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Introduction: Photothermal therapy (PTT) is a promising therapeutic procedure with minimal side effects, which can not only kill 
tumor directly but also cause immunogenic cell death (ICD). However, most solid tumors, including neuroblastoma, are abundant in 
fibroblasts, which limit the penetration and delivery of nanoparticles. Losartan is an antihypertensive drug approved by the FDA, and it 
has been proved to have the effect of breaking down excessive ECM network.
Methods: In this study, we investigated the application and potential mechanism of the combination of mesoporous platinum 
nanoparticles (MPNs) and losartan in the PTT of neuroblastoma by establishing neuroblastoma models in vitro and in vivo.
Results: Compared to the MPNs group without 808 nm laser irradiation, Neuro-2a cells pretreated with PTT and losartan showed 
lower survival rates, increased surface calreticulin, and higher release of HMGB1 and ATP. The group also exhibited the highest anti- 
tumor efficacy in vivo, with a tumor suppression ratio of approximately 80%. Meanwhile, we found that CD3+ T cells, CD4+ T cells 
and CD8+ T cells from the peripheral blood of experimental group mice were significantly higher than control groups, and CD8+PD-1+ 

cells were significantly lower than those in MPNs + Los group and Los + laser group. And the expression of PD-1 and α-SMA in 
Neuro-2a tumors tissue was reduced. Furthermore, losartan could reduce damage of liver function caused by MPNs and laser 
treatment.
Conclusion: This study demonstrated that losartan-induced fibroblasts ablation increased the penetration of MPNs into tumors. 
Enhanced penetration allowed PTT to kill more tumor cells and synergistically activate immune cells, leading to ICD, indicating the 
great promise of the strategy for treating neuroblastoma in vivo.
Keywords: photothermal therapy, immunogenic cell death, neuroblastoma, losartan, extracellular matrix

Introduction
Neuroblastoma (NB) is the most common extracranial pediatric solid tumor, accounting for 15% of all pediatric cancer- 
related deaths.1 NB is characterized by abundant tumor vasculature, rapid growth and early metastasis.2,3 Most NB 
patients are at an advanced stage at the time of diagnosis.4 Comprehensive treatments, including surgery, chemotherapy, 
radiotherapy, anti-GD2 therapy, and autologous stem cell transplantation, are commonly used in clinical settings. The 
unsatisfactory results of multiple existing treatments emphasize the need for additional therapeutic options.5–8
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Photothermal therapy (PTT) is a promising therapeutic procedure with fewer side effects, shorter therapeutic 
schedules and higher efficacy compared to chemotherapy and radiotherapy.9 PTT can not only eliminate tumor cells 
directly, but also release tumor antigens and endogenous adjuvants.10 These endogenous adjuvants have the potential to 
increase tumor immunogenicity and thereby improve therapeutic responses, as it provides the potential for sustained 
therapeutic responses and immune memory to slow tumor recurrence and metastasis.11,12 The immune system is easily 
bypassed by neuroblastoma,13 and PPT is a good treatment for neuroblastoma due to its high selectivity, minimal 
invasiveness, and immunogenic effects. However, most solid tumors, including NB, are abundant in fibroblasts, which 
limit the penetration and delivery of nanoparticles.14 The limited light penetration depth and insufficient distribution of 
photosensitizers in solid tumors lead to incomplete clearance of tumors by PPT.15 Cancer-associated fibroblasts (CAFs) 
and CAFs-secreting extracellular matrix (ECM) are abundant in the tumor microenvironment (TME).16 Collagen and 
hyaluronic acid make up most of the ECM in tumors.17 The dense extracellular matrix decreases tumor perfusion, 
elevates interstitial fluid pressure (IFP), and is a barrier to drug transport.18 Elevated IFP and hypoperfusion are 
hallmarks of the TME, and they pose major physiological barriers to the transport of drugs through the tumor 
vasculature, across the tumor blood vessel wall into the tumor interstitial space and through the interstitial space of 
the tumor.19 Thus, reducing tumor fibroblasts and normalizing the TME can decrease fluid pressure and solid stress, 
enhancing drug delivery and PTT efficacy.

Common matrix metalloproteinase and bacterial collagenases reduce fibroblasts and matrix density but increase the 
risk of tumor progression and toxicity to normal tissues.20 Losartan, an FDA-approved antihypertensive drug and 
angiotensin II type-1 receptor blocker (ARB), has a long history of safety. Losartan has been shown to have immuno
modulatory and anti-fibrotic activity.21 In vitro studies demonstrate that losartan and similar agents normalize tumor 
ECM and enhance tumor perfusion.19 Chauhan et al reported that losartan improves anticancer drug and nanotherapeutic 
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distribution and efficacy.22 A retrospective study showed that the angiotensin I-converting enzyme inhibitors (ACEIs)/ 
ARBs in combination with gemcitabine may improve clinical outcomes in patients with advanced pancreatic cancer.23 

Another recent Phase 2 trial in pancreatic ductal adenocarcinoma showed encouraging results with neoadjuvant 
chemotherapy with losartan.24

Herein, we report the development of mesoporous platinum nanoparticles (MPNs) combined with losartan and the exploration 
of its use as an effective nanoplatform for targeted PTT of NB. MPNs were selected because of high stability and photothermal 
conversion efficacy (62.4%), excellent biocompatibility and surface chemistry.25,26 MPNs has good biocompatibility, and there 
are even reports showing that it helps reduce the toxicity of chemotherapy drugs to normal tissues.27 This study explores whether 
combining MPNs-based PTT with losartan enhances antitumor efficacy and investigates the underlying mechanisms. Our data 
indicate that combinational therapy with MPNs based PTT and losartan would enhance the anti-tumor effect of PTT through 
depletion of tumor fibroblasts and activating ICD. Losartan can modulate fibroblast and collagen to reduce tumor ECM, thereby 
enhancing the penetration of MPNs into tumors. This process results in robust PTT efficacy and activates CD8+ T cell-mediated 
anti-tumor immunity. Furthermore, it has the potential to generate long-term anti-tumor immune memory and inhibit tumor 
recurrence and metastasis.

Materials and Methods
Pluronic F127 and L-ascorbic acid (L-AA, ≥99%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Chloroplatinic acid hexahydra (H2PtCl6·6H2O) and potassium bromide (KBr, ≥99.9%) were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). CCK-8 kit and calcein AM/PI staining kit were purchased 
from Beyotime Biotech. Inc. (Shanghai, China). Anti-HMGB1 and anti-calreticulin were purchased from Abcam 
(Cambridge, UK). Alexa Fluor 488 anti-mouse CD4, PE/Cyanine7 anti-mouse CD45, PE anti-mouse CD3ε and APC/ 
FireTM 750 anti-mouse CD8a were purchased from Biolegend Inc. (San Diego, CA). Anti-mouse PD-1 and anti-mouse 
α-SMA were purchased from Abcam (Cambridge, MA). Minimum essential medium (MEM) and fetal bovine serum 
(FBS) were purchased from Gibco (Life Technologies Corporation, Switzerland). Mouse high mobility group protein 
box-1 (HMGB-1) ELISA kit was purchased from Wuhan Huamei Biological Engineering Co., Ltd. (Wuhan, China). ATP 
content assay kit was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China).

Synthesis of Mesoporous Platinum Nanoparticles
First, 1.8 g of F127 and 4 g of KBr were completely dissolved in 60 mL of L-ascorbic acid (L-AA) water solution (0.1 M). 
Next, 1 mL of H2PtCl6 water solution (0.2 M) was added, and the solution was thoroughly mixed. The resulting solution was 
then placed in a water bath at 70 °C for 24 h. The obtained product was collected by centrifugation at 10000 rpm for 5 min, 
followed by three washes with ethanol. Finally, the product was dispersed in deionized water for subsequent use.

The Electron Microscopy
The scanning electron microscope (SEM) images was conducted at 10 kV and 10 mA using HITACHI S4800 microscope (Tokyo, 
Japan). The transmission electron microscope (TEM) images were conducted under 100 kV using HITACHI HT7700 microscope 
(Tokyo, Japan). The distribution and morphology of the elements were characterized by High-angle annular dark-field scanning 
TEM (HAADF-STEM) and an FEI Talos F200X electron microscope with energy-dispersive X-ray (EDX) spectroscopy.

The Animal Model
Mouse neuroblastoma cell line Neuro-2a was purchased from American Type Culture Collection (ATCC, Manassas, VA). Cells 
were cultured in MEM containing 10% FBS under recommended conditions (37 °C and 5% CO2). All animal experimental 
procedures were undertaken in accordance with the guidelines for Laboratory Animal Welfare in Nanjing Medical University 
(http://iacuc.njmu.edu.cn:8080/article/list-10018.html). Ethical approval for all experiments was obtained from the Animal Ethics 
Committee at Nanjing First Hospital (DWSY-2101557). Female 4-5-week-old A/J mice (15–20 g) were purchased from 
Gempharmatech Co., Ltd. (Nanjing, China). The Neuro-2a xenograft-bearing mice model was established by the subcutaneous 
injection of 5×106 Neuro-2a cells (100 μL) into the lower right back of each mouse.
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Uptake of MPNs in Neuro-2a Cells
To investigate the uptake of MPNs in Neuro-2a cells, the cells were seeded in 6-well plates with a density of 1.2×106 

cells per well and incubated at 37 °C for 24 h before experiment. The cells were then treated with 100 μg·mL−1 MPNs 
and co-incubated for another 1, 2, 4, or 6 hours without light irradiation. After incubation, the cells were collected, fixed 
with 2.5% glutaraldehyde and made for TEM investigation. TEM micrographs were taken by a TEM (JEM-1230, JOEL, 
Tokyo, Japan) operating at 100 kV.

Cytotoxicity Assay
The cytotoxicity of MPNs was assessed using Neuro-2a cells. Briefly, the cells were seeded in 96-well plates with 
a density of 1×104 cells per well and incubated with different concentrations of MPNs (0–100 μg·mL−1) for 24 h at 37°C. 
Subsequently, CCK-8 reagent (10 μL) was added to each well and incubated for 4 h. Finally, the absorbance was 
measured at 450 nm. Six parallel samples were carried out for each group.

Photothermal Therapy of MPNs in vitro
Neuro-2a cells were seeded into 96-well plates at 1×104 cells per well and incubated for 24 h. Then, different 
concentrations of MPNs were added to each well. After 6 h of incubation, each well was irradiated with laser for 
5 min (808 nm, 1 W·cm−2). After an additional 18 hours of incubation, 10 μL CCK-8 reagent was added to each well and 
incubated for 4 h. Finally, the absorbance was measured on a microplate reader at 450 nm. Cell viability was calculated. 
Six parallel samples were conducted for each group.

Anti-Tumor Efficacy of Combinatorial Losartan-PTT in vitro
To investigate the combinational therapeutic efficacy of MPNs-based PTT and losartan in vitro, Neuro-2a cells were 
seeded into 96-well plates at 1×104 cells per well and incubated for 24 h. Then, the cells were subjected to various 
treatments: (1) PBS, (2) PBS + NIR, (3) losartan, (4) MPNs, (5) MPNs + NIR, (6) MPNs + Los, and (7) MPNs + Los + 
NIR. The NIR treatment groups were irradiated with an 808 nm laser at a power density of 1 W·cm−2 for 5 min. After 
18 h of incubation, cell viability was validated with CCK-8 kits.

LIVE/DEAD Viability Assay
For visual observation of cell survival, calcein AM/PI staining was used to distinguish living and dead cells. Following 
the various treatments employed in the previous experiment, the cell medium was discarded, the cells were washed with 
PBS. Subsequently, 100 μL calcein AM/PI solutions were added to each well. After 30 min of incubation at 37 °C in 
dark, the results were captured by a fluorescence microscope. Cells exhibiting green fluorescence were considered alive, 
whereas those with red fluorescence were classified as dead.

In vitro Immunogenic Cell Death Assays
To assess the impact of losartan on PTT-induced ICD, we quantified the surface expression of calreticulin and the release of ATP 
and HMGB1 based on consensus guidelines previously described by Kepp et al.28 Neuro-2a cells were seeded on slides in a 12- 
well plate and incubated at 37 °C overnight. Then, the cells were treated with PBS, losartan, MPNs, or MPNs + losartan 
respectively for 6 h and subsequently triggered by 808 nm laser irradiation (1 W·cm−2, 5 min). Following an additional 18 hours of 
incubation, the cells were fixed with 4% paraformaldehyde for 1 h and blocked with 1% BSA for 1 h at room temperature. 
Subsequently, the cells were incubated with the primary antibody of anti-calreticulin at 4 °C overnight. These cells were then 
treated by Alexa Fluor 594-labelled secondary antibody at room temperature for 1 h. After staining with DAPI, the cells were 
observed under a fluorescence microscope. The fluorescence intensity of cells labeled with calreticulin antibody and Alexa Fluor 
594-labelled secondary antibody was quantified by flow cytometry.

The released HMGB1 and ATP were quantified using HMGB1 ELISA kit and ATP content assay kit, respectively. 
The Neuro-2a cells were seeded in a 12-well plate and incubated overnight. Then, the cells were treated with PBS, 
losartan, MPNs, or MPNs + losartan for 6 h and subsequently exposed to 808 nm laser irradiation (1 W·cm−2, 5 min). 
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After continuing to incubate for 18 hours, the supernatant was collected and used to quantify the release of HMGB1 and 
ATP following the manufacturers’ instructions.

Anti-Tumor Efficacy in vivo
Neuro-2a xenograft-bearing mice were randomly divided into 8 groups (n = 5) when the tumor volume reached to 
≈100 mm3: (1) PBS group; (2) PBS + NIR group; (3) MPNs group; (4) MPNs + NIR group; (5) MPNs + Los group; (6) 
MPNs + Los + NIR group; (7) Los group; (8) Los + NIR group. Mice in group 5, 6 and 8 were pretreated intravenously 
with losartan (20 μg per mouse) daily for one week. MPNs (100 μg per mouse) were intravenously injected into the mice 
of group 3–6 at day 0. At 24 h post injection, tumor sites of the NIR treatment groups were irradiated with an 808 nm 
laser at a power density of 2.0 W·cm−2 for 5 min. From 0–12 days, body weight and tumor width (X) and length (Y) 
were measured every two days. Tumor volumes (V) were calculated as follows: V = (X2Y)/2. Relative tumor volume was 
calculated as V/V0 (V0 is the initial tumor volume).

Retention and Clearance of MPNs
The mesoporous Pt nanoparticles were labeled with Cy5.5, and two groups of mice were used for comparison: with or 
without losartan-pretreated. Both groups received intravenous injections of the Cy5.5-labeled MPNs via the tail vein. At 
96 hours post-injection, we dissected the mice and collected their organs and tumors for optical imaging.

In vivo Biocompatibility of MPNs and Losartan
Blood samples and important organs (heart, liver, spleen, lung and kidney) were collected from the mice of the 8 groups 
at the end of the experiment. Serum creatinine (CRE), urea nitrogen (URE), uric acid, alanine aminotransferase (ALT), 
aspartate aminotransferase (AST) and alkaline phosphatase (ALP) were measured to assess kidney and liver function. 
The heart, liver, spleen, lung, and kidney were stained with hematoxylin and eosin (H&E) according to the manufac
turer’s instructions to investigate the organ morphology.

Peripheral Blood and Immunohistochemistry Analysis
At the conclusion of the experiment, peripheral blood was collected and stained with mouse mAbs for 30 min: CD45- 
PC7, CD3e-PE, CD4 Alexa Fluor 488, CD8a-A750, and PD-1-BV510. After staining, red cells were lysed and data were 
acquired using a Beckman Coulter Navios instrument. All the data was analyzed utilizing Kaluza Analysis Software. In 
addition, tumor tissues were harvested and fixed in formalin. IHC staining was carried out following the manufacturer’s 
protocol. Paraffin-embedded sections underwent deparaffinization, and after antigen retrieval, slides were stained using 
Hematoxylin and Eosin (H&E) or monoclonal antibodies (mAbs) targeting CD31, α-SMA, PD-1, and calreticulin.

Statistical Analysis
All the measurements were performed at least three times, and the data were presented as mean ± SD. Ordinary one-way 
ANOVA was performed with SPSS 16.0 software. The criterion for statistical significance was denoted as *p<0.05, 
**p<0.01, and ***p<0.001.

Results
SEM and TEM were employed to characterize the structures of the MPNs. The MPNs are well-dispersed and highly 
uniform in shape and size (Figure 1A). The high-magnification SEM image showed that the MPNs possess rough surface 
and uniform pores (Figure 1B). The high-magnification TEM image further confirmed the regularly spherical shape 
(Figure 1C) and uniform size of approximately of 75 nm (Figure 1D). EDX elemental mapping images showed that Pt 
elements uniformly distributed throughout the MPNs (Figure 1E). Furthermore, the clear lattice fringes observed in the 
high-resolution TEM (HRTEM) image (Figure 1F, G), which showed a lattice plane spacing of 0.1364 nm corresponding 
to Pt crystal, and the selected-area electron diffraction (SAED) pattern from Figure 1H demonstrated the high degree of 
crystallization of the pore walls.
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The effective cellular uptake of MPNs is critical for successful therapy. We observed the MPNs in Neuro-2a cells co- 
incubated with MPN for different time by TEM and found that the uptake of MPNs increased with prolonged co- 
incubation time, reaching its peak after 6 hours of co-incubation (Figure 2A-D). Furthermore, these TEM images 

A B C

E F G H

D

Figure 1 (A and B) SEM images, (C) TEM image, and (D) the histogram displaying the relative frequency of MPNs particle size. (E) EDX element mappings of MPNs. (F and G) 
HRTEM images of the MPNs and corresponding fast Fourier transform (FFT) image. (H) The corresponding selected area ED pattern of MPNs.

A B

C D

Figure 2 TEM image of MPNs uptake in Neuro-2a cells at different times points: (A) 1 h, (B) 2 h, (C) 4 h, and (D) 6 h. Red arrow indicates MPNs.
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revealed that MPNs are uniformly distributed in the cytoplasm of Neuro-2a cells rather than being located outside the 
cells. This observation substantiates that MPNs were indeed absorbed by the cells.

The evaluation of biological safety was crucial for further treatment with MPNs. First, we investigated the in vitro 
cytotoxicity of the MPNs to evaluate the biological safety and biocompatibility. As the concentrations increased, MPNs 
exhibited minimal toxicity. As shown in Figure 3A, there was no obvious decrease in viability even after incubation with 
100 μg·mL−1 MPNs for 24 h. After 48 h of incubation, the relative cell viability was above 73%, indicating that MPNs 
had excellent biocompatibility.

To assess the photothermal toxicity of MPNs in vitro, CCK-8 assay was performed on Neuro-2a cells preincubated 
with different concentrations of MPNs for 4 h and irradiated with an 808 nm at the power density of 1 W·cm−2 laser for 
5 min. The PTT efficiency exhibited a concentration-dependent effect, with cell viability decreasing as the concentration 
of MPNs increased (Figure 3B). No significant changes in cell viability were observed after Neuro-2a cells were exposed 
to NIR irradiation without MPNs or co-incubated with 10 μg·mL−1 MPNs with NIR irradiation. However, the cell 
viability sharply decreased as concentrations increased from 25 μg·mL−1 to 100 μg·mL−1 with NIR irradiation. 
Specifically, when the concentration of MPNs was 100 μg·mL−1, the viability was approximately 20% under 808 nm 
1 W·cm−2 laser irradiation. In summary, the above results indicated that MPNs exhibit excellent performance as 
a photothermal therapy drug.

To assess the combinational therapeutic effects of MNPs and losartan, CCK-8 assay was performed on Neuro-2a cells 
after treatment with (1) PBS, (2) PBS +NIR, (3) losartan, (4) MPNs, (5) MPNs + NIR, (6) MPNs + Los, and (7) MPNs + 
Los + NIR, respectively. As shown in Figure 3C, the cell viability decreased significantly in MPNs + NIR group and 
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Figure 3 In vitro biocompatibility and therapeutic evaluation of MPNs. (A) Viability assay (CCK-8) of Neuro-2a cells after 24 h and 48 h of exposure to different 
concentrations of MPNs (0–100 μg·mL−1). (B) The relative viabilities of Neuro-2a cells after treatment with MPNs at different concentrations (0–100 μg·mL−1) and laser 
irradiation for 5 min (808 nm, 1 W·cm−2). (C) The relative viabilities of Neuro-2a cells after different treatments with or without laser irradiation (808 nm, 1 W·cm−2, 
5 min). (D) Fluorescence microscopy images of live (green)/dead (red) cells after Neuro-2a cells received various treatments.
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MPNs + Los+ NIR group, while no obvious decrease was observed in other groups. This was visually confirmed further 
by LIVE/DEAD cell staining, as shown in Figure 3D. It was found that the number of live cells (green) and dead cells 
(red) was similar in the PBS, PBS + NIR, Los, MPNs, and MPNs + Los groups. Moreover, dead cells increased 
significantly in MPNs + NIR group and MPNs + Los+ NIR group without obvious difference. We guess that this result is 
attributed to the primary function of losartan, which is to degrade the tumor matrix, with no direct killing effect on the 
tumor. Additionally, in the non-3D spheroid in vitro experiment, enhancing the penetration of nanoparticles into solid 
tumor has little promotion on PTT.

TME plays a vital role in influencing the outcome of immunologic therapy.29 Due to the low mutation burden, the 
tumor immunogenicity of neuroblastoma is low. Neuroblastoma is a typical “cold” tumor, as the TME is usually immune 
suppressive in neuroblastoma.13 How to change “cold” tumors to “hot” tumors is very important in neuroblastoma 
therapy. PTT has been reported to induce ICD and improve the suppressive TME. ICD promotes DC maturation, induces 
cytokines secretion and activates anti-tumor immunity.11,30 It is characterized by calreticulin translocation, 
HMGB1 secretion and ATP release.30,31 Thus, we evaluated the effects of MPNs, losartan, and laser on ICD by 
examining calreticulin exposure, HMGB1 and ATP release. Fluorescence images in Figure 4A showed no obvious 
calreticulin (red fluorescence) was observed in the PBS, PBS +NIR, Los, MPNs, and MPNs + Los groups. However, 
strong red fluorescence was observed in the MPNs + NIR group and MPNs + Los+ NIR group. The quantitative results 
of calreticulin assessed by flow cytometry were also consistent with the findings of fluorescence. As shown in Figure 4B, 
MPNs + NIR group and MPNs + Los+ NIR group exhibited more surface calreticulin than other five groups.

The release of HMGB1 is a crucial biomarker of ICD, as HMGB1 could induce the maturation of dendritic cells.32 In 
this study, we discovered that after irradiation, MPNs and MPNs + losartan accelerated the release of HMGB1 
dominantly compared to the PBS, PBS + NIR, Los, MPNs and MPNs + NIR group although the differences between 
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Figure 4 Evaluation of the effects of MPNs, losartan, and NIR on ICD. Cell surface exposure of calreticulin (CRT) upon treatment with PBS, PBS + NIR, losartan, MPNs, 
MPNs + NIR, MPNs + losartan, and MPNs + losartan + NIR groups determined by (A) fluorescence microscopy and (B) flow cytometry. (C) HMGB1 and (D) ATP released 
into the cellular medium after treatment (n = 3).
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MPNs + NIR group and MPNs + Los+ NIR group were not statistically significant (Figure 4C). ATP released from dying 
tumor cells functions as a find-me signal and induces dendritic cells (DCs) to produce cytokines.33 In the non-NIR and 
MPNs groups, ATP was released minimally. However, the MPNs + NIR group incubated with losartan resulted in the 
highest ATP release, surpassing that of the MPNs + NIR group (Figure 4D). The elevation in the surface expression of 
calreticulin, along with the accelerated release of HMGB1 and ATP, collectively confirms that MPNs-stimulated PTT 
could indeed induce ICD. In vitro, the experiment of ICD demonstrates that the Neuro-2a cells pretreated with MPNs + 
Los +NIR exhibited more surface calreticulin and released more HMGB1 and ATP. Furthermore, losartan has the 
additional effect of enhancing the release of ATP.

Encouraged by the good biocompatibility and therapeutic efficacy in vitro, we investigated the PTT efficacy by 
intravenous injection of MPNs and losartan into Neuro-2a tumor-bearing mice. As presented in Figure 5A, no significant 
variations were observed in the body weights of mice in all groups, indicating the low systemic toxicity of MPNs, 
losartan, and the photothermal treatment in vivo. As illustrated in Figure 5B, the PBS group, PBS + NIR group, Los 
group, Los + NIR group, MPNs group, and MPNs +Los group displayed a rapid tumor growth; while the group treated 
with MPNs + losartan presented a mild tumor growth. Most importantly, after receiving laser irradiation, tumor volume 
of MPNs group and MPNs + Los group decreased from day 0 to 6 and from day 7, and the tumor volume began to 
increase. In vivo, the MPNs + Los + NIR group exhibited the best anti-tumor efficacy, with a tumor suppression ratio of 
approximately 80%. This may be due to the normalization of the tumor vascular system and the effective improvement of 
tumor perfusion, which promoted the deposition of nanoparticles in the tumor. Voutouri et al demonstrated that depletion 
of hyaluronic acid and collagen decompresses blood vessels and improves perfusion.34 And this means losartan could 
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effectively inhibit fibroblast proliferation and collagen formation, which could significantly increase Neuro-2a tumor 
permeability and mesoporous platinum deposition within the tumor. As shown in Figure S1, strong fluorescence is 
evident in the tumors of both the MPNs group and the MPNs + Los group (96 hours after injection). Notably, the 
fluorescence intensity in the tumor tissues of MPNs pretreated with losartan exceeds that of the control group. This 
finding suggests that the removal of the intercellular matrix by losartan does not promote the expulsion of nanoparticles 
from the tumors.

H&E staining of tumor tissues was performed to investigate the efficacy of different therapeutic strategies. After 
different treatments, shrinkage of nuclei and nuclear fragmentation were observed to different extents. It is noticed that 
MPNs + NIR group and MPNs + Los+ NIR group displayed significant large areas of apoptotic or necrotic regions in 
tumor tissues (Figure 5C). In the group of MPNs + Los+ NIR, there were the most necrotic cells, suggesting MPNs + Los 
+ NIR exhibited the best anti-tumor efficiency. The significant improvement of PTT effect in MPNs + Los+ NIR group is 
since losartan can degrade ECM and increase the penetration depth of MPNs in tumor.

Previous experiments suggested that losartan played a significant role in improving the TME and enhancing efficiency 
of PTT, and more ATP release also indicated its importance in ICD. Next, we studied the changes of immune factors in 
the blood of mice in different treatment groups to explore the role of losartan in tumor immune microenvironment. We 
evaluated the anti-tumor immunity using peripheral blood of mice after different treatments. CD3+ T cell is a type of 
T lymphocyte characterized by the presence of the CD3 protein on its cell surface, and can be categorized into CD4+ 

T cells and CD8+ T cells.35 They have the function of helping other immune cells coordinate immune responses and 
directly targeting and destroying abnormal cells. As shown in Figure 6A-C, CD3+ and CD4+ T cells were increased 
significantly after treatment with MPNs + NIR and MPNs + Los+ NIR. The CD8+ T cells in the MPNs + Los + NIR 
group were also elevated compared to the control groups; however, a statistically significant difference was observed 
only when compared to the PBS + NIR group.
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In addition to tumor cells, all solid tumors contain many dense stromal cells, such as fibroblasts. Fibroblasts can 
activate/proliferate through transforming growth factor β1 (TGF-β1) signaling, resulting in a pro-fibroproliferative 
response rich in collagen fibers, hyaluronic acid, and other ECM molecules. Fibroblasts and others are deposited in 
the tumor extracellular matrix, which constitutes the structural support of the tumor, making it stiffer and thicker.36 

Additionally, the nearby blood vessels are compressed, further aggravating the poorly perfused and hypoxic environment 
of the tissue.37 All these factors greatly limit the delivery and penetration of nanoparticles. Losartan, a type I angiotensin 
II receptor (AT1R) blocker (ARB) used to treat hypertension, inhibits TGF-β1 and thus the downstream pro-fibrotic 
pathway in fibroblasts. As α-SMA is a biomarker of activated CAFs,38 we evaluated α-SMA and CD31 (a cytoplasmic 
pan-endothelial marker) expression in tumor after different treatments.39 Analyzing post-treatment tumor pathology 
sections, we found that α-SMA expression was down-regulated after synergistic treatment with losartan (Figure 6E), 
which is essential for type 1 collagen synthesis, which was consistent with previous studies.40 The expression of CD31 
did not significantly decrease after different treatments (Figure 6E), which may be related to the slow process of vascular 
remodeling. Although losartan decreased the pressure of tumor stroma, it may not yet have a significant effect on 
vascular structure in a short period of time.

In addition, immune checkpoint blockade (ICB) has become a hot topic in cancer precision therapy. It reinvigorates 
the antitumor response by blocking co-inhibitory signaling pathways, thus contributing to the elimination of cancer cells 
by releasing cytokines and cytotoxic granules from effector T cells. In cancer, overexpression of PD-1 assists cancer cells 
in evading damage by the immune system. The IHC results of our study revealed that there were fewer PD-1+ cells in 
tumors in the MPNs + NIR and MPNs + Los +NIR group than in the other groups (Figure 6E). CD8+PD-1+ cells are 
CD8+ T cells that express programmed cell death protein 1(PD-1) on their surfaces.41 The CD8+PD-1+ cells in the MPNs 
+ Los + NIR group were significantly fewer than those in the Los + NIR group and the MPNs + Los group. However, 
there was no statistically significant difference in the reduction when compared to the MPNs + NIR group (Figure 6D). 
A reduction in PD-1+ cells indicated the enhanced tumor eliminating ability of cytotoxic T cells.

To assess the biosafety of different treatments, we conducted an examination of toxicity. The major organs of mice, 
including the heart, liver, spleen, lung, and kidney, were removed from each group and stained with H&E at the end of 
the experiment. According to the H&E staining results, none of the treatment groups showed apparent organ damage, 
including inflammation and necrosis (Figure 7A). Additionally, the blood biochemical indexes were analyzed at the end 
of the experiment. As shown in Figure 7B-G, ALP, BUN, Cr and uric acid did not change significantly after different 
treatments compared to the PBS group. However, we observed that AST levels were significantly higher in the MPNs + 
NIR group compared to the PBS group. Conversely, AST levels were significantly lower in the group injected with 
losartan when compared to the MPNs + NIR group. Additionally, the ALT levels in the MPNs + Los + NIR group were 
significantly lower than those in both the MPNs + Los group and the MPNs + NIR group. As AST and ALT serve as 
markers for liver function, while BUN, creatinine, and uric acid are indicators of kidney function, the serum biochemical 
results indicated that the various treatments did not lead to significant toxicity in either the liver or the kidneys. 
Furthermore, losartan could contribute to the recovery of liver function decline induced by MPNs and laser treatment. 
The results presented above demonstrate that MPNs exhibit favorable biocompatibility and significant potential for 
in vivo applications.

Conclusion
We found that losartan significantly enhanced the photothermal therapeutic efficacy of MPNs in a neuroblastoma mouse 
model by reducing CAFs in solid tumors. In addition to inducing tumor necrosis and apoptosis through elevated 
temperature, this study confirmed the immune activation effect of PTT: tumor cells exhibited clear signs of ICD, 
T lymphocytes in the peripheral blood of PTT-treated mice increased significantly, and immune checkpoint molecule 
PD-1 levels decreased, particularly in the MPNs + Los + NIR group. Our in vivo experiment demonstrated that the group 
treated with MPNs, losartan, and NIR light had the best effect. Furthermore, losartan showed a protective effect on liver 
function in mice undergoing MPNs-based PTT. However, our evaluation of the tumor immune status following 
photothermal immunotherapy was not comprehensive, and investigating its efficacy in tumor recurrence models will 
be a focus of future research.
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