small cell lung cancer cell line A549 were procured from Nanjing Kaiji Biotechnology (Nanjing, China) 
and cultured in RPMI-1640 medium containing 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin. Cultures were 
maintained at 37 °C in a humidified 5% CO2 atmosphere, with medium changes every two days.

For the cellular viability assay, A549 cells were seeded into 96-well plates at a density of a density of 4×104 cells/mL, 
with 100 μL of cell solution per well, and incubated overnight. Subsequently, 25 μL of KKS-Ru nanoparticles was added 
to each well to achieve final drug concentrations of 100, 50, 25, 12.5, 6.25, 3.125, and 1.5625 μM. Similarly, 25 μL of 
AuNPs or KKS-Ru@AuNPs was added to reach final Au concentrations of 100, 50, 25, 12.5, 6.25, 3.125, and 1.5625 μg/ 
mL. After 24 hours of incubation, the cells were either irradiated (1 W/cm2, 3 minutes) or not irradiated, followed by an 
additional culture period of 24 hours. Cell viability was then assessed using the MTT assay.

Lysosomes Tracking for Flow Cytometry Analysis
A549 cells were cultured for 12 hours in six-well plates with KKS-Ru@AuNPs in the presence of 20 μg/mL Au. 
Subsequently, one experimental group was subjected to irradiation using an 808 nm laser operating at an intensity of 1 
W/cm2 for 3 minutes. Following an additional incubation for 12 hours, the cells were stained using lysosomal tracker 
(1:15000) for 30 minutes at 37 °C, and the nuclear DNA was stained with Hochest 33342 for 5 minutes. After washing 
with PBS, the stained cells were analyzed using a high-content image flow cytometry (Amnis® ImageStream Mk II, 
Luminex, Austin, TX, USA) and statistically analyzed by IDEAS 6.2.

A549 Xenotransplantation Mouse Model
All animal procedures were approved by the Institutional Animal Care and Use Committee of Capital Medical University 
(NO. AEEI-2022-232), and complied with the guidelines of the protocol and the Regulations on Laboratory Animal 
Welfare issued by Chinese Ministry of Science and Technology. The research involved 30 female BALB/C nude mice, 
aged 8 weeks and weighing 18–20 g, purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. Prior 
to experimentation, the mice were raised under experimental environment at least 1 week.
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Subsequently, the A549 tumor cells (2×106 cells/mouse, 0.1 mL), in its logarithmic growth phase, were inoculated on 
the right dorsal side of BALB/C nude mice. Approximately 11 days later, when the tumor volume reached approximately 
150 mm3, the mice were randomly assigned to five groups, each comprising six mice (Table S4). The treatment regimen 
was continuously administered over a period of 14 days. During the treatment phase, tumor dimensions (length and 
width) were measured daily, and the tumor volume was calculated. On the 3rd, 7th, and 12th day of treatment, the tumor 
was irradiated using an 808 nm laser operating at an intensity of 1 W/cm2 for 4 minutes. Following the final laser 
treatment, mice were weighed, and their blood samples were collected via orbital sinus puncture 24 hours later. 
Subsequently, the mice were euthanized by cervical dislocation. Blood samples were collected, with one portion used 
for routine hematological analysis and the remainder centrifuged at 3000 rpm for 10 minutes to obtain serum for 
biochemical assays. Tumors and major organs (heart, liver, spleen, lung, kidney, and brain) were excised. Pulmonary 
metastatic nodules were counted, and all tissues were stored at −80 °C for further analysis.

Photoacoustic (PA) Imaging
Photoacoustic imaging was conducted to evaluate the tumor accumulation and distribution of nanoparticles in vivo. A549 
tumor-bearing mice were intravenously injected with either AuNPs or KKS-Ru@AuNPs (20 μg/mL Au). Mice were then 
anesthetized with isoflurane and placed in the imaging chamber of a TomoWave LOIS-3D PA imaging system (USA). 
Three-dimensional PA imaging of the tumor site was performed at 0, 2, 6, 12, 24, and 48 hours post-injection using 
a wavelength of 660 nm optimized for AuNP absorption.

Statistical Analysis
All experiments were conducted in triplicate, and data are expressed as mean ± standard deviation (SD). Statistical 
comparisons were performed using one-way ANOVA. * p < 0.05 and ** p < 0.01 were considered statistically 
significant.

Results
Characterization of KKS-Ru@AuNPs
The successful preparation of KKS-Ru@AuNPs were confirmed by ultraviolet-visible (UV-Vis) spectrophotometry 
(Figure 2D). With increasing PEG-KKS-Ru: AuNPs mass ratios, the characteristic absorption peak of AuNPs shifted 
from 525 nm to 515 nm, accompanied by enhanced absorption intensity. Additionally, a new characteristic absorption 
peak corresponding to Ru-bipyridine also appeared at ~380 nm. Concurrently, the solution color transitioned from purple 
to deep red (Figure 2E), indicating successful surface modification of AuNPs with KKS-Ru. Furthermore, the drug 
loading capacity and encapsulation efficiency were quantified via ICP-MS (Figure 2E and F). As the PEG-KKS-Ru: 
AuNPs mass ratio increased from 1: 1 to 5: 1, the Ru loading increased, while the encapsulation efficiency decreased, 
suggesting a saturation effect at higher ligand concentrations.

The optimal formulation ratio of KKS-Ru@AuNPs was evaluated using dynamic light scattering (DLS). As shown in 
Figure 2G, increasing the degree of PEG-KKS-Ru modification led to a progressive enlargement of the nanoparticles, 
which further increased over a seven-day storage period. Notably, the 3:1 PEG-KKS-Ru:AuNPs group showed the 
smallest size change which was measured ~200 nm on day 1 to ~300 nm on day 7, indicating superior stability. 
Figure 2H illustrates the variations in zeta potential at different PEG-KKS-Ru levels on day 1 and after seven days. 
Initially around −20 mV, the zeta potential became more negative with increasing PEG-KKS-Ru, reflecting its anionic 
nature. After storage for seven days, a general decline in the absolute zeta potential was observed, except in the 3:1 
group, which showed minimal variation, further indicating its superior stability. Excessive PEG-KKS-Ru can lead to 
aggregation through steric hindrance and electrostatic interactions, while insufficient modification compromises stability 
and drug encapsulation efficiency. Overall, the 3:1 formulation achieved an optimal balance between drug loading and 
colloidal stability, making it suitable for subsequent investigations.

To assess the photothermal conversion capability of KKS-Ru@AuNPs, the temperature changes of nanoparticle 
dispersions were measured under 808 nm laser irradiation (1 W/cm²) using an infrared thermal imaging device (Figure 2I 
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and J). The temperature of AuNPs increased by ~10 °C after 15 minutes of irradiation. In contrast, KKS-Ru@AuNPs 
exhibited a greater temperature rise of 16–20 °C, depending on the PEG-KKS-Ru ratio. Notably, the 3:1 formulation 
reached a temperature plateau within 10 minutes, demonstrating efficient and stable photothermal conversion. Compared 
with AuNPs, the enhanced performance of KKS-Ru@AuNPs enhancement may be attributed to the increased particle 
size, which has been linked to improved photothermal conversion efficiency. Furthermore, KKS-Ru modification 
precisely tuned the localized surface plasmon resonance (LSPR) properties of AuNPs, thereby enhancing their absorption 
efficiency under 808 nm laser irradiation. Such strong photothermal performance lays the foundation for PTT with 
chemotherapy, thereby enhancing the overall therapeutic efficacy of the nanoplatform.

Nanoscale Properties
Transmission electron microscopy (TEM) and DLS technology were further employed to characterize the morphology 
and size of the nanoparticles. As shown in Figure 3A and B, KKS nanoparticles self-assembled into uniform spherical 
structures with an average diameter of ~281 nm, while KKS-Ru nanoparticles exhibited larger flower-like structures with 
an average size of ~1201 nm. In comparison, the unmodified AuNPs were well-dispersed nanospheres measuring ~25 
nm. After surface modification, KKS-Ru@AuNPs appeared as irregular aggregates with an average core size of 
approximately 75 nm and visibly darker central regions, indicating the successful coating of AuNPs with KKS-Ru. 
Notably, DLS measurements revealed a larger hydrodynamic size of ~190 nm with a polydispersity index (PDI) of 0.20, 
suggesting a relatively uniform size distribution (Figure 3C). Such discrepancies are commonly observed since TEM 
only visualizes the dry physical core, whereas DLS measures the hydrodynamic diameter, which includes the hydrated 
shell and surface-bound molecules. Moreover, the irregular morphology of KKS-Ru@AuNPs may cause light scattering 
effects that further increase the apparent size measured by DLS.

To further evaluate colloidal stability of KKS-Ru@AuNPs under physiological conditions, the nanoparticles were 
incubated in serum-containing medium (10% FBS) for 0–24 hours. As shown in Figure S16, the particle size remained 
within 208–262 nm throughout the incubation period, with corresponding PDI values ranging from 0.23 to 0.41. The 
relatively narrow size distribution and stable PDI indicate that KKS-Ru@AuNPs exhibit low aggregation and maintain 
good colloidal stability under physiological conditions, which is essential for consistent performance and reliable in vivo 
therapeutic outcomes.

Interestingly, the KKS nanoparticles exhibited a positive zeta potential (Figure 3D), which is attributable to the 
exposure of guanidine groups on the nanoparticle surface following self-assembly. Upon complexation with Ru, the zeta 
potential shifted from positive to negative, presumably resulting from the incorporation of Ru-bipyridine, which alters the 
self-assembly structure and exposes the carboxyl groups on the surface of the nanoparticles. Notably, the absolute value 
of the zeta potential of KKS-Ru@AuNPs exceeded that of the AuNPs, suggesting that surface modification with PEG- 
KKS-Ru does not compromise, but may even enhance the colloidal stability of AuNPs.

Photothermal Conversion Capacity
To precisely evaluate the contribution of the KKS-Ru molecular coating to photothermal performance, this study 
employed bare AuNPs with an identical core size (25 nm) as the control group. This approach effectively eliminates 
any influence of gold core size on the LSPR effect and photothermal conversion efficiency (PCE), thereby attributing 
observed performance differences primarily to the functional molecular modification. The solution of KKS-Ru@AuNPs 
was diluted to achieve solutions with Au concentrations of 5, 10, and 20 μg/mL. Temperature changes in the solution 
were monitored using water as a control. Figure 3E and F show that after 10 minutes of irradiation using an 808 nm laser 
operating at 1 W/cm², the temperatures of the solutions increase, with solutions having higher Au concentrations 
exhibiting a higher increase in temperature. The temperature increased over 46 °C for the KKS-Ru@AuNPs solution 
containing 20 μg/mL Au.

To evaluate the photothermal stability of KKS-Ru@AuNPs, the solution of KKS-Ru@AuNPs containing 20 μg/mL 
Au was subjected to irradiation using an 808 nm laser operating at for 15 minutes. Subsequently, the laser was turned off, 
and the solution was allowed to cool naturally to ambient temperature. The laser irradiation and cooling processes were 
repeated three times. As shown in Figure 3G, the temperature of the solution of KKS-Ru@AuNPs containing 20 μg/mL 
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Au exceeds 45 °C in all three irradiation and cooling cycles, indicating photothermal stability of KKS-Ru@AuNPs. 
Simultaneously, we evaluated the release behavior of KKS-Ru@AuNPs under NIR laser irradiation at this concentration. 
The amount of Ru released with or without NIR exposure was quantitatively measured using ICP-MS. As shown in 

Figure 3 Self-assembly characterization and photothermal properties of nanoparticles. (A) TEM images of KKS, KKS-Ru, AuNPs and KKS-Ru@AuNPs; (B) Particle size 
distribution determined from TEM images via ImageJ analysis; (C) Hydrodynamic diameters and (D) zeta potentials determined by dynamic light scattering; (E) Infrared 
thermal images and (F) corresponding temperature-time curves of KKS-Ru@AuNPs with varying Au concentrations under 808 nm laser irradiation at 1 W/cm2 for 
0–10 minutes, n = 3; (G) Photothermal stability of KKS-Ru@AuNPs containing 20 µg/mL Au over multiple cycles of 880 nm laser irradiation at 1 W/cm2.
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Figure S17, laser irradiation significantly accelerated Ru release compared to the non-irradiated group, reaching a plateau 
within approximately 4 minutes with a release rate exceeding 94%. These results confirm that KKS-Ru@AuNPs exhibit 
a PTT-triggered drug release profile.

Cell Viability
The cytotoxicity of KKS-Ru@AuNPs on tumor cells with and without laser irradiation was assessed using MTT assays 
and live/dead cell staining. As shown in Figure 4A, treatment with KKS-Ru@AuNPs at concentrations of 25, 50, and 
100 μg/mL resulted in a marked decrease in cell viability upon 808 nm laser exposure. Similarly, unmodified AuNPs also 
exhibited reduced viability after laser irradiation, consistent with previous reports.30 Notably, KKS-Ru@AuNPs com
bined with laser irradiation showed significantly greater cytotoxicity than AuNPs, KKS-Ru, or either treatment alone.

Live/dead staining further confirmed these findings (Figure 4B). Without laser irradiation, A549 cells treated with 
PBS (control group) and KKS-Ru@AuNPs (20 μg/mL Au), predominantly displayed green fluorescence, indicating 
viable cells. In contrast, cells incubated with KKS-Ru@AuNPs followed by 5 minutes of laser irradiation exhibited 
extensive red fluorescence, indicative of cell death. Collectively, these results demonstrate that KKS-Ru@AuNPs possess 
strong, laser-dependent cytotoxic activity, validating their potential for combined photothermal and chemotherapeutic 
treatment.

Figure 4 In vitro photothermal activity of KKS-Ru@AuNPs. (A) Viability of A549 cells after 48 h of drug incubation, with or without 3 minutes of 808 nm laser irradiation at 
1 W/cm2; (B) Representative fluorescence images of Calcein AM/PI-stained A549 cells, showing live (green) and dead (red) populations after KKS-Ru@AuNPs treatment, 
with or without 3 minutes of 808 nm laser irradiation at 1 W/cm2; (C) Representative flow cytometry images and (D) quantification of fluorescence intensity of lysosomal 
tracker/Hochest 33342 dual staining, n=3. * P < 0.05; ** P < 0.01.
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Lysosomal Tracking and Cell Death
According to the previous reports, Ru complexes induce cell death (apoptosis or necrosis) by compromising lysosomal 
stability.31 Image flow cytometry was used to assess the fluorescence intensity of a lysosomal tracker and PI in KKS-Ru 
@AuNP-treated A549 cells. As shown in Figure 4C and D, cells exposed to KKS-Ru@AuNPs combined with 808 nm 
laser irradiation displayed a marked increase in lysosomal tracker and PI fluorescence compared to that in the control 
group. These results suggest that KKS-Ru@AuNPs induce tumor cell death by destabilizing lysosomes, consistent with 
a Ru-mediated cytotoxic mechanism.

In vivo Tumor Suppression and Anti-Metastasis in A549 Tumor-Bearing Mouse Model
The photothermal therapeutic efficacy of KKS-Ru@AuNPs was assessed in an A549 xenograft mouse model. As 
depicted in Figure 5A, the experimental protocol involved initiating treatment when the tumor volume reached 
approximately 150 cm3. The treatment included continuous administration of normal saline (NS), KKS-Ru, AuNPs, 
and KKS-Ru@AuNPs via the tail vein over a period of 14 days, coupled with irradiation using an 808 nm laser for 
4 minutes on both the 3rd, 7th, and 12th day of treatment. Temperature variations during laser exposure were recorded 
using a thermal imaging device. As shown in Figure 5B and C, after 4 minutes of laser irradiation, the maximum 
temperatures of local tumor in the NS, KKS-Ru, AuNPs, and KKS-Ru@AuNPs groups reached approximately 47 °C, 55 
°C, 53 °C, and 57 °C, respectively. Furthermore, in the KKS-Ru@AuNPs group, temperatures surpassed 50 °C within the 
first minute of irradiation, indicating rapid heat generation and excellent in vivo photothermal performance.

Next, the variations in tumor volume and weight were assessed after various treatments. Figure 5D and E show that 
the tumor volume and weight in the treatment groups are reduced to a greater extent than those in the control group. 
Notably, the KKS-Ru@AuNPs + 808 nm laser group achieved a tumor inhibition rate of 84.6%, whereas the KKS-Ru + 
808 nm, AuNPs + 808 nm, and KKS-Ru@AuNPs groups showed lower inhibition rates of 26.9%, 62.9%, and 30.3%, 
respectively. These results highlight the superior in vivo tumor inhibition efficacy of the KKS-Ru@AuNPs + 808 nm 
treatment, likely due to enhanced photothermal efficiency. Interestingly, tumor volume temporarily increased after each 
laser irradiation, which may be attributed to local tissue inflammation at elevated temperatures. This manifests macro
scopically as a transient increase in tumor size, consistent with the common “pseudo-progression” phenomenon.33

After the final treatments, 24 hours later, the mice were euthanized under anesthesia, and their lung tissues (Figure 5F 
and G) were harvested for analysis. Figure 5F shows that the KKS-Ru or KKS-Ru@AuNPs + 808 nm laser treatment 
groups exhibit a significant reduction in the number of metastatic tumor nodules within the lungs. In contrast, the group 
treated with only KKS-Ru@AuNPs fails to impede lung tumor metastasis. This may be attributed to the fact that the 
KKS-Ru@AuNPs group without laser irradiation does not trigger the release of KKS-Ru, or alternatively, lacks the 
efficacy to eliminate the primary tumor.

Body Distribution
To assess the in vivo distribution and metabolic processing of KKS-Ru@AuNPs, photoacoustic signals were recorded. 
This technique was employed owing to the strong near-infrared absorption and excellent photoacoustic properties of gold 
nanoparticles, which allow for deep-tissue, high-resolution imaging of their spatial distribution in living subjects. As 
shown in Figure 6A and B, both KKS-Ru@AuNPs and AuNPs rapidly accumulate at the tumor sites, persisting for over 
24 hours, with subsequent excretion at 48 hours. Owing to the distinct photoacoustic imaging properties of AuNPs and 
KKS-Ru@AuNPs, a direct comparison of drug accumulation based on imaging signals alone is not feasible. ICP-MS was 
employed to quantitatively analyze the in vivo distribution of AuNPs and KKS-Ru@AuNPs within the tumor sites. After 
continuous administration of the desired nanoparticles for 14 days, the concentrations of Au in various internal organs 
were measured. Figure 6C shows that the concentrations of KKS-Ru@AuNPs are significantly higher than those of 
AuNPs in the tumor, lung, and kidney, whereas the concentrations of AuNPs and KKS-Ru@AuNPs in the liver and 
spleen are comparable.

Collectively, these results demonstrate that KKS-Ru@AuNPs achieve markedly higher in vivo absorption and 
targeting efficacy toward the tumor and lungs than AuNPs. This enhanced targeting likely underlies their superior ability 
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to inhibit both primary tumor growth and pulmonary metastasis. Since laser irradiation was localized to the primary 
tumor, the reduction in lung metastases is primarily attributed to the synergistic effect of photothermal therapy and 
triggered chemotherapy at the primary site, effectively disrupting the metastatic cascade at its source. While systemic 
distribution, including lung accumulation, may provide an auxiliary chemotherapeutic benefit, this is considered 
a secondary and indirect mechanism.

Figure 5 In vivo photothermal therapeutic efficacy of KKS-Ru@AuNPs. (A) Schematic showing the treatment plan for A549 xenograft mice; (B) Representative infrared 
thermal images of tumor sites during 808 nm laser irradiation (1 W/cm2, 4 minutes), n = 3; (C) Tumor temperature profiles recorded over the 4 minutes irradiation period; 
(D) Tumor volume growth curves in treated and control groups, n = 6; (E) Final tumor weights at treatment end point, n = 6; (F) Number of pulmonary metastatic tumor 
nodules, n = 6; (G) Representative photographs of the harvested lung tissues. * P < 0.05; ** P < 0.01.
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Safety in vivo
To assess the in vivo safety of KKS-Ru@AuNPs as a nanomedicine, a comprehensive evaluation of body weight 
fluctuations of mice was conducted during the administration period. Additionally, the blood biochemical markers and 
routine hematological parameters of the treated mice were analyzed. As shown in Figure S18A, the body weights of the 
mice remained stable throughout the administration period. The blood biochemical markers, alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) exhibited no significant differences across the experimental groups (Figure 
S18B and C), suggesting that the continuous administration of KKS-Ru@AuNPs for 14 days does not induce any hepatic 
damage. No significant variations were observed in the renal function indicators, creatinine (Crea) and urea (Figure S18D 
and E), indicating the absence of overt nephrotoxicity after administration of KKS-Ru@AuNPs. Similarly, the white 
blood cell (WBC) and lymphocyte (Lym) counts remained unchanged (Figure S18F and G), suggesting that KKS-Ru 
@AuNPs can be used without causing any inflammatory responses, while stable red blood cell (RBC) and platelet (PLT) 
levels (Figure S18H and I) indicated no hematotoxicity. Additionally, H&E staining of the heart, liver, spleen, and kidney 
(Figure S19) showed no significant structural damage, further confirming the good systemic safety of KS-Ru for in vivo 
administration.

Discussion
Compared to the previous reported Ru-based nanodrug KS-Ru,31 KKS-Ru@AuNPs introduced an innovative therapeutic 
mechanism by incorporating photothermal therapy. Although both KS-Ru and KKS-Ru@AuNPs as nanodrugs exhibit 
a comparable efficiency in tumor accumulation facilitated by integrin targeting, KKS-Ru@AuNPs exhibits a markedly 
higher in situ tumor inhibition efficacy, increasing the tumor inhibition rate from 43% to 84.6%. The synergistic 
mechanism achieved after combining photothermal therapy with chemotherapy using KKS-Ru@AuNPs is possibly 
responsible for the observed excellent in situ tumor inhibition efficacy of KKS-Ru@AuNPs. The dual amplification 

Figure 6 In vivo biodistribution of KKS-Ru@AuNPs. (A) Representative photoacoustic images of A549 xenograft mice following intravenous injection of AuNPs or KKS-Ru 
@AuNPs. The dotted white circle represents the location of the tumor; (B) Quantified PA signal intensity in the tumor region at indicated time points; (C) Quantitative 
analysis of gold accumulation in major organs and tumor tissue from A549 xenograft mice treated with AuNPs + 808 nm or KKS-Ru@AuNPs + 808 nm, determined by ICP- 
MS and expressed as ng Au per g tissue. ** P < 0.01.
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effects of Ru complexes and photothermal effects on lysosomal stress and apoptotic signaling can also be considered as 
contributing factors toward the observed in situ tumor inhibition efficacy of KKS-Ru@AuNPs. As compared to Au 
nanosphere-based NDDS,30 KKS-Ru@AuNPs exhibit superior photothermal conversion capabilities. Moreover, KKS-Ru 
@AuNPs exhibit higher photothermal stability than that exhibited by Au nanorod-based NDDS. More importantly, in 
contrast to other reported Au-Ru hybrid systems,21 our KKS-Ru@AuNPs are uniquely functionalized with the integrin- 
targeting RGD peptide, which represents a critical advancement that enables active tumor targeting and underlies the 
markedly enhanced therapeutic outcomes observed in this study. The multimodal design of KKS-Ru@AuNPs not only 
addresses the challenge of insufficient efficacy associated with Ru-based drugs but also establishes a theoretical 
foundation for developing smart nanodrugs with various capabilities, including precise delivery, in situ tumor eradication, 
and remote anti-metastasis.

The KKS-Ru@AuNPs exhibit the benefits of multi-mechanism synergistic therapy; however, the following issues 
require further research attention:

(1) Biocompatibility challenges: The accumulation of nanocarriers in the liver and kidney, with levels exceeding 171 
times and 3.2 times that at the tumor site, respectively, poses a potential risk of long-term metabolic toxicity. 
Biocompatibility issues can be addressed by developing degradable Au-based nanocarriers, such as those utilizing 
glutathione-responsive Au–S bonding structures.34 Future work will focus on designing such degradable systems to 
enhance metabolic clearance and reduce long-term retention in non-target organs.

(2) Limited targeting: The heterogeneity in integrin receptor expression reduces targeting efficiency toward tumors 
with low αvβ3 expression. Notably, the expression of RGD-binding integrins (eg, αvβ3) is highly variable across 
different tumor types, stages, and even within subregions of the same tumor, which may substantially limit the universal 
applicability of mono-targeted agents.35 To improve clinical applicability, the development of multi-targeted aptamer 
systems, such as those utilizing RGD/ferrofolic acid dual-ligand modifications, is necessary.36 Such strategies aim to 
overcome heterogeneity by simultaneously addressing multiple molecular targets, thereby broadening therapeutic cover
age and enhancing targeting robustness.

(3) Insufficient elucidation of molecular mechanisms: The molecular switch that regulates the apoptotic pathway 
between the coordination of Ru complexes and photothermal effects should be clearly identified. Employing omics 
technologies is essential for systematically analyzing molecular mechanisms.37

(4) Translational potential: While the multi-component design of KKS-Ru@AuNPs introduces complexity, each 
element is crucial for its intended function: the Au core for PTT and carrier function, the Ru complex for chemotherapy, 
and the PEG-RGD moiety for stability and active targeting. This functional complexity is justified by a significantly 
enhanced therapeutic index. We acknowledge that scalability and reproducibility are key challenges for translation. 
However, the synthesis leverages well-established chemistries (eg, EDC/NHS coupling, Au-S bonding). Future efforts 
towards translation will focus on establishing robust Good Manufacturing Practice (GMP)-compliant processes, defining 
critical quality attributes (CQAs: eg, size, drug loading, targeting ligand density), and employing advanced analytical 
techniques for rigorous quality control throughout production.

Conclusion
This study explored a peptide-linked Ru–Au nanocarrier system, KKS-Ru@AuNPs, for effectively utilizing the coupled 
effect of targeted chemotherapeutic properties of Ru complexes and photothermal therapeutic capabilities of Au nano
spheres. KKS-Ru@AuNPs enabled achieving a synergistic effect characterized by tumor-specific accumulation, efficient 
in situ cytotoxicity, and anti-metastatic activity. The experimental results indicated that KKS-Ru@AuNPs, facilitated by 
the active targeting mechanism of the RGDS ligand, exhibit a higher drug accumulation at the tumor site compared to 
that exhibited by unmodified AuNPs. Furthermore, by exploiting the spatiotemporal synergy between apoptotic signals 
induced by Ru complexes and photothermal ablation, the KKS-Ru@AuNPs significantly inhibited in situ tumor growth, 
achieving a volume reduction of 84.6% and decreasing the number of metastatic lung nodules by 46%. The findings of 
this study underscore the potential of nanocarrier systems to optimize the functionality of metal complexes. Furthermore, 
this study provides a novel approach for developing synergistic multimechanistic antitumor strategies.
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