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Abstract: Photothermal therapy (PTT) for solid prostate cancer (PCa) is often limited by poor 25 

intratumoral penetration and rapid DNA repair. Herein, we engineered a PSMA-targeted gas 26 

nanomotor that couple deep tumor penetration with DNA repair sensitization for enhanced 27 

photothermal/NO therapy. BLM helicase inhibitor ML216 and nitric oxide donor BNN6 were co -28 

encapsulated with phase-change material and loaded into single-pore hollow polydopamine 29 

nanoparticles, followed by surface conjugation with anti-PSMA nanobodies (VHH) to yield 30 

M/B@PDA‑VHH NPs. VHH-mediated recognition confers active targeting toward PSMA-31 

positive PCa cells. Under near-infrared irradiation, the nanoparticles show high photothermal 32 

conversion and trigger on-demand release of NO and ML216. NO generation propels nanomotor 33 

movement, markedly improving transport across endothelial barriers, penetration into 3D tumor 34 

spheroids, and distribution in PCa tissues in vivo. Photothermal/NO treatment induces DNA 35 

damage and promote apoptosis. Released ML216 inhibits BLM helicase, leading to replication 36 

fork stalling and accumulation of double-strand breaks, and concomitantly suppresses 37 

AKT/mTOR signaling via dephosphorylation of p‑AKT and p‑PRAS40. These effects disrupt 38 

DNA repair and amplify oxidative damage, restoring therapeutic sensitivity. In vitro and in vivo 39 

studies show strong tumor growth inhibition with minimal systemic toxicity. This gas -propelled 40 

platform offers a strategy to overcome stromal barriers and resistance in solid PCa.  41 

Keywords: Controlled release, Nitric oxide, BLM helicase inhibition, Deep penetration, Prostate 42 

cancer   43 
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1. Introduction 44 

Prostate cancer (PCa) remains one of the most frequently diagnosed malignancies in men  [1]. 45 

In many undeveloped regions, considerable proportion of patients are diagnosed at advanced 46 

stages, resulting in poorer prognoses and limited therapeutic efficacy  [2]. Current treatment 47 

modalities for advanced and castration-resistant PCa encompass androgen deprivation therapy, 48 

chemotherapy, radiotherapy, and poly (ADP-ribose) polymerase inhibitors [3]. Nevertheless, 49 

these strategies are frequently hampered by systemic toxicity, acquired drug resistance, and 50 

inadequate drug penetration into tumor tissues [4]. Consequently, there remains an urgent and 51 

unmet need for innovative therapeutic platforms that can enhance tumor-specific delivery, 52 

overcome stromal barriers, and simultaneously target multiple resistance pathways.  53 

Nanotechnology has emerged as a transformative approach for cancer therapy, enabling 54 

targeted drug delivery, enhanced bioavailability, and multifunctional treatment modalities. 55 

Among these, nanomaterials based photothermal therapy (PTT) has gained considerable attention 56 

due to its spatiotemporal controllability, minimal invasiveness, and capacity to synergize with 57 

other treatment modalities [5]. By converting near-infrared (NIR) light into localized heat, PTT 58 

can directly ablate tumor cells and trigger the release of therapeutic agents from nanocarriers. 59 

However, conventional high-temperature PTT often requires temperatures exceeding 50 °C to 60 

achieve complete tumor eradication, which can cause unintended damage to surrounding healthy 61 

tissues, trigger inflammatory responses, and upregulate heat shock proteins that contribute to PTT 62 

resistance [6]. In contrast, mild PTT (< 50 °C) presents a safer profile but may be insufficient as 63 

a standalone treatment, necessitating combination with other therapeutic approaches to enhance 64 

its efficacy. 65 

Nitric oxide (NO) gas therapy has recently gained considerable attention as a potent 66 

complement to photothermal treatment. As a diffusible molecule, NO can penetrate deeply into 67 
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tumor tissue, bypassing many biological barriers that limit conventional drug delivery  [7]. At 68 

elevated concentrations, NO exerts multifaceted anticancer effects, including induction of DNA 69 

damage, inhibition of mitochondrial respiration, and promotion of apoptotic pathways  [8]. To 70 

achieve adequate local concentrations of NO, Stimuli-responsive nano-delivery system have been 71 

engineered to facilitate NO release while minimizing premature leakage before reaching the 72 

tumor site, thereby mitigating systemic toxicity.Except for endogenous triggers present in the 73 

tumor microenvironment—such as acidity, elevated glutathione, and high esterase activity—74 

light-responsive platforms offer distinct advantages by enabling non-invasive and spatially 75 

controlled NO release [9]. 76 

Despite this promising synergy, the effective delivery of both photothermal agents and NO 77 

donors to deep tumor regions remains a formidable obstacle. Solid tumors are marked by dense 78 

stromal networks, high interstitial fluid pressure, and heterogeneous vascularization, which 79 

collectively impede nanoparticles (NPs) penetration and lead to heterogeneous treatment 80 

outcomes. To address this limitation, self-propelled nanomotors have been introduced as an 81 

innovative delivery platform capable of actively navigating through biological matrices. These 82 

nanoscale systems can convert external energy (e.g., light, ultrasound) or endogenous chemical 83 

fuels (e.g., glucose, urea) into mechanical motion, thereby enhancing their diffusion and tissue 84 

penetration [10]. In particular, NO-propelled nanomotors present a distinctive therapeutic 85 

advantage by fulfilling a dual role of cytotoxic agent and propulsion source. Upon NIR irradiation, 86 

such nanomotors can release NO in a controlled manner, generating thrust forces that enhance 87 

their mobility and tissue penetration, while simultaneously delivering cytotoxic NO to cancer 88 

cells [11]. This dual functionality establishes a self-reinforcing cycle wherein the release of NO 89 

gas facilitates NPs movement, thereby promoting deeper tissue penetration and more 90 

homogeneous distribution.  91 
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Beyond physical barriers, PCa cells often deploy robust DNA repair mechanisms and pro-survival 92 

signaling pathways that confer resistance to conventional DNA-damaging therapies [12] 93 

including those PTT/NO based therapy. The Bloom syndrome helicase (BLM) plays a pivotal role 94 

in homologous recombination repair and replication fork stabilization. Overexpression of BLM 95 

has been associated with PCa progression and therapeutic resistance [13]. ML216 is a typical 96 

pharmacological inhibition of BLM helicase, which sensitize cancer cells to DNA-damaging 97 

agents by impairing repair capacity and disrupting survival cascades such as the AKT/mTOR 98 

pathway [14]. To the best of our knowledge, leveraging DNA-repair inhibition to potentiate 99 

NO/PTT therapy in PCa remains underexplored.  100 

Inspired by these advances, we designed the multifunctional nanoplatform that merges deep -101 

tumor penetration with DNA repair inhibition for precise PCa therapy. The BLM helicase inhibitor 102 

ML216 and the NO donor N, N'-dinitroso-1,4-phenylenediamine (BNN6) were co‑encapsulated 103 

within a temperature‑responsive phase‑change material (PCM) and loaded into single‑pore hollow 104 

polydopamine (PDA) NPs, followed by surface conjugation with anti -prostate cancer membrane 105 

antigen (anti-PSMA) nanobodies (VHH) to construct M/B@PDA‑VHH NPs (Scheme 1a). The 106 

VHH moiety enables active targeting to PSMA-positive PCa cells. Under NIR irradiation, the 107 

PDA shell generates localized heat, which melts the PCM and triggers the controlled release of 108 

both NO and ML216. The released NO not only propels the NPs, enhancing their penetration 109 

across tumor tissues, but also synergizes with PTT to induce oxidative stress and DNA damage. 110 

Concurrently, ML216 inhibits BLM helicase activity, leading to replication fork arrest, 111 

accumulation of double-strand breaks, and suppression of the AKT/mTOR survival pathway via 112 

dephosphorylation of AKT and PRAS40 (scheme 1b). Collectively, the combination of PTT/NO-113 

based DNA damage amplification and ML216-mediated blockade of pro-survival signaling offers 114 

a comprehensive strategy for enhanced PCa treatment.  115 
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 116 

2. Experimental section 117 

2.1. Materials 118 

Dopamine hydrochloride, lauric acid, stearic acid, ethyldimethylaminopropyl carbodiimide 119 

(EDC), N-hydroxysuccinimide (NHS), N, N-Di-sec-butyl-N, BNN6, ML216, Rhodamine 120 

B,dihydrochloride, TritonX-100, trypsin,4',6-Diamidino-2-phenylindole (DAPI), 2',7'-121 

Dichlorodihydrofluorescein diacetate (DCFH-DA) and 4-Amino-5-methylamino-2',7'-122 

difluorofluorescein diacetate (DAF-FM DA) were acquired from Sigma-Aldrich (St. Louis, USA). 123 

NO test kit, apoptosis detection kit，Cell Counting Kit-8 (CCK-8), mitochondrial membrane 124 

potential detection kit and Calcein-AM/PI were purchased from the Biyotime Biotechnology Co., 125 

Ltd (Shanghai China). The PCa cell lines 22RV1 and PC-3, along with human umbilical vein 126 

endothelial cells (HUVECs), NIH3T3 and normal prostate epithelial cells (RWPE-1) were 127 

obtained from the American Type Culture Collection (Manassas, USA). Polystyrene (PS) 128 

nanospheres (200 nm) were obtained from Yiyuan Biotechnology Co., Ltd (Shanghai, China). 129 

Rabbit anti-rabbit antibodies of AKT, Phosphorylated AKT (p-AKT,Ser473)， PRAS40，130 

Phosphorylated PRAS40(p-PRAS40,Thr246) ， caspase-3, Ki-67 and goat anti-rabbit IgG-131 

horseradish peroxidase developer were purchased from Abcam Shanghai Trading Co., Ltd 132 

(Shanghai, China). All the chemicals were supplied by Adamas-beta unless otherwise noted. 133 

 134 

2.2. Synthesis of hollow PDA(HPDA) NPs  135 

Scheme 1a illustrates the preparation of HPDA NPs through creating PDA coated PS (PS@PDA) 136 

NPs and etching PS cores. Briefly, 0.5 mL of 2.5% (w/v) PS nanosphere suspension was mixed 137 

with 10 mL of Tris-HCl buffer (pH 8.5), followed by the addition of 10 mL of dopamine 138 

hydrochloride (1 mg/mL). The resulting mixture was then kept at ambient temperature for 12 or 139 
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24 h. The collected PS@PDA (10 mg) core-shell NPs were dispersed in 10 mL of sodium dodecyl 140 

sulfate/toluene/water (m/v/v,0.1/0.1/.9.9) solutions, followed by incubation at 25 ℃ for 6 h. The 141 

etching process was quenched by adding 20 mL ethanol, and the collected precipitate was 142 

resuspended with 10 mL tetrahydrofuran for 4 h to ensure complete etching of the PS core to 143 

obtain HPDA NPs [15]. 144 

 145 

2.3. Preparation of M/B@PDA-VHH NPs 146 

The PCM penetrated into HPDA NPs through surface nanopores, enabling controlled drug 147 

encapsulation via this structural permeability [16]. Briefly, the 0.5 g of lauric acid/stearic acid 148 

mixture (m/m, 4/1) was heated until completely melted and then homogenized thoroughly with 149 

0.5 mL of a dimethyl sulfoxide solution containing 40 mg of ML216 and 40 mg of BNN6. 150 

Afterwords, 5 mg of HPDA NPs were added, following stirring at 300 rpm for 2 h, the drug -151 

loaded PCM was allowed to permeate the HPDA nanostructure. The obtained precipitate was 152 

collected and incubation with deionized water to solidify the PCM, and washed with dimethyl 153 

sulfoxide solution to remove unloaded drugs. The purified M/B@PDA product was stored at 4 °C 154 

for subsequent assays. For comparison, control NPs loaded solely with ML216 (M@PDA) or 155 

BNN6 (B@PDA) were prepared following the same procedure by addition of alone drug 156 

component. 157 

The targeting capacity of three antibodies (VHH2, VHH3, and VHH4) are screened in terms of 158 

PSMA-positive PCa cells (22RV1)，using PSMA-negative (PC-3)cells as controls [17]. Briefly, 159 

the FITC-labeled nanobodies VHH2, VHH3 and VHH4 were co-incubated with PSMA-positive 160 

PCa cells 22RV1 at 37 °C with 12 h. Subsequently, the fluorescent signal intensity of FITC was 161 

detected by flow cytometry (FCM, BD FACSCelesta™，USA)to evaluate the targeting effect of 162 

VHH. The selected VHH3 were conjugated to the surface of M/B@PDA NPs by amination 163 
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reaction. Briefly, VHH3 (0.2 mg/mL, 20 μL), EDC (5.0 mg/mL, 20 μL), NHS (5.0 mg/mL, 10 μL) 164 

were stirred in PBS for 4 h to activate the carboxyl group, followed by adding M/B@PDA (5.0 165 

mg) and reacting at 37 °C for 12 h. The resulting M/B@PDA-VHH were isolated by centrifugation 166 

[18]. The grafting efficiency of VHH3 onto M/B@PDA NPs was determined by quantifying the 167 

unbound VHH3 remaining in the supernatant relative to the initial amount added [19]. 168 

 169 

2.4. Characterization of M/B@PDA-VHH NPs 170 

The hollow structure of the NPs was confirmed using transmission electron microscope (TEM, 171 

JEM-F200, Japan).Scanning electron microscopy (SEM, Zeiss Gemini SEM 300, Germany) was 172 

employed to characterize the surface morphology. The average particle size and zeta potential of 173 

the NPs were determined using dynamic light scattering (DLS, Malvern Nano-ZS90, UK). The 174 

elemental composition of the NPs surface was characterized by XPS (Thermo Scientific K-Alpha, 175 

USA). And the modification of VHH3 were evaluated on sodium dodecyl sulfate-polyacrylamide 176 

gel electrophoresis (SDS-PAGE). The loading rate of BNN6 and ML216 were determined by high-177 

performance liquid chromatography system (HPLC, Agilent 1260 Infinity, Germany) according 178 

to the added amounts [20]. The long-term stability of M/B@PDA-VHH NPs was investigated by 179 

DLS analysis. 180 

 181 

2.5. Photothermal properties of M/B@PDA-VHH NPs  182 

To investigate the photothermal behavior, 0-300 μg/mL M/B@PDA-VHH NPs were exposed 183 

to 808 nm NIR (0.5-2.5 W/cm2, KS-810F-8000, China) for 5 min. Thermal images were recorded 184 

every 60 s to monitor the suspension temperature by using an infrared camera (Fluke Ti480, USA). 185 

For photothermal stability assessment, M/B@PDA-VHH NPs underwent four NIR irradiation 186 

ON/OFF cycles with natural cooling to environment temperature between cycles  [21]. Subsequent 187 

calculation of the photothermal conversion efficiency (η) was performed using established 188 
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methods [22]. 189 

)10I(1
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−−
−

=  190 

where Tmax is the maximum temperature of the M/B@PDA-VHH suspensions, Tsurr refer to the 191 

ambient temperature, A808 is the absorbance of the M/B@PDA-VHH solution at 808 nm, QDis 192 

denotes the heat dissipated from laser energy absorbed through the cuvette, while I corresponds 193 

to the incident laser power.And the hS is calculated using the following equation:  194 

s

D DmC


=hS  195 

where CD=4.2 J/g, m=0.3 g, and τs is the slope of the line obtained by fitting the cooling time t to 196 
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199 

2.6. The ML216 and NO release from M/B@PDA-VHH NPs  200 

The release profiles of ML216 and NO from the NPs were assessed in PBS under conditions 201 

with or without NIR irradiation. Briefly, M/B@PDA-VHH (5 mg) NPs were dispersed in dialysis 202 

bag (3.5 kDa) and subsequently incubated in PBS (10 mL, pH 7.4). At designated time points, the 203 

sample was subjected to irradiation with NIR, followed by a 5 min interval without irradiation. 204 

This laser on/off cycle was repeated twice. Subsequently, 1 mL of the release medium was 205 

collected for ML216 and NO detection. The concentration of ML216 was determined immediately 206 

by HPLC. NO generation was quantified in real time using the Griess agents  [23]. 207 

 208 

2.7. Motion and penetration assay of M/B@PDA-VHH NPs 209 

The motion profiles of B/M@PDA-VHH NPs were investigated in PBS containing 3 mg/mL of 210 

hyaluronic acid to simulate tumor microenvironment [24], and motion trajectories were recorded 211 
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using Dark-field optical microscopy (Olympus BX43, Japan) with a charge-coupled device 212 

camera at 25 fps under NIR irradiation. According to established protocols  [25], motion 213 

trajectories were analyzed and processed using ImageJ and MATLAB to calculate the velocity 214 

and mean square displacement (MSD) of the NPs.  215 

The penetration capacity of M/B@PDA‑VHH NPs was evaluated using a typical transwell 216 

assay, which partially mimicking cell layer intercellular interactions observed in biological 217 

tissues [26]. Briefly, 10 mg of NPs were suspended in 20 mL of deionized water under ultrasound 218 

condition, followed by adding EDC (4.0 mg, 1.04 mM) and NHS (6.0 mg, 2.61 mM) to activate 219 

carboxy group for 2 h, and then reacted with rhodamine B (10.0 mg, 1.04 mM) for 12 h. The 220 

rhodamine B-labeled NPs were centrifuged, washed with deionized water to remove free 221 

rhodamine B, and then dried under vacuum. Transwell chamber (0.4 μm, Corning) was employed 222 

to evaluate the vascular‑to‑tumor penetration ability of the NPs. HUVECs (1×104 cells/mL)were 223 

seeded in the upper chambers to simulate the vascular endothelial barrier, while 22RV1 cells were 224 

cultured in the lower chamber. Rhodamine B labeled M/B@PDA-VHH were added into upper 225 

chambers and incubated for 6 h. Samples were exposed to NIR irradiation for 5 min. Cells in the 226 

lower chamber were fixed and nuclei were stained with Hoechst 33342 (5 μg/mL). Cellular 227 

localization of NPs was visualized by confocal laser scanning microscope (Zeiss CLSM 980, 228 

Germany). Fluorescence images were acquired and quantitatively analyzed with ImageJ software.   229 

In the three-dimensional(3D) culture environment, the formed spheroids reflect the forces 230 

between Z-axis cells and the osmotic gradient of various substances, thus improving the accuracy 231 

of cell experiments in vitro [27]. 22RV1 and NIH3T3 cells were mixed at a 1:1 ratio (5×10³  232 

cells/well) and seeded into a 96-well with ultra-low attachment round-bottom plate. The plate was 233 

sealed with parafilm and centrifuged using a microplate centrifuge under controlled conditions 234 

(4 °C, 1000 g, 10 min) to facilitate three-dimensional multicellular tumor spheres formation, and 235 



 

11 

 

incubation with rhodamine B labeled M/B@PDA-VHH NPs for 6 h. Samples were subjected to 236 

continuous NIR exposure for 5 min, and observed using CLSM with Z-axis stack imaging. 237 

 238 

2.8. The PCa-targeting properties of the M/B@PDA-VHH NPs in vitro 239 

The 22RV1 cells (1×10⁴cells/well) were allowed to adhere overnight. The cells were 240 

subsequently treated with rhodamine B labeled M/B@PDA-VHH NPs for 0, 2, 4, 6,8 and 12 h. 241 

then lysed by Triton X-100 (5%) at 4°C for 2 h. Intracellular rhodamine B levels were quantified 242 

using fluorescence spectrophotometry (excitation/emission: 480/590 nm) to assess NPs uptake 243 

efficiency. Parallel experiments were conducted for FCM analysis of NPs internalization under 244 

identical treatment conditions. Following fixation in 4% paraformaldehyde, the 22RV1 cells were 245 

incubated with Hoechst 33342 (5 μg/mL) and imaged by CLSM. To evaluate the targeted 246 

inhibitory effect of PSMA protein on NPs. Rhodamine B-labeled M/B@PDA and M/B@PDA-247 

VHH NPs were co-incubated with 22RV1 cells before and after co-incubation with PSMA protein, 248 

and the targeted inhibitory performance of the active sites that masked VHH on 22RV1 cells was 249 

evaluated and analysis by CLSM. 250 

 251 

2.9. Anti-PCa efficacy of M/B@PDA-VHH NPs in vitro  252 

Intracellular ROS and NO levels were assessed using DCFH-DA and DAF-FM DA probes, 253 

respectively. 22RV1 cells were exposed to M/B@PDA-VHH NPs for 4 h, using M/B@PDA, 254 

M@PDA-VHH, B@PDA-VHH, and PBS as controls. After washing with PBS, cells were treated 255 

with 10 μM DCFH-DA or DAF-FM DA. Subsequently, cells were irradiated with NIR laser for 5 256 

min, counterstained with Hoechst 33342, and imaged by CLSM.  257 

The cytotoxic effects of M/B@PDA-VHH NPs were evaluated via Calcein-AM/PI live/dead 258 

staining and Annexin V-FITC/7-AAD apoptosis assay. 22RV1 cells were treated with M/B@PDA-259 
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VHH NPs for 6 h, followed by NIR irradiation and further incubation for 48 h. For viability 260 

assessment, Cells were stained with Calcein-AM (10 μg/mL) and PI (5 μg/mL), and then observed 261 

under CLSM. Moreover, Cell apoptosis was quantified by FCM after staining with Annexin V-262 

FITC and 7-AAD. 263 

CCK-8 assay kit was employed to assess dose-dependent cytotoxic effects. 22RV1 cells were 264 

incubated with the prepared NPs at varying concentrations, and then irradiation with NIR and 265 

incubation for 48 h. Cell viability was measured by microplate reader. Furthermore, cytotoxicity 266 

against HUVECs and RWPE-1 cells was evaluated at concentrations up to 160 μg/mL. 267 

 268 

2.10.Antitumor mechanism of M/B@PDA-VHH NPs in vitro  269 

Intracellular mitochondrial membrane potential and DNA damage were evaluated by JC-1 270 

probes and comet assay. After the 22RV1 cells adhered, the initial culture medium was exchanged 271 

with fresh medium containing PBS, M/B@PDA, M@PDA-VHH, B@PDA-VHH and M/B@PDA-272 

VHH for a further 6 h at 37 °C. After M/B@PDA-VHH+NIR treatment, Cell were incubated with 273 

JC-1 probe (5 μg/mL) and then imaged by CLSM. 274 

To assess the DNA damage, M/B@PDA-VHH+NIR treated cells were mixed with low-melting-275 

point agarose and loaded onto glass slides. After the agarose solidified, cells were lysed in pre -276 

frozen alkaline buffer at 4 °C for 2 h. Under alkaline conditions (200 mM NaOH/1 mM EDTA, 277 

pH =13), electrophoresis was performed (at 25 V for 30 min), and stained with PI (2.5 µg/mL) 278 

and observed with CLSM. 279 

The expression of key node proteins in the AKT/mTOR pathway was evaluated through 280 

Western Blot experiments. 22RV1 cells were treated with the previous NPs, and total protein 281 

within the 22RV1 cells were collected after the lysis process and quantified with a BCA protein 282 

assay kit. After electrophoresis, transfer and blocking , the membrane was incubated separately 283 
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with primary antibodies against AKT, p-AKT (Ser473), PRAS40, and p-PRAS40 (Thr246) at 4 °C 284 

overnight. After being washed with TBST, the membrane underwent incubation with the 285 

secondary antibody for 2 h at 25 °C. Immunoreactive bands were captured with a ChemiDoc 286 

imaging system (iBright CL750, USA).  287 

 288 

2.11. In vivo target and tissue distribution of M/B@PDA-VHH NPs 289 

The targeting effect of Cy5 labeled M/B@PDA-VHH NPs was in tumor-bearing mice, using 290 

M/B@PDA as controls. Animal experimental was approved by the Ethics Committee for 291 

Experimental Animals of the Affiliated Hospital of Guizhou Medical University. Briefly, Male 292 

BALB/c mice (5-week, 20 ± 2 g) were acclimatized for 1 week in specific pathogen-free facilities 293 

after procurement from Vital River Laboratories Co., Ltd. Tumor xenografts were established by 294 

subcutaneous injection of 100 μL serum-free suspension containing 1×10⁶ 22RV1 cells/mL. The 295 

mice were randomly allocated into three groups when the volumes reached about 100 mm ³. Then 296 

the mice received intravenous tail vein injections of Cy5-labeled M/B@PDA or M/B@PDA-VHH 297 

NPs. After 24h of NPs injection, tumors were irradiated with NIR and performed real -time 298 

thermal imaging. Mice from the M/B@PDA+NIR, M/B@PDA-VHH, and M/B@PDA-VHH+NIR 299 

groups were anesthetized and subjected to in vivo by a Xenogen IVIS spectrum imaging system 300 

(IVIS Lumina III, USA) at 2, 12 and 24 h. Following each imaging session, major organs (liver, 301 

spleen, heart, lungs, kidneys) and tumors were harvested and immediately imaged ex vivo as 302 

above. Following tissue harvest, samples were homogenized in ice-cold 0.5% Triton X-100 at 303 

4 °C for a duration of 4 h. NPs content was quantified by measuring homogenate fluorescence 304 

intensity. The data were normalized to tissue weight and expressed as the percentage of injected 305 

dose per gram of tissue (%ID/g). To detect NO level, tumor-bearing mice received intratumoral 306 

injection of DAF-FM DA solution (20 μM) post-NIR irradiation. Tumors were harvested 1 h post-307 

injection, and NO generation was analyzed in frozen sections using CLSM. 308 

 309 

2.12. Antitumor efficacy and biosafety of M/B@PDA-VHH NPs in vivo 310 
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Therapeutic efficacy was assessed based on tumor growth inhibition and histopathological 311 

analysis. 22RV1 tumor-bearing mice were intravenously administered NPs suspensions and 312 

received local NIR irradiation (5 min) 24 h post-injection. Tumor volume and body weight were 313 

measured and recorded at two-day intervals until day 21. After treatment for 21 days, tumors and 314 

major organs were harvested, sectioned, and treated by hematoxylin and eosin (H&E) staining kit 315 

for pathological analysis. In addition, immunohistochemical (IHC) staining were performed in 316 

terms of AKT, p-AKT, PRAS40, p-PRAS40, Ki-67, and Cleaved Caspase-3, followed by 317 

observation under CLSM. Hematological and biochemical analyses were performed 24 h post-318 

treatment to evaluate systemic safety. Complete blood counts, including white blood cells (WBC), 319 

red blood cells (RBC), hemoglobin (HGB), and platelets (PLT) were measured. Serum levels of 320 

alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), 321 

and Creatinine (CREA) were analyzed to monitor cardiac, hepatic, and renal function. After the 322 

three-week treatment period, selected organs (liver, heart, spleen, kidney, and lung) were 323 

collected for histopathological. 324 

 325 

2.13. Statistical analysis  326 

All experiments data were showed as mean ± SD. All experiments data were showed as mean 327 

± SD. Data analysis and comparison were calculated by one-way ANOVA and two-tailed Student’328 

s t-test. A p-value <0.05 was considered to be statistically.  329 

 330 

3. Results and Discussion 331 

3.1. Construction and Characterization of M/B@PDA-VHH NPs 332 

Scheme 1a illustrates the fabrication process of M/B@PDA-VHH NPs. The PDA layer was 333 

assembled on PS core, and then the sacrificial PS layer was etched to obtain HPDA NPs. ML216 334 
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and BNN6 were then encapsulated with PCM and loaded into the HPDA cavity. Finally, VHH 335 

was grafted onto the surface to yield the M/B@PDA-VHH NPs. Fig. 1a displays TEM images of 336 

PS@PDA, HPDA-PS, HPDA, M/B@PDA, and M/B@PDA-VHH NPs after PDA coating for 12 337 

h. The PDA was effectively deposition on PS core with shell thicknesses of~16 nm. The obtained 338 

PS@PDA NPs were then incubated in a 1% toluene/aqueous solution for 6 h. During this process, 339 

toluene absorption induced swelling of the PS core, generating internal pressure that ruptured the 340 

PDA shell upon exceeding a critical threshold. This controlled rupture created a single opening 341 

for polymer extrusion, forming HPDA NPs with a single pore (111 nm) [28]. Prolonging the PDA 342 

coating to 24 h yields a thicker shell (~30 nm) on the PS@PDA NPs compared to the 12 h 343 

treatment, while resulting in a relatively smaller single pore (~63 nm) in the final HPDA NPs 344 

(Fig. 1b). Previous reports showing that smaller pore could optimize the drug loading capacity 345 

and release kinetics of HPDA [15], thus the 24 h PDA coating was selected for subsequent study. 346 

After loading with ML216 and BNN6, M/B@PDA NPs exhibited a substantially enhanced 347 

internal contrast relative to the unloaded HPDA (Fig. 1b), confirming the successful co-loading 348 

of the PCM and the therapeutics.  349 

Specifically, the PCM was formulated by blending lauric acid and stearic acid at a 4:1 weight 350 

ratio. The resulting composite exhibits a melting point at 39 °C, slightly above normal body 351 

temperature (37.8 °C), which facilitates thermally activated drug release  [29]. The final step 352 

involved conjugating anti-PSMA nanobodies (VHH3) onto the M/B@PDA surface to produce 353 

actively targeted M/B@PDA-VHH NPs, showing no obvious morphology change after VHH3 354 

grafting. However, the M/B@PDA NPs exhibited severe structural collapse and aggregation after 355 

drug loading, a trend that was further exacerbated following VHH modification (Fig. 1a). This 356 

progressive degradation strongly implied a failed encapsulation of PCM, which was critical for 357 

maintaining the mechanical strength of NPs [28]. SEM observation confirmed the presence of 358 
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significant internal voids and structural collapse in the NPs with 12 h coating (Fig. 1c). In contrast, 359 

M/B@PDA-VHH NPs presented intact spherical structures with clearly visible surface openings 360 

(Fig. 1d). These distinct morphological features collectively demonstrate the successful 361 

preparation of the M/B@PDA-VHH NPs. To assess the conjugation of VHH on M/B@PDA NPs, 362 

SDS-PAGE analysis was showed in Fig. 1e [30]. A characteristic 17 kDa band corresponding to 363 

VHH was observed in the M/B@PDA‑VHH, confirming successful VHH immobilization  [31]. 364 

The hydrodynamic sizes of PS@PDA, HPDA-PS, HPDA, M/B@PDA, and M/B@PDA-VHH NPs 365 

were around 231 ±  5 , 295 ±  3, 255 ±  3, 255 ±  5, and 396 ±  6 nm with size 366 

polydispersity indices of 0.337, 0.473, 0.074, 0.086, and 0.236, respectively. (Fig. 1f). 367 

The zeta potentials of PS@PDA (-37.2 mV), HPDA-PS (-35.1 mV), and HPDA (-35.5 mV) 368 

remained relatively constant, and M/B@PDA NPs showed a slight increase to -25.7 mV. Notably, 369 

the conjugation with VHH significantly altered the surface charge, increased the zeta potential of 370 

M/B@PDA-VHH to -4.89 mV (Fig. 1g), which was ascribed to the neutralizing effect of VHH 371 

binding to the negatively charged PDA surface. The successful preparation of M/B@PDA was 372 

confirmed by XPS. The survey spectra of M/B@PDA NPs showed obvious signals for F, S 373 

element (Fig. 1h). As evidenced by the high-resolution spectra the characteristic peak at 687.8 eV 374 

was from F-C bond (Fig. S1a)  [32], and the S2p peaks showed obvious peak at 164.7 eV 375 

correspond to a S–C bond (Fig. S1b) [33], The presence of the F and S elements is attributed 376 

directly to the F–C and S–C bonds derived from the ML216, thus confirming the successful 377 

loading of ML216. Further evidence was obtained from the high-resolution XPS spectrum of C1s 378 

(Fig. S1c), where the presence of the C–F bond (289.1 eV) and the C=O bond (286.8 eV) was 379 

also identified [34]. In addition, high-resolution XPS spectrum of C1s also presence of a C–N 380 

bond (285.9 eV), which coincided with that of the C–O bond. But the high-resolution XPS 381 

spectrum of N1s exhibited a distinct peak for the N=O bond between 402.3 eV [35], which 382 
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confirms the successful loading of BNN6 (Fig. S1d). The loading capacities of ML216 and BNN6 383 

were 112 mg and 94 mg per gram of M/B@PDA-VHH NPs, respectively. And the size of 384 

M/B@PDA-VHH NPs demonstrated no evident alterations after incubation in PBS, culture 385 

medium, and serum for 7 days (Fig. 1i), confirming their stability for subsequent in vivo studies.  386 

 387 

3.2. Photothermal and NO release properties of M/B@PDA-VHH NPs 388 

Owing to its broadband absorption and non-radiative relaxation, PDA demonstrates exceptional 389 

NIR absorption capacity and photothermal conversion efficiency [36]. The concentration-390 

dependent photothermal effect of HPDA NPs were presented in Fig. 2a. The temperature of HPDA 391 

NPs was positively correlated with their concentration from 0 to 300 μg/mL. Under 808 nm NIR 392 

irradiation, the solution temperature increased to 48.6 °C at 100 μg/mL, within the mild 393 

photothermal treatment range (Fig. 2b) which disrupts the dense tumor microstructure and 394 

maintain its superior safety [37]. Therefore, we further examined the power density of 808 nm 395 

NIR on the photothermal efficiency of 100 μg/mL HPDA NPs. The temperature of HPDA NPs 396 

exhibited a substantial increase with rising power density in the range of 0.5-2.5 W/cm² (Fig. 2c). 397 

Specifically, the temperature increased from 47.8 °C (1.5 W/cm2) to 62.5 °C (2.5 W/cm2), 398 

indicating the feasibility of achieving adjustable photothermal efficiency. Given that the phase 399 

transition temperature of the PCM is 39 °C, a condition that generates a temperature marginally 400 

above this melting point was considered optimal for efficient drug release. Consequently, a 401 

formulation of 100 μg/mL HPDA NPs irradiated under an 808 nm NIR with 1.5 W/cm² for 5 min 402 

was selected for subsequent experiments [16]. Given thermal stability and photothermal 403 

conversion efficiency constitute foundational metrics for PTT, directly governing its safety 404 

profile, treatment reliability treatment reliability, and procedural repeatability. we investigated 405 

the photothermal stability of M/B@PDA-VHH NPs (Fig. 2d). Over four on/off laser irradiation 406 
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cycles, the M/B@PDA-VHH NPs consistently reached about 47.3°C, indicating the PCM loading 407 

does not compromise the photothermal efficacy. Moreover, the photothermal performance of 408 

M/B@PDA-VHH NPs was systematically analyzed by monitoring their heating and cooling 409 

dynamics. The resultant data yielded a characteristic thermal time constant and a maximum 410 

equilibrium temperature, from which determined the photothermal conversion efficiency (η) to 411 

be 36% (Fig. 2e). These results suggest that M/B@PDA-VHH NPs as a promising candidate for 412 

PTT applications. 413 

To characterize the NIR-triggered drug release profile, the cumulative release of ML216 from 414 

M/B@PDA-VHH NPs under NIR irradiation was monitored. As Fig. 2f illustrated, only minimal 415 

ML216 release (~5%) was detected without NIR exposure, owing to the solidified PCM matrix 416 

which effectively prevented premature drug leakage. Once the temperature reached exceeds the 417 

melting point of PCM, the system exhibited sustained ML216 release and over 37% cumulative 418 

release after incubation at 42 °C condition for 45 min. This demonstrates that drug release can be 419 

precisely governed by thermally controlling the PCM state [38]. The ML216 release kinetics 420 

demonstrated a strong dependence on the 808 nm NIR irradiation. A rapid release phase during 421 

each irradiation period was followed by a sustained slower release, culminating in a cumulative 422 

release of ~49 % over three cycles within 45 min. This might be attribute to the NPs rapidly 423 

convert the NIR light energy into heat energy, generating local high temperatures, and 424 

transformed the solid PCM into liquid. The residual heat in the system after the NIR was turned 425 

off promotes the continuous release of the drug [39]. The release of BNN6 is predicated on the 426 

cleavage of its intrinsic high-energy N-N bonds a process that can be initiated either by direct 427 

heating or through the absorption of photon energy [40]. We investigated the release of NO after 428 

NIR exposure (Fig. 2g). The results showed that NO can be continuously released under NIR 429 

exposure. The concentration of NO not only stabilized at a high level but also demonstrated a 430 
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gradual upward trend within 20 min. After three times intermittent NIR exposure, the cumulative 431 

release of NO increased to 64.4 µM within 45 min. Remarkably, the NO generation tracked the 432 

laser on/off cycling, demonstrating a controllable and stimuli-responsive release.  433 

 434 

3.3. In Vitro Motion behavior and Penetration of M/B@PDA-VHH NPs 435 

The gas-driven motion behaviors of M/B@PDA-VHH/NIR were examined by analyzing their 436 

motion trajectories, velocity, and MSD, using non-irradiated M/B@PDA-VHH NPs as controls. 437 

Motion trajectories were recorded in an engineered tumor extracellular matrix model by using a 438 

hyaluronan solution [41]. As a result of the absence of NO release, M/B@PDA-VHH NPs 439 

exhibited characteristic Brownian motion (Video S1), with random movement driven by thermal 440 

collisions of water molecules (Fig. 3a). However, M/B@PDA-VHH+NIR displayed nearly linear 441 

trajectories at the individual levels (Videos S2), whereas the motion directions diverged among 442 

NPs (Fig. 3a). This directional propulsion is attributed to the NO gas that is asymmetrically 443 

released from the Janus-structured NPs following photothermal activation. To quantitatively 444 

assess motion, the trajectories of 20 NPs were tracked to calculate the MSD [42]. As illustrated 445 

in Fig. 3b, the MSD of the NPs showed a linear dependence on time interval. Notably, the MSD 446 

values of M/B@PDA-VHH+NIR were substantially elevated compared to alone M/B@PDA-447 

VHH NPs, confirming that NIR exposure effectively enhances diffusive motion. The mean 448 

velocity of M/B@PDA-VHH+NIR (7.09 µm/s) are approximately 4.5-fold higher than that of 449 

M/B@PDA-VHH NPs (1.57 µm/s) (Fig. 3c), attributing to the NO triggered self-propulsion after 450 

NIR irradiation [43].  451 

Motivated by these discoveries, the penetration capabilities of the NPs were evaluated in 2D 452 

transvacular transwell and 3D 22RV1 tumor cells spheres. Specifically, The HUVEC was put at 453 

the upper layer and 22RV1 cells at the lower chamber, followed adding Rhodamine B labeled 454 
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M/B@PDA-VHH into upper chambers [44]. Fig. 3d presents CLSM images of the lower chamber 455 

22RV1 cells with or without NIR irradiation. M/B@PDA-VHH treatment resulted in faint red 456 

fluorescence, indicating negligible penetration of the M/B@PDA-VHH NPs through the cellular 457 

barrier. In contrast, significantly enhanced red fluorescence was observed in the lower chamber 458 

after M/B@PDA-VHH+NIR treatment, demonstrating that NIR irradiation facilitated NPs across 459 

the HUVECs barrier towards the tumor cells. Furthermore, FCM revealed that NIR irradiation 460 

markedly increased nanoparticle internalization by 22RV1 cells in the lower chamber (26.5%) 461 

compared with the non-irradiated group (0.44%) (Fig. 3e). This improvement is attributed to NIR-462 

triggered NO release, which propels the nanomotors and thereby facilitates trans -endothelial 463 

transport. 464 

Fig. 3f showed the penetration depth of NPs across 3D 22RV1 tumor cells spheres with or 465 

without NIR treatment. Treatment with M/B@PDA‑VHH alone resulted in limited penetration, 466 

reaching less than 40 µm into the spheroid. However, M/B@PDA-VHH/NIR showed significant 467 

penetration effect extends from the surface (0 µm) to the bottom (120 µm). The corresponding 468 

red fluorescence was nearly uniformly distributed across the largest cross‑section, indicating 469 

homogeneous infiltration throughout the spheroid. The enhanced penetration results from NIR -470 

triggered NO release to propels them deep into the tissue, highlighting the therapeutic potential 471 

of this nanoplatform against solid PCa.  472 

 473 

3.4. In Vitro target and cellular uptake of M/B@PDA-VHH NPs 474 

PSMA is a type II transmembrane glycoprotein with enzymatic activity. While minimally 475 

expressed in normal tissues, PSMA is significantly upregulated in malignant PCa, making it a 476 

promising molecular target for therapeutic intervention [45]. Anti-PSMA nanobodies (VHH) 477 

possess high binding affinity and rapid tissue penetration, rendering them ideal ligands for active 478 

tumor targeting. Using phage display technology, three anti-PSMA single-domain antibodies 479 
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(VHH2, VHH3, and VHH4) were screened by assessing the specific binding to 22RV1 cells  480 

(PSMA-positive), and PC3 cells (PSMA-negative) serving as a control. FCM analysis showed 481 

that VHH3 effectively binds to PSMA-positive 22RV1 cells with a positivity rate of 71.2% (Fig. 482 

4a). In contrast, VHH2 and VHH4 showed minimal binding (2.84% and 5.11%, respectively), 483 

comparable to the negative control (1.92%). The limited efficacy of VHH2 and VHH4 may stem 484 

from lower molecular stability or poor recognition of natively folded PSMA [46]. In PSMA-485 

negative PC3 cells, all nanobodies displayed negligible binding signals close to background levels. 486 

Collectively, these results confirm that VHH3 possesses strong and selective targeting capability 487 

toward PSMA-positive PCa cells. 488 

The binding effect of VHH2, VHH3 and VHH4 grafted on M/B@PDA NPs were evaluated 489 

after incubation with Alexa Fluor 488-labeled PSMA protein. VHH3-functionalized NPs 490 

demonstrated significant retention of the fluorescent antigen than those of VHH2 and VHH4 491 

modified NPs. (Fig. 4b), confirming that VHH3 maintains high PSMA affinity even after surface 492 

conjugation. Due to its superior performance, VHH3 grafted NPs were selected for all subsequent 493 

studies [47]. 494 

To investigate cellular internalization, 22RV1 cells were incubated with VHH3-grafted 495 

M/B@PDA-VHH NPs. As depicted in Fig. 4c, NPs internalization increased progressively over 496 

the first 12 h and plateaued thereafter, reaching a phagocytic efficiency of 40.1% after incubation 497 

for12 h. Fig. 4d summarizes CLSM images after dihydrochloride staining of 22RV1 cells. 498 

Treatment with M/B@PDA-VHH revealed a much brighter red fluorescence signal compared to 499 

the non-targeted M/B@PDA treatment, indicating high-affinity binding and precise recognition 500 

of tumor cells. 501 

To verify that uptake is driven specifically by VHH-mediated targeting, competitive binding 502 

assays were performed. Pre-incubating M/B@PDA-VHH NPs with soluble PSMA antigen 503 
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blocked the VHH paratopes, allowing comparison with non-targeted M/B@PDA NPs [48]. CLSM 504 

analysis revealed strong red fluorescence in cells treated with M/B@PDA-VHH NPs (Fig. 4e), 505 

and weak fluorescence were observed after pre-blocked NPs with PSMA. This reduction indicates 506 

competitive inhibition of VHH-mediated internalization, as soluble PSMA occupies the binding 507 

sites and prevents interaction with membrane-bound PSMA on 22RV1 cells [19]. There no 508 

significant uptake difference in non-functionalized M/B@PDA NPs with or without PSMA pre-509 

treatment. Quantitative fluorescence measurements revealed similar trends (Fig. 4f), highlighting 510 

the high target selectivity of M/B@PDA-VHH to PSMA positive 22RV1 cells. 511 

 512 

3.5. In vitro safety evaluation 513 

Biocompatibility is critical to advancing the biomedical application and clinical translation of 514 

M/B@PDA-VHH NPs. Quantitative CCK-8 assays demonstrated high cell viability (>90%) in 515 

both HUVEC and normal RWPE-1 after 24 h of exposure to M/B@PDA-VHH at concentrations 516 

up to 160 μg/mL, indicating negligible cytotoxicity toward normal cells (Fig. S2a). This was 517 

further corroborated by calcein-AM/PI live-dead staining, where both cell types exhibited 518 

exclusively green fluorescence, confirming preserved cellular viability and supporting the 519 

biocompatibility of the NPs (Fig. S2b). Hemocompatibility was evaluated through an in vitro 520 

hemolysis assay, a critical safety metric for intravenous administration  [49]. The results showed 521 

minimal erythrocyte damage, with hemolysis rates below 5% at all tested concentrations (0–160 522 

μg/mL) (Fig. S2c), confirming favorable blood compatibility and supporting further in vivo 523 

investigation. 524 

 525 

3.6. In Vitro anti-PCa efficacy of M/B@PDA-VHH NPs 526 

Exogenous NO and its derivatives mediate significant anti -tumor effects against PCa by 527 

directly inducing tumor cell apoptosis and cell cycle arrest, inhibiting proliferation and metastasis, 528 
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remodeling the immune microenvironment, and modulating the androgen receptor signaling 529 

pathway [50]. The NO generation in 22RV1 cells was assessed using DAF-FM DA. The red 530 

fluorescence in M/B@PDA-VHH+NIR was obvious stronger than those of other treatment (Fig. 531 

5a), indicating effective NO generation. As quantified in Fig. 5b, there were undetectable 532 

fluorescence signals after PBS and M@PDA-VHH+NIR treatment, due to the absent of BNN6 533 

loading. In contrast, the mean red fluorescence intensity of M/B@PDA-VHH+NIR was 534 

significantly higher than that of PBS treatment, indicating the NIR irradiation triggered NO 535 

release. 536 

BLM, a member of the RecQ helicase family, plays key roles in DNA replication, repair, and 537 

telomere maintenance. Impairment of BLM activity is a known cause of genomic instability  [13] , 538 

Small-molecule inhibitor ML216 promotes intracellular ROS accumulation by disrupting DNA 539 

repair and inducing genomic stress [51]. Intracellular ROS contents were determined with the 540 

green fluorescent probe DCFH-DA, oxidized into green-fluorescent DCF. As shown in Fig. 5c, 541 

relative to the weak signal in PBS-treated cells, treatment with M/B@PDA+NIR and M@PDA-542 

VHH+NIR resulted in enhanced green fluorescence, with the M/B@PDA-VHH+NIR group 543 

showing the strongest intensity. Quantitative analysis showed no significant difference between 544 

the M/B@PDA-VHH (1.4 a.u.) and PBS (1.0 a.u.) groups (Fig. 5d), confirming minimal drug 545 

leakage without irradiation. Among NIR-exposed groups, M/B@PDA+NIR exhibited the lowest 546 

fluorescence (8.0 a.u.), attributable to limited cellular uptake without VHH targeting. The 547 

B@PDA-VHH+NIR group showed higher intensity (14.4 a.u.), likely due to NO-derived 548 

nitrosative stress [52]. Further increase in the M@PDA-VHH+NIR group (19 a.u.) may result 549 

from ML216-mediated impairment of DNA repair. The highest ROS level (28.2 a.u.) was achieved 550 

with M/B@PDA-VHH+NIR, reflecting the combined effect of concurrently released ML216 and 551 

NO. 552 
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The antitumor activity against 22RV1 cells was assessed by live/dead (calcein-AM/PI) staining 553 

following various treatments. As illustrated in Fig. 5e, while PBS treatment resulted in substantial 554 

live 22RV1 cells displaying green fluorescence, the M@PDA-VHH+NIR treatment induced a 555 

significantly enhanced red fluorescence in comparison to the other conditions . Apoptosis was 556 

further quantified by FCM (Fig. 5f). M/B@PDA-VHH 22RV1 treated cells exhibited a low 557 

apoptosis rate of 10.9%. Non-targeted PTT M/B@PDA+NIR induced 17.5% apoptosis. The 558 

incorporation of VHH targeting substantially improved efficacy, with apoptosis rates reaching 559 

49.3% for M@PDA-VHH+NIR and 57.5% for B@PDA-VHH+NIR. The highest level of 560 

apoptosis (90.2%) was achieved with the combined M/B@PDA-VHH+NIR treatment, 561 

underscoring the synergistic effect of integrating PTT with NO and ML216.  562 

Cytotoxicity was assessed via CCK-8 assay across a concentration range (0–160 µg/mL) (Fig. 563 

5g). M/B@PDA-VHH NPs alone maintained >80% cell viability even at 160 µg/mL, confirming 564 

minimal toxicity without activation. Conversely, cell viability was notably reduced to 65.4% and 565 

30.1% following treatment with M/B@PDA+NIR and M@PDA-VHH+NIR, respectively. Most 566 

notably, M/B@PDA-VHH+NIR treatment resulted in the lowest viability (7.2%), significantly 567 

lower than that of B@PDA-VHH+NIR (25.7%). This potent cytotoxicity is attributed to the NIR-568 

triggered co-release of ML216 and NO. High concentrations of NO and its derivatives induce 569 

direct DNA damage and promote apoptosis [23]. Concurrently, ML216 inhibits BLM helicase, 570 

leading to replication fork arrest, double-strand break accumulation, impaired DNA repair, 571 

mitochondrial ROS burst, and amplification of NO-mediated damage, culminating in cell death 572 

[53].   573 

    574 

3.7. Anti-PCa Mechanisms of M/B@PDA-VHH NPs 575 

The potent cytotoxic effect of M/B@PDA-VHH NPs against 22RV1 cells prompted an 576 
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investigation into the underlying molecular mechanisms. Elevated intracellular levels of ROS and 577 

NO are known to disrupt mitochondrial integrity, leading to increased membrane permeability 578 

and loss of mitochondrial membrane potential  [54]. JC-1 fluorescent probe was used to assess 579 

mitochondrial membrane potential. High potential promotes red J -aggregate formation, whereas 580 

diminished potential results in green monomer fluorescence. As shown in Fig. 6a, cells treated 581 

with M/B@PDA-VHH+NIR displayed markedly stronger green fluorescence compared to the 582 

PBS, M/B@PDA-VHH, M/B@PDA+NIR, M@PDA-VHH+NIR and B@PDA-VHH+NIR groups, 583 

indicating significant mitochondrial membrane potential depolarization and corroborating the 584 

pro-apoptotic effect. Quantitative analysis revealed that the red-to-green fluorescence intensity 585 

ratio in the M/B@PDA-VHH+NIR group was 21.2 times higher than that in the PBS control (Fig. 586 

6b). Elevated ROS can directly induce oxidative damage on nuclear and mitochondrial DNA. The 587 

extent of DNA damage was subsequently evaluated via comet assay (Fig. 6c). M/B@PDA-588 

VHH+NIR treatment showed obvious DNA comet tailing phenomenon, attributed to VHH-589 

mediated phagocytosis and ROS-dependent DNA damage. Quantitative analysis revealed that 590 

PBS treatment showed 8.5% DNA migration (Fig. 6d). The most severe damage occurred in the 591 

M/B@PDA-VHH+NIR group with 57.7% tail DNA, significantly higher than those of 592 

M/B@PDA-VHH (9.9%), M/B@PDA+NIR (12.6%), M@PDA-VHH+NIR (37.1%) and B@PDA-593 

VHH+NIR (46.6%) treatment. Collectively, these results demonstrate that the antitumor activity 594 

of M/B@PDA-VHH NPs under NIR irradiation primarily stems from the induction of severe 595 

mitochondrial dysfunction and DNA damage, driven by the intracellular accumulation of ROS 596 

and NO. Tumor cells can adapt to elevated ROS/NO stress by regulating survival gene expression, 597 

counteracting DNA damage, and evading apoptosis [55]. Our prior work demonstrated that BLM 598 

suppression modulates the AKT/mTOR pathway to mitigate oxidative damage [14]. We therefore 599 

examined whether the delivered BLM inhibitor ML216 regulates adaptive resistance by 600 
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suppressing the p-AKT and p-PRAS40. 601 

Western Blot experiments analysis of 22RV1 cells showed that total AKT expression remained 602 

largely unchanged across all treatment groups (Fig. 6e). However, p-AKT was markedly affected, 603 

and M/B@PDA-VHH treatment resulted in p-AKT levels reduced to 80% compared to PBS 604 

treatment (Fig. 6f). NIR exposure significantly suppressed p-AKT to less than 60%, with 605 

M/B@PDA+NIR, M@PDA-VHH+NIR, and B@PDA-VHH+NIR reducing levels to 55.2%, 606 

44.3%, and 10.0%, respectively. The most profound inhibition was observed with M/B@PDA-607 

VHH+NIR, which decreased p-AKT to merely 0.6% of PBS treatment. These data indicate that 608 

the M/B@PDA-VHH/NIR potently suppresses AKT activation in PCa cells.  609 

AKT activation phosphorylates PRAS40 at Thr246, leading to its dissociation from mTORC1 610 

and subsequent activation of downstream pro-growth signaling [56]. Analysis of PRAS40 611 

phosphorylation revealed that total PRAS40 levels were unaffected across all treatment groups 612 

(Fig. 6g). M@PDA-VHH+NIR and B@PDA-VHH+NIR reduced p-PRAS40 to 34.0% and 12.4% 613 

of PBS treatment, respectively (Fig. 6h). The most effective suppression was again achieved with 614 

M/B@PDA-VHH+NIR, which lowered p-PRAS40 expression to 3.3% of control. In summary, 615 

M/B@PDA-VHH+NIR treatment engages a dual mechanism against PCa. It significantly elevates 616 

intracellular ROS/NO, inducing mitochondrial depolarization and DNA damage. Concurrently, it 617 

potently suppresses the AKT/mTOR signaling axis, thereby disabling a key pathway that confers 618 

resistance to oxidative stress. This coordinated action results in potent therapeutic efficacy.  619 

 620 

3.8. In vivo targeting and biodistribution of M/B@PDA-VHH NPs 621 

Encouraged by its superior in vitro antitumor efficacy, we next evaluated the in vivo therapy 622 

potential of M/B@PDA‑VHH+NIR. Photothermal images were captured after local NIR 623 

irradiation of tumors in differently treated mice (Fig. 7a). M/B@PDA‑VHH+NIR treatment 624 
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induced a rapid temperature rise to 47.3 °C, attributable to efficient tumor accumulation and 625 

photothermal conversion. In the absence of NIR, M/B@PDA‑VHH treatment showed no apparent 626 

temperature increase, remaining near body temperature (36.7 °C). M/B@PDA+NIR treatment 627 

exhibited lower tumor accumulation with the local temperature to 42.2 °C.  628 

Real‑time fluorescence imaging of live mice and ex vivo tissues were captured after 629 

intravenous injection of Cy5‑labeled NPs, with or without NIR treatment (Fig. 7b). 630 

M/B@PDA+NIR treatment displayed weak fluorescence signals throughout the observation 631 

period, both M/B@PDA‑VHH and M/B@PDA‑VHH+NIR groups showed time‑dependent 632 

fluorescence enhancement at the tumor site, indicating progressive accumulation of 633 

VHH‑functionalized NPs. Ex vivo imaging confirmed predominant hepatic and renal uptake 634 

across all groups, yet M/B@PDA‑VHH and M/B@PDA‑VHH+NIR treatments exhibited clear 635 

tumor‑selective aggregation, demonstrating VHH mediated tumor targeting. Fig. 7c summarized 636 

quantitative fluorescence intensity at tumor tissue. M/B@PDA‑VHH+NIR showed 3.1 times 637 

higher significant fluorescence signal than that of M/B@PDA-VHH treatment, indicating NIR-638 

triggered self-propelled motion contributed significantly to the enhanced tumor accumulation . In 639 

addition, M/B@PDA‑VHH+NIR showed 8.0 times higher fluorescence intensity than that of 640 

passive accumulation (M/B@PDA‑VHH). A significant enhancement in tumor accumulation of 641 

the NPs was verified, mediated by VHH targeting. Ex vivo tissue quantification corroborated 642 

these results, showing that VHH‑functionalized NPs achieved 4.0‑fold higher tumor fluorescence 643 

than passive carriers (Fig. 7d), which was further elevated to 6.9‑fold under NIR irradiation.  644 

Fig. 7e shows the biodistribution of NPs 2 h post‑injection. NPs showed a broad distribution 645 

across major organs. Uptake was predominantly higher in the liver and kidneys, attributable to 646 

the reticuloendothelial system.The slightly negative surface charge contributed to prolonged 647 

blood circulation and fostered greater tissue accumulation of the NPs.  648 
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In addition, tumor irradiation (NIR, 5 min) was performed at 2 h post-injection. The 24h 649 

biodistribution data across treatment groups are summarized in Fig. 7f, revealing a significant 650 

decrease in NP levels within most tissues relative to the 2h, indicative of time-dependent systemic 651 

clearance. In contrast, tumor accumulation increased. This enhancement is attributed to the  NO-652 

induced vasodilation coupled with elevated blood flow from mild PTT, which improve NPs 653 

penetration and retention. As shown in Fig. 7f, Compared with M/B@PDA‑V+HH alone, the 654 

combination of VHH targeting, photothermal‑propelled motion, and NO release in the 655 

M/B@PDA‑VHH+NIR group increased tumor NPs levels by approximately 1.2‑fold. Moreover, 656 

the lack of active targeting in the M/B@PDA+NIR group resulted in about 1.3‑fold higher 657 

accumulation relative to non‑targeted M/B@PDA‑VHH. These results verify that tumor 658 

accumulation is substantially enhanced by the synergistic actions of VHH‑mediated targeting, 659 

persistent self‑propulsion, and NO release.  660 

Intratumoral NO generation was assessed by CLSM following local injection of the 661 

NO‑sensitive probe DAF‑FM DA. As shown in Fig. 7g, M/B@PDA‑VHH+NIR treatment showed 662 

strong green fluorescence, indicating substantial NO production upon NIR illumination.  Fig.7h 663 

presents the fluorescence intensities of stained sections from ImageJ analysis. The faint signals 664 

were observed after M/B@PDA+NIR (5.0 a.u.) and M/B@PDA‑VHH (9.3 a.u.) treatment, 665 

reflecting limited NO release. In contrast, the M/B@PDA‑VHH+NIR group (31.8 a.u.) exhibited 666 

intense and homogeneous green fluorescence across tumor sections, confirming robust and 667 

widespread NO generation. These results indicate that M/B@PDA‑VHH NPs retain their payload 668 

stably during tumor penetration prior to irradiation. Subsequent NIR exposure triggers the 669 

concurrent release of BNN6 and ML216, leading to localized NO production and enabling potent 670 

synergistic therapy against PCa. 671 

 672 
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3.9. In vivo antitumor efficacy of M/B@PDA-VHH NPs 673 

The antitumor efficacy of M/B@PDA‑VHH+NIR (group #6) was evaluated by monitoring body 674 

weight, tumor volume, tumor weight, and histopathological and IHC staining, with PBS (group 675 

#1), M/B@PDA‑VHH (group #2), M/B@PDA+NIR (group #3), M@PDA‑VHH+NIR (group #4), 676 

and B@PDA‑VHH+NIR (group #5) as controls. As illustrated in Fig. 8a, the body weight 677 

maintained a steady upward trajectory across all groups. The greatest weight increase was 678 

observed in the M/B@PDA-VHH+NIR group, indicating that the combined treatment did not 679 

induce overt systemic toxicity. Fig. 8b summarized tumor growth after various treatments. 680 

Tumors in PBS‑treated mice grew rapidly from 100 to approximately 1165 mm³ over 21 days, 681 

while M@PDA‑VHH treatment showed no inhibitory effect. The combination of PTT and 682 

M216/NO mediated M/B@PDA+NIR through passive EPR accumulation, reducing the final 683 

tumor volume to approximately 639 mm³ [57]. M@PDA-VHH+NIR apparently inhibited tumor 684 

expansion to about 419 mm³, ascribed from PTT/ML216 synergetic effect. NO/PTT therapy after 685 

B@PDA-VHH+NIR traetment exhibited remarkable tumor inhibition, maintaining a volume of 686 

approximately 100 mm³ throughout the 21-day study period [58]. Tumor growth was completely 687 

suppressed by M/B@PDA-VHH+NIR, and the tumor volume even decreased throughout the 688 

experimental period. Following the experiment, mice were euthanized for subsequent tumor 689 

resection and gravimetric analysis. As showed in Fig. 8c, M/B@PDA‑VHH+NIR treatment 690 

reduced tumor weight to 0.056 g, which was significantly lower than that of M/B@PDA‑VHH 691 

(0.877 g), M/B@PDA+NIR (0.645 g), M@PDA‑VHH+NIR (0.449 g), B@PDA‑VHH+NIR 692 

(0.123 g), and PBS (1.514 g) groups. Representative ex vivo tumor images are displayed in  Fig. 693 

8d, visually confirming the potent growth inhibition achieved by M/B@PDA‑VHH+NIR.  694 

To evaluate treatment outcomes, histopathological analysis via H&E staining was performed 695 

on tumor tissues harvested on day 21. Compared to all other treatments, M/B@PDA‑VHH+NIR 696 
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induced the most severe tumor destruction, characterized by enlarged necrotic regions, cellular 697 

disintegration, cytoplasmic degradation, extensive coagulative necrosis, and complete loss of 698 

tissue architecture (Fig. 8e). Apoptosis and proliferation of the tumor tissue were evaluated by 699 

IHC detection of caspase-3(Fig. 8f) and Ki67 expression (Fig. 8g). PBS treated tumors displayed 700 

high Ki67 positivity and minimal caspase‑3 expression, indicating active proliferation. In contrast, 701 

M/B@PDA‑VHH+NIR treatment resulted in the highest level of apoptosis and the lowest 702 

proliferative activity, demonstrating that the combination of PTT with NO and ML216 delivery 703 

produces superior antitumor efficacy in PCa.  704 

The in vivo expression levels of the pivotal AKT/mTOR node proteins AKT, p-AKT, PRAS40 705 

and p-PRAS40 were subsequently examined after various treatment. Immunofluorescence 706 

staining of tumor sections revealed the distribution and intensity of AKT (Fig. 8h) and p‑AKT 707 

( Fig. 8i). Total AKT levels showed no appreciable change across groups (Fig. S3a). Strong 708 

p‑AKT immunoreactivity (red) was observed in PBS‑treated tissues, with similar signals in the 709 

M/B@PDA‑VHH and M/B@PDA+NIR groups, indicating no significant reduction in p‑AKT 710 

expression (Fig. S3b). A stepwise decrease in red fluorescence was seen in the 711 

M@PDA‑VHH+NIR and B@PDA‑VHH+NIR treatment, and the signal was nearly abolished in 712 

the M/B@PDA‑VHH+NIR treatment. These results demonstrate that while total AKT expression 713 

remained unaltered, p‑AKT was significantly inhibited by the M/B@PDA‑VHH+NIR treatment. 714 

This selective suppression is functionally relevant because p‑AKT represents the active 715 

phosphorylated form that drives downstream signaling to regulate cell survival, proliferation, 716 

metabolism, and migration [59]. 717 

PRAS40 is a key regulatory node within the AKT/mTOR signaling cascade. Its activity is 718 

modulated by site‑specific phosphorylation, primarily catalyzed by activated p‑AKT. In its 719 

unphosphorylated state, PRAS40 binds competitively to RAPTOR, inhibiting mTORC1 activity 720 
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and suppressing oncogenic proliferation. p-AKT converts PRAS40 to p‑PRAS40, triggering its 721 

dissociation from mTORC1 and thereby reactivating the pathway to promote tumor progression  722 

[60]. Immunofluorescence staining of tumor sections was performed to evaluate PRAS40 (Fig. 723 

8j) and p‑PRAS40 (Fig. 8k) expression following in vivo treatments. Total PRAS40 levels showed 724 

no significant difference across groups (Fig. S3c). Similarly, p‑PRAS40 signal remained 725 

unchanged after M/B@PDA‑VHH treatment compared to the PBS control. M/B@PDA-VHH 726 

+NIR showed significant diminished red fluorescence to 3.9 %, lower than that of B@PDA-727 

VHH+NIR (31.2%), M@PDA-VHH+NIR (44.4%), M/B@PDA+NIR (64.6%), M/B@PDA-VHH 728 

(98.9%), and PBS (100%) treatment (Fig. S3d). These in vivo results confirm the potent antitumor 729 

activity of M/B@PDA-VHH under NIR irradiation. The NIR-triggered co-release of NO and 730 

ML216 selectively inhibits the phosphorylation and activation of p-AKT and p-PRAS40, key 731 

effectors in the DNA damage-responsive AKT/mTOR pathway. This dual blockade overcomes 732 

therapeutic resistance, sustains DNA damage, and ultimately enhances treatment outcomes in PCa.  733 

 734 

3.10. Treatment safety of M/B@PDA-VHH NPs 735 

To evaluate the in vivo biosafety of M/B@PDA‑VHH+NIR, hematological, biochemical, and 736 

histopathological analyses were performed after 14 days of treatment. Comprehensive blood 737 

testing showed that WBC (1.2×109/L),RBC (7.6×1012/L), HGB (124 g/L), and PLT (7.8×1011 /L) 738 

remained within the physiological ranges even at a dose of 30 mg/kg, indicating no adverse 739 

systemic effects (Fig. S4a). Serum biochemical markers, including ALT (29.2 U/L), aspartate AST 740 

(127.4 U/L), BUN (23.5 mg/dL), and CREA (32.5 μmol/L), also fell within normal limits, 741 

confirming an absence of hepatorenal toxicity (Fig. S4b). Furthermore, H&E staining of major 742 

organs revealed almost no structural damage, necrosis, or inflammatory infiltration in any 743 

treatment group compared to PBS‑treated controls (Fig. S5). Together, these results demonstrate 744 
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that M/B@PDA‑VHH+NIR treatment induces no significant toxicity in normal tissues, 745 

supporting its favorable biosafety profile.  746 

 747 

4. Conclusion 748 

This study developed a NIR-propelled, PSMA-targeting nanomotor platform for enhanced deep 749 

tumor penetration and synergistic PCa therapy. The system co-encapsulated the BLM helicase 750 

inhibitor ML216 and a NO donor within a temperature-responsive PCM, loaded into single-pore 751 

hollow PDA NPs. Under NIR irradiation, efficient photothermal conversion triggered the 752 

controlled release of both NO and ML216. The released NO served a dual function as a cytotoxic 753 

agent and a gas propellant, significantly enhancing NPs motion and penetration across endothelial 754 

barriers, 3D tumor spheroids, and in vivo tissues. Concurrently, the synergistic action of PTT and 755 

NO induced DNA damage and promoted apoptosis in cancer cells. The co-released ML216 756 

inhibited BLM helicase activity, leading to replication fork arrest, accumulation of double -strand 757 

breaks, and suppression of the AKT/mTOR survival pathway via dephosphorylation of p -AKT 758 

and p-PRAS40. This dual mechanism disrupted DNA repair networks, amplified oxidative 759 

damage, and restored therapeutic sensitivity. Both in vitro and in vivo studies confirmed potent 760 

tumor suppression with negligible systemic toxicity. This study exhibits a gas-propelled 761 

nanomotor strategy that synergistically combines deep tumor penetration with DNA damage 762 

repair interference, offering a promising approach to overcome stromal barriers and therapy 763 

resistance in solid tumors. 764 
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 972 

 973 

Scheme 1. Preparation and Therapeutic Mechanism of the M/B@PDA‑VHH NPs. (a) The PS core 974 

was coated with a PDA layer, and then the sacrificial PS layer was etched to obtain HPDA NPs. 975 

NO donor BNN6 and BLM helicase inhibitor ML216 were co-encapsulated with a PCM into the 976 

HPDA cavity, and then grafting with VHH3 to yield the M/B@PDA-VHH NPs. (b) Systemic 977 

administration of M/B@PDA-VHH NPs enhanced tumor accumulation via VHH targeting. Under 978 

NIR irradiation, the photothermal effect melts the PCM, triggering NO release, promoting deep 979 

tumor penetration of the NPs. The combined photothermal/NO therapy induces DNA damage, 980 

while ML216 inhibits the AKT pathway to suppress DNA repair, thereby synergistically 981 

enhancing tumor eradication. 982 
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 995 

 996 

Fig. 1. Characterization of M/B@PDA-VHH NPs. (a) TEM images of PS@PDA, HPDA-PS, 997 

HPDA, M/B@PDA and M/B@PDA-VHH NPs under PDA coating for 12 and (b) 24 h. (c) SEM 998 

images of M/B@PDA-VHH NPs under 12 and (d) 24 h coating. (e) SDS-PAGE of VHH bound to 999 

M/B@PDA and M/B@PDA-VHH NPs. (f) Hydrodynamic diameters and (g) Zeta potential of 1000 

PS@PDA, HPDA-PS, HPDA, M/B@PDA and M/B@PDA-VHH NPs (n = 3). (h) XPS spectra of 1001 

HPDA and M/B@PDA-VHH NPs (i) Change in hydrodynamic diameter of M/B@PDA-VHH NPs 1002 

after incubation with media, PBS, and serum for 7 days(n=3). Data are expressed as mean ± 1003 

standard deviation (SD).  1004 
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 1013 

 1014 

 1015 

Fig. 2. In vitro photothermal properties and drug release. (a) Thermal imaging images of 1016 

M/B@PDA-VHH NPs at various concentrations and treatment was performed with NIR(808 1017 

nm,1.5 W/cm²,5 min)(n=3). (b) M/B@PDA-VHH NPs at various concentrations and (c) 808 nm 1018 

laser power (0-2.5 W/cm2) for 5 min (n=3). (d) Photothermal stability graph of M/B@PDA-VHH 1019 

suspensions under NIR irradiation for 4 cycles. (e) The relationship between the negative natural 1020 

logarithm of temperature and cooling time in the cooling stage. (f) The M216 release from 1021 

M/B@PDA-VHH NPs after intermittent NIR irradiation for 5 min with 3 cycles, using those 1022 

without NIR irradiation and heating to 42° C as control (n = 3). (g) NO generation after 1023 

intermittent NIR irradiation for 5 min with 3 cycles (n = 3).  1024 
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 1040 

 1041 

 1042 

Fig.3. In vitro motion profiles and penetration ability. (a) Tracking trajectories, (b) average MSD 1043 

values and (c) motion velocities of M/B@PDA-VHH NPs with or without NIR irradiation 1044 

treatment(n=20). (d) CLSM images and (e) FCM analysis of 22RV1 cells collected from the lower 1045 

chamber of the transwell. (f) CLSM images of 3D 22RV1 spheroids acquired through layer -by-1046 

layer scanning at step size of 20 µm. The spheroids were treated with Rhodamine B -labeled 1047 

M/B@PDA-VHH NPs with or without NIR irradiation treatment for 5 min. Data are presented as 1048 

mean ± SD.***p < 0.001. 1049 
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Fig. 4. Cellular internalization of M/B@PDA-VHH NPs. (a) FCM analysis of FITC-labeled 1061 

nanobodies (VHH2, VHH3, and VHH4) binding to 22RV1 (PSMA positive) and PC3 cells (PSMA 1062 

negative). (b) Fluorescence images of VHH2, VHH3, and VHH4 NPs binding to Alexa Fluor 488-1063 

labeled PSMA antigen in vitro. (c) FCM analysis and (d) CLSM images of PSMA- expressing 1064 

22RV1 following exposure to M/B@PDA-VHH for different time. (e) CLSM images and (f) 1065 

corresponding fluorescence intensity of 22RV1 cell after incubation with M/B@PDA and 1066 

M/B@PDA-VHH NPs. NPs were pre-incubated with or without exogenous PSMA antigen(n=3). 1067 

Data are presented as mean ± SD. ***p < 0.001. 1068 
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Fig. 5. In vitro antitumor effect of M/B@PDA-VHH NPs. (a) CLSM images and (b) 1081 

corresponding fluorescence intensity of DAF-FM DA stained after incubation with PBS, 1082 

M/B@PDA-VHH, M/B@PDA+NIR, M@PDA-VHH+NIR, B@PDA-VHH+NIR and M/B@PDA-1083 

VHH+NIR (n=3). (c) CLSM images and (d) corresponding fluorescence intensity of DCFH-DA 1084 

in 22RV1 cells under different treatment conditions (n=3). (e) Calcein-AM/PI staining by CLSM 1085 

images and (f) apoptosis apoptosis analysis of 22RV1 cells following various treatments.  (g) Cell 1086 

viability of 22RV1 after different treatment conditions (n=3).**p < 0.01, ***p < 0.001. 1087 
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Fig. 6. In vitro anti-PCa mechanism investigation of M/B@PDA-VHH NPs. (a) CLSM images 1104 

and (b) fluorescence quantification analysis of JC-1 staining 22RV1 cells after treatments with 1105 

PBS, M/B@PDA-VHH, M/B@PDA+NIR, M@PDA-VHH+NIR, B@PDA-VHH+NIR and 1106 

M/B@PDA-VHH+NIR (n=3). (c) DNA damage evaluation via comet assay and (d) corresponding 1107 

quantitative analysis of tailDNA% after different treatment  (n=3). (e) Western blot images of 1108 

AKT and p-AKT proteins, and (f) corresponding quantitative analysis (n=3). (g)Western blot 1109 

images of PRAS40 and p-PRAS40 proteins, and (h) corresponding quantitative analysis  (n=3). 1110 

**p < 0.01, ***p < 0.001. 1111 
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Fig. 7. In vivo target and tissue distribution of M/B@PDA-VHH NPs. (a) Thermographic images 1127 

of mice with tumors after treatment with M/B@PDA or M/B@PDA-VHH NPs for 24 h, and then 1128 

NIR irradiation for 5 min. (b) IVIS imaging of Cy5-labeled NPs biodistribution in tissues and 1129 

major organs at different time points. (c) Semi-quantitative fluorescence analysis of Cy5-labeled 1130 

NPs in subcutaneous 22RV1 tumors and (d) major organs at various time points (n = 3). (e) 1131 

Biodistributions in the tumor and major organs after administration of M/B@PDA+NIR, 1132 

M/B@PDA-VHH,and M/B@PDA-VHH+NIR at 2 and (f) 24 h (n = 3). (g) CLSM images and (h) 1133 

corresponding fluorescence intensity of tumor sections from DAF-FM DA-administered mice 1134 

after 24 h of different treatments (n=3). *p < 0.05, ***p < 0.001. 1135 
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Fig. 8. In vivo anti-PCa efficacy of M/B@PDA-VHH NPs. (a) Tumor growth curves, (b) body 1156 

weight, (d) tumor weight and (d) images of 22RV1 bearing mice after PBS, M/B@PDA-VHH, 1157 

M/B@PDA+NIR, M@PDA-VHH+NIR, B@PDA-VHH+NIR and M/B@PDA-VHH+NIR 1158 

treatment on day 21 (n=6). (e) H&E staining, (f) caspase-3 and Ki-67 (g) protein expression by 1159 

IHC in tumors after 21-day treatments (n=6). (h) Immunofluorescence of AKT, (i) p-AKT, (j) 1160 

PRAS40 and (k) p-PRAS40 of tumor section after different treatment.  1161 
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