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Background: Recently, nanocatalyst-induced endoplasmic reticulum (ER) stress for cancer 
therapy has been attracting considerable attention. However, cancer cells are often able to 
overcome ER stress-induced death by activating the unfolded protein response (UPR), 
making nanocatalytic monotherapy a poor defense against cancer progression.
Purpose: In this study, to improve the nanocatalytic treatment efficacy, a phase change 
material (PCM) was used to encapsulate the upstream ER stress initiator, iron oxide 
nanoparticles (Fe3O4 NPs), and the downstream UPR modulator, PR-619. Subsequently, 
the tumor-homing peptide tLyP-1 was coupled to it to form tLyP-1/PR-619/Fe3O4@PCM 
(tPF@PCM) theranostic platform.
Materials and Methods: tPF@PCM was synthesized using nanoprecipitation and resoli-
dification methods followed by the EDC/NHS cross-linking method. The targeting capacity 
of tPF@PCM was evaluated in vitro and in vivo using flow cytometry and magnetic 
resonance imaging, respectively. The therapeutic efficacy of tPF@PCM was investigated in 
a renal cell carcinoma mouse model. Moreover, we explored the synergistic anti-tumor 
mechanism by examining the intracellular reactive oxygen species (ROS), aggregated pro-
teins, ER stress response levels, and type of cell death.
Results: tPF@PCM had excellent tumor-targeting properties and exhibited satisfactory 
photothermal-enhanced tumor inhibition efficacy both in vitro and in vivo. Specifically, the 
phase transition temperature (45 °C) maintained using 808 nm laser irradiation significantly 
increased the release and catalytic activity of the peroxidase mimic Fe3O4 NPs. This strongly 
catalyzed the generation of hydroxyl radicals (•OH) via the Fenton reaction in the acidic 
tumor microenvironment. The redox imbalance subsequently resulted in an increase in the 
level of damaged proteins in the ER and initiated ER stress. Moreover, the pan- 
deubiquitinase inhibitor PR-619 blocked the “adaptive” UPR-mediated degradation of 
these damaged proteins, exacerbating the ER burden. Consequently, irremediable ER stress 
activated the “terminal” UPR, leading to apoptosis in cancer cells.
Conclusion: This ER stress-exacerbating strategy effectively suppresses tumorigenesis, offer-
ing novel directions for advances in the treatment of conventional therapy-resistant cancers.
Keywords: endoplasmic reticulum stress, unfolded protein response, nanocatalytic 
medicine, reactive oxygen species, deubiquitinase inhibitor, apoptosis

Introduction
The endoplasmic reticulum (ER) plays a central role in the synthesis, folding, and 
modification of secreted and transmembrane proteins in eukaryotic cells.1 
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Generally, multiple intrinsic and extrinsic disturbances 
imposed on cancer cells interfere with protein folding in 
the ER, thereby triggering ER stress.2 Under normal con-
ditions, cancer cells can relieve this mildly elevated ER 
stress by activating the “adaptive” unfolded protein 
response (UPR), which decreases protein translation, 
assists protein refolding, or triggers cytoprotective autop-
hagy and ER-associated degradation (ERAD) of unfolded 
or misfolded proteins.3 In contrast, continuous and irreme-
diable ER stress often activates PERK/ATF6/IRE1α- 
mediated apoptosis pathways (“terminal” UPR), and 
directly leads to apoptosis or sequentially triggers autop-
hagy-dependent cell death and apoptosis; thus, targeting 
ER stress provides a promising approach for cancer 
therapy.4,5 Although traditional therapies, such as cyto-
toxic drugs and radiation, induce ER stress to some extent, 
this limited disturbance is often ineffective for certain 
tumors, such as renal cell carcinoma (RCC), or even pro- 
oncogenic owing to the activation of oncogenic signaling 
associated with the “adaptive” UPR.6 Furthermore, these 
non-selective attacks may cause severe systemic toxicity. 
Consequently, these defects limit the large-scale applica-
tion of clinical ER stress-related therapies.

Owing to their intrinsic ER stress-inducing capacity, 
several nanoparticles, including silver, zinc oxide, and iron 
oxide nanoparticles (Fe3O4 NPs), may be promising alter-
natives for promoting ER stress at the tumor site.7 In addi-
tion to acting as targeted nanocarriers, these nanoparticles 
tend to disrupt the balance of the redox state inside the ER 
lumen, thereby disturbing protein folding and elevating ER 
stress.8 Among these nanoparticles, the widely used dual 
enzyme-mimic nanocatalyst Fe3O4 NPs are able to conduct 
tumor-specific redox targeting by utilizing the different 
metabolic environments between the tumor and normal 
tissues.9,10 Specifically, Fe3O4 NPs act as a catalase to 
decompose H2O2 into H2O and O2 in neutral environments, 
eg, in blood circulation and normal tissues. In contrast, their 
peroxidase (POD)-like activity in the mildly acidic tumor 
microenvironment (TME) appears to trigger the Fenton 
reaction to yield toxic •OH.11,12 Moreover, owing to the 
photothermal properties of Fe3O4 NPs, their catalytic activ-
ity can be enhanced by laser irradiation,13,14 which offers 
a flexible method to amplify the production of reactive 
oxygen species (ROS) and contributes to more severe oxi-
dative damage to the ER. Therefore, the hyperthermia- 
augmented Fe3O4 NPs constitute a reasonable choice to 
elevate ER stress in the acidic TME.

However, under the regulation of the initially cytopro-
tective “adaptive” UPR, using Fe3O4-based nano- 
formulations as a single-agent clinical therapy to elevate 
ER stress might still be challenging. Therefore, using 
a UPR modulator along with the ER stress-inducing Fe3O4 

NPs may further augment ER stress, which might achieve 
a better antitumor effect. Recently, increasing evidence has 
suggested that the protein degradation pathway, ERAD, is 
uniquely important because of its negative feedback regula-
tion of the most conserved UPR sensor.15 Among all ERAD 
components, deubiquitinases (DUBs) play prominent roles 
in maintaining protein homeostasis and have served as inno-
vative ERAD targets.16,17 Moreover, it has been demon-
strated that ROS reversibly inactivate DUBs,18 thereby 
allowing DUB inhibition with a lower dose of DUB inhibi-
tor in the presence of ROS producers and mitigating the side 
effects. Therefore, the UPR modulator, DUB inhibitors, may 
have the potential to render cancer cells more sensitive to the 
upstream initiation of ER stress induced by photothermal- 
enhanced Fe3O4 NPs.

RCC, one of the most fatal urological tumors, is particu-
larly insensitive to the traditional ER stress-related chemother-
apy and radiotherapy.19 Although targeted therapy and 
immunotherapy have been developed for the treatment of 
advanced RCC, the objective response rate and overall survi-
val of these reagents are less than satisfactory.20,21 Therefore, 
exploring novel therapeutic strategies for RCC is of 
importance.

In this study, we developed an efficient photothermal- 
augmented tumor therapeutic approach, by regulating redox 
homeostasis concurrently with the activity of DUBs, to 
convert the pro-survival UPR into the pro-apoptotic one 
(Figure 1).22 A nanocatalytic system, tLyP-1/PR-619/Fe3O4 

@PCM (tPF@PCM) co-loaded with Fe3O4 NPs and the 
pan-DUB inhibitor PR-619, was synthesized by taking 
advantage of a melting point-controlled thermal responsive 
phase-change material (PCM). Upon release from 
tPF@PCM at 45 °C by laser irradiation, Fe3O4 NPs were 
shown to be robust ROS inducers at the enhanced catalytic 
temperature, leading to increased damaged proteins in the 
ER lumen and initiating ER stress. Moreover, PR-619 cut off 
the essential step of ERAD, deubiquitination, and exacer-
bated the accumulation of damaged proteins. The increased 
input and simultaneously reduced output of ER stress were 
caught in a vicious circle, leading to prolonged activation of 
UPR, and ultimately causing apoptosis of RCC 786-O cells 
both in vitro and in vivo.
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Materials and Methods
Preparation of Phase-Change Materials
1-Hexadecanol (99%; Aladdin, Shanghai, China) and oleic 
acid (90%; Sigma-Aldrich, St. Louis, MO, USA) (3.5:1 by 
weight) were first dissolved in methanol at a concentration 
of 10 mg/mL, and the mixture was stored at –20 °C for 
further use.

Synthesis of tLyP-1/PR-619/Fe3O4@PCM
The tPF@PCM was synthesized according to a previously 
published protocol with some modifications.23 PF@PCM 
was first fabricated using nanoprecipitation and resolidifi-
cation methods. Briefly, 15 mg of lecithin (98%; Aladdin, 

Shanghai, China) and 10 mg of DSPE-PEG-COOH (mole-
cular weight [MW]: 5000; J&K Scientific, Beijing, China) 
were dispersed in a 4% aqueous ethanol solution and 
heated to 50 °C. Further, Fe3O4 NPs (So-Fe Biomedical, 
Shanghai, China) and PR-619 (Selleck, Houston, TX, 
USA) were dissolved in tetrahydrofuran and DMSO, 
respectively. The PCM (1 mL, 10 mg/mL), Fe3O4 NPs 
(100 μL, 10 mg Fe/mL), and PR-619 (90 μL, 2 mg/mL) 
were mixed and added dropwise into the preheated aqu-
eous ethanol solution under sonication for 10 min. 
Subsequently, the suspension was immediately solidified 
in an ice bath to form PF@PCM, which was further 
labeled with tumor-homing peptide tLyP-1 (CGNKRTR; 
Chinese Peptide Company, Hangzhou, China) via the 

Figure 1 Schematic illustration for the synthesis of tPF@PCM and the synergistic mechanism for cancer therapy. Briefly, PF@PCM was first synthesized via nanoprecipita-
tion and resolidification methods and then coupled with tLyP-1. The obtained tPF@PCM was next injected to 786-O tumor-bearing mice via the tail vein. At a local 
temperature of 45 °C by laser irradiation, Fe3O4 NPs were released from tPF@PCM and triggered the generation of ROS efficiently, resulting in increased unfolded or 
misfolded proteins in the ER lumen. The DUB inhibitor PR-619 suppressed the degradation of these damaged proteins, exacerbating ER stress, and finally leading to 
apoptosis of cancer cells. ① NIR-activated solid-to-liquid phase transition of tPF@PCM and release of Fe3O4 NPs and PR-619. ② Production of ROS via enhanced Fenton 
reaction by moderate heat of 45 °C. ③ Ubiquitination of unfolded and misfolded proteins. ④ Recognition of ubiquitinated proteins by the proteasome. ⑤ Deubiquitination 
of ubiquitinated proteins mediated by deubiquitinase. ⑥ Degradation of damaged proteins by the proteasome. ⑦ Recycling of ubiquitins after deubiquitination.
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carbodiimide coupling method. Specifically, 5 mg of 
PF@PCM was activated in 1 mL of PBS (pH 7.4) contain-
ing 10 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) 
and 7 mg of N-hydroxysuccinimide (Thermo Fisher 
Scientific, Waltham, MA, USA) at 25 °C while stirring 
for 30 min. Afterward, 0.25 mg of tLyP-1 peptide was 
added to the suspension and stirred continuously for 
~4 h on an ice bath. The resultant tPF@PCM was dialyzed 
at 4 °C for 24 h to remove surplus peptides and then stored 
in deionized water at 4 °C for further use.

Characterization of tLyP-1/PR-619/Fe3O4 

@PCM
The size distribution and zeta potential were analyzed 
using a Zetasizer Nano ZSP (Malvern Instruments, 
Malvern, UK). Transmission electron microscopy (TEM) 
images were obtained using a JEOL JEM-2100 TEM 
(Tokyo, Japan) at 200 kV. The Fe concentration was 
determined using atomic absorption spectroscopy (AAS, 
z2000; Hitachi, Japan). The PR-619 concentration was 
detected using high-performance liquid chromatography 
(HPLC; Waters, Manchester, UK).

Photothermal Properties of tLyP- 
1/PR-619/Fe3O4@PCM
Different concentrations of tPF@PCM were exposed to an 
808 nm laser for 10 min, and an IR thermal imaging 
camera (IRS-S6; IRS System, Shanghai, China) was used 
to monitor the temperature changes of the solutions.

In vitro Iron Ion and Drug Release Study
The in vitro release of tPF@PCM was evaluated using the 
dialysis bag diffusion technique. Briefly, 1 mL of tPF@PCM 
(2 mg/mL) in PBS with different pH values was divided into 
four groups: I) pH 5.5; II) pH 5.5 + laser; III) pH 7.4; and 
IV) pH 7.4 + laser. For the laser groups, tPF@PCM was first 
exposed to the laser to maintain the temperature at 45 °C for 
10 min. Next, all groups were placed in separate dialysis 
bags (MW: 1000). Afterward, the dialysis bags were dipped 
into 20 mL of PBS with the same pH and shaken constantly 
at 37 °C for 72 h. At definite time intervals (1, 3, 6, 12, 24, 
48, and 72 h), a 1-mL sample was withdrawn for analysis 
and replaced with the same amount of PBS. Fe was then 
analyzed by AAS and PR-619 by HPLC to estimate the 
amount of iron ions or drug released, respectively.

Peroxidase-Like Activity of tLyP- 
1/PR-619/Fe3O4@PCM and Bare Fe3O4 

Nanoparticles
POD-like activity was measured according to a previously 
described method with some modifications.24 Briefly, the 
3,3ʹ,5,5ʹ-tetramethylbenzidine (TMB) working buffer was 
first prepared by mixing 496 μL of sodium citrate buffer 
(0.1 M, pH 4.5; Solarbio Life Sciences, Beijing, China), 
2 μL of TMB (20 mg/mL; Sangon Biotech, Shanghai, 
China), and 2 μL of H2O2 (30%). Then, 5 μL of 
tPF@PCM (2 mg Fe/mL) or bare Fe3O4 NPs (2 mg Fe/ 
mL) was added to 100 μL of TMB working buffer. After 
exposure to the laser to keep the temperature at 37 or 
45 °C for 10 min, the absorbance spectra were measured 
in the range of 350–800 nm using a Synergy H1 micro-
plate reader (BioTek, Winooski, VT, USA). The time- 
dependent photothermal-enhanced POD-like activity was 
assessed using the same method at different irradiation 
times (2, 4, 6, 8, and 10 min). The absorbance at 652 nm 
was also measured using the Synergy H1 microplate 
reader.

Cell Culture of 786-O, HK-2, PC-3, and 
Human Umbilical Vein Endothelial Cells
The authenticated short tandem repeat-profiled RCC 786- 
O, normal renal tubular epithelial HK-2, and prostate 
cancer PC-3 cell lines were purchased from the Stem 
Cell Bank, Chinese Academy of Sciences. Human umbi-
lical vein endothelial cells (HUVECs) were a kind gift 
from the Department of Vascular Surgery, Renji Hospital, 
School of Medicine, Shanghai Jiao Tong University 
(SJTU) and the use of HUVECs was approved by the 
Ethics Committee of Renji Hospital, School of Medicine, 
SJTU. All cells were routinely tested for mycoplasma and 
were found to be negative. 786-O and PC-3 cells were 
cultured in RPMI-1640 (Gibco, Billings, MT, USA) with 
10% FBS (Invitrogen, Waltham, MA, USA), HK-2 cells 
were cultured in DMEM/F12 (Gibco) with 10% FBS, and 
HUVECs were cultured in endothelial cell growth med-
ium-2 (EGM-2; Lonza, Basel, Switzerland). All cells were 
incubated at 37 °C in 5% CO2.

Cellular Uptake of PR-619/Fe3O4@PCM 
and tLyP-1/PR-619/Fe3O4@PCM
Cellular uptake of PF@PCM or tPF@PCM was determined 
by flow cytometry and confocal laser scanning microscopy 
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(CLSM) analyses. Briefly, 786-O cells were incubated with 
50 μg Fe/mL FITC-PF@PCM or FITC-tPF@PCM at 37 °C 
for 1, 3, 6, 12, and 24 h. Cells were then collected, and 
fluorescence (FITC channel) was determined using 
a CytoFLEX S (Beckman Coulter, Brea, CA, USA) cyt-
ometer. For CLSM experiments, 786-O cells were incubated 
with 50 μg Fe/mL FITC-PF@PCM or FITC-tPF@PCM for 
6 h and fixed in 4% paraformaldehyde for 20 min. Cell 
nuclei were stained with DAPI (C1005; Beyotime, 
Shanghai, China) for 5 min. Cellular uptake was observed 
using CLSM (Leica Microsystems, Wetzlar, Germany).

In vitro Cytotoxicity of tLyP- 
1/PR-619/Fe3O4@PCM
In vitro cytotoxicity was assessed using the CCK-8 assay 
(Dojindo Molecular Technologies, Rockville, MD, USA). 
Cells were seeded in 96-well plates at an initial density of 
2000 cells/well in 100 μL of complete medium. After 
a 24-h incubation, RPMI-1640 was replaced with a fresh 
medium containing various formulations (control, 
tP@PCM, tF@PCM, or tPF@PCM) and cultured for an 
additional 24 h. Subsequently, for groups receiving laser 
irradiation, the cells were exposed to an 808 nm laser to 
maintain the cell temperature at 45 °C for 10 min. After 
another 24-h incubation, the CCK-8 assay was carried out, 
and the absorbance at 450 nm was determined using the 
Synergy H1 microplate reader. Each condition was per-
formed in quadruplet, and each experiment was repeated 
three times.

Live-Dead Analysis of tLyP- 
1/PR-619/Fe3O4@PCM in 786-O Cells
786-O cells were seeded into 12-well plates at a density of 
~50% and treated as described above. The cells were then 
stained with Calcein-AM and 7-aminoactinomycin 
D (7-AAD) staining working solution at 37 °C for 20 
min in the dark. The live/dead cells were visualized 
using a ZOE Fluorescent Cell Imager (Bio-Rad, 
Hercules, CA, USA).

In vitro Measurement of Intracellular 
Reactive Oxygen Species in 786-O Cells
Intracellular ROS was measured using the 2ʹ,7ʹ- 
dichlorodihydrofluorescein diacetate (DCFH-DA) probe 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China). For CLSM, 786-O cells were seeded in confocal 
dishes. After different treatments, cells were co-incubated 

with DCFH-DA (1:1000 in free RPMI-1640) at 37 °C for 
20 min and then observed by CLSM. For flow cytometry 
analyses, different groups of 786-O cells were co- 
incubated with DCFH-DA and then harvested and resus-
pended in PBS for flow cytometry analyses.

Detection of Aggregated Proteins of 
786-O Cells
Aggregated proteins were detected with the 
PROTEOSTAT Aggresome Detection Kit (ENZ-51035; 
Enzo Life Sciences, Farmingdale, NY, USA) according 
to the manufacturer’s instructions. Briefly, 786-O cells 
were seeded in 24-well culture plates. After different treat-
ments, cells were fixed with 4% formaldehyde at 25 °C for 
30 min and permeabilized with 0.5% Triton X-100 and 3  
mM EDTA (pH 8.0) on ice for 30 min. Subsequently, the 
cells were stained with a dual detection reagent containing 
Hoechst 33342 (nuclear stain) and PROTEOSTAT dye 
reagent, and then incubated at 25 °C for 30 min. 
Aggregated protein imaging was performed using the 
ZOE Fluorescent Cell Imager.

Real-Time Polymerase Chain Reaction 
Assays
Total RNA was extracted from various groups of 786-O 
cells using a FastPure Cell/Tissue Total RNA Isolation Kit 
(Vazyme, Nanjing, China). Complementary DNA (cDNA) 
was prepared from 500 ng of total RNA according to the 
reverse transcription protocol using the PrimeScript™ RT 
Reagent Kit (Takara, Dalian, China). Real-time 
Polymerase Chain Reaction (RT-PCR) analyses were per-
formed using SYBR® Premix Ex Taq™ (Takara). Samples 
were analyzed using an ABI PRISM® 7900HT Real-Time 
PCR System (Applied Biosystems, Waltham, MA, USA). 
The human mRNA primer sequences for target genes are 
listed in Table S1. Relative gene expression was normal-
ized to that of the TATA box-binding protein (TBP). The 
relative mRNA levels were calculated using the 2−ΔΔCt 

method.

Western Blot Analysis
Western blot (WB) analysis was performed according to 
standard procedures. The antibodies used in these experi-
ments are listed in Table S2. Briefly, cells were lysed in 
RIPA buffer, and 30-μg samples were loaded and sepa-
rated by a 4–15% Omni-PAGE gel (EpiZyme, Shanghai, 
China). Proteins were then transferred to a PVDF 
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membrane (Millipore, Billerica, MA, USA) using a fast 
wet-transfer apparatus (eBlot™ L1; GenScript, Nanjing, 
China). After blocking with 5% milk at 25 °C for 1 h, blots 
were incubated with primary antibodies at 4 °C overnight 
and then with HRP-conjugated secondary antibodies at 25 
°C for 1 h. Membranes were then incubated with ECL 
substrate and detected by the ChemiDoc™ Imaging 
System (Bio-Rad).

TUNEL Staining
TUNEL staining was performed using a one-step TUNEL 
apoptosis assay kit (Beyotime Biotechnology) according to 
the manufacturer’s protocol. Briefly, cells were fixed in 
4% paraformaldehyde and permeabilized with 0.3% Triton 
X-100 for 5 min. The sections were then subjected to 
a TUNEL assay at 37 °C in the dark for 1 h. Nuclei 
were stained with DAPI for 5 min. Randomly chosen 
fields were examined using the ZOE fluorescent cell 
imager.

Apoptosis Assays by Annexin V-PE/ 
7-Aminoactinomycin D Double Staining
The apoptotic and necrotic cell distribution was analyzed 
using the Annexin V-PE/7-AAD apoptosis detection kit 
(Yeasen, Shanghai, China). Briefly, different groups of 
cells were harvested and adjusted to a concentration of 
0.5–1×105 cells/100 μL using 1X binding buffer. Then, 5 
μL of Annexin V-PE and 10 μL of 7-AAD were added to 
a 100-μL cell suspension and incubated at 25 °C for 10 
min. Finally, 400 μL of 1X binding buffer was added, and 
the cells were analyzed by flow cytometry.

Construction of Mouse Xenograft Model
All animal studies were approved by the Animal Care and 
Use Committee of Shanghai Jiao Tong University (Permit 
Number: SYXK-Hu-2018-0021) and performed in compli-
ance with the Guide for Care and Use of Laboratory 
Animals by the Institute of Laboratory Animal Research 
(ILAR). Male BALB/c nude mice (4–6 weeks old) were 
obtained from Shanghai SLAC Laboratory Animal Co. 
(Shanghai, China). After acclimatization for one week, 
each mouse was injected with 3 million 786-O cells in 
a 1:1 mixture of PBS and Matrigel (#354234; BD 
Biosciences, Franklin Lakes, NJ, USA) in the right flank. 
After tumors reached ~100 mm3 (~7 weeks), 786-O 
tumor-bearing mice were randomly grouped for down-
stream experiments.

In vivo Magnetic Resonance Imaging of 
786-O Tumor-Bearing Mice
In vivo magnetic resonance imaging (MRI) was performed 
using a 7T small animal MRI scanner. 786-O tumor- 
bearing mice were anesthetized with a mixture of oxygen 
and isoflurane, and then subjected to MRI to obtain the 
initial T2-weighted images. Subsequently, mice were 
injected with PF@PCM or tPF@PCM at 15 mg Fe/kg 
body weight (BW) via the tail vein (n = 3), and T2- 
weighted MR images were obtained at 1, 3, 6, and 
24 h post-injection.

Biodistribution of tLyP-1/PR-619/Fe3O4 

@PCM in 786-O Tumor-Bearing Mice
786-O tumor-bearing mice were injected with tPF@PCM 
at 15 mg Fe/kg BW via the tail vein and were sacrificed by 
cervical dislocation at set time points (1, 3, 6, 24, 48, 72, 
and 96 h post-injection; n = 3). The main organs (heart, 
liver, spleen, lung, and kidney) and tumors were collected 
and digested with aqua regia. The Fe content of each 
sample was determined by AAS and calculated as the 
percentage of the injected dose (ID) per gram (%ID/g).

In vivo Antitumor Therapy in 786-O 
Tumor-Bearing Mice
786-O tumor-bearing mice were randomly divided into 
seven groups (n = 4): PBS; laser; tPF@PCM; tP@PCM 
+ laser; tF@PCM + laser; tPF@PCM + laser; and suniti-
nib. tPF@PCM at 15 mg Fe/kg BW in 200 μL final 
volume was injected via the tail vein for tPF@PCM and 
tPF@PCM + laser groups; tF@PCM at 15 mg Fe/kg BW 
was for tF@PCM + laser group; and tP@PCM at 2.5 mg 
PR-169/kg BW was for tP@PCM + laser group. The PBS 
and laser groups were injected with 200 μL of PBS alone. 
Sunitinib was administered at 20 mg/kg BW by oral 
gavage in a 5-day-on/2-day-off cycle. For groups receiving 
laser irradiation, after 24 h, mice were exposed to an 808 
nm laser to keep the temperature of tumor regions at 45 °C 
for 10 min. During the 15 days of treatment, the tumor 
volume and BW of each mouse were measured at 3-day 
intervals. Tumor volumes were calculated according to the 
following formula: Tumor volume = π/6 × (width)2 × 
length. Relative tumor volume was calculated by normal-
izing the measured tumor volume (V) to the initial value 
(V0).
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Histochemical Evaluations of 786-O 
Tumor-Bearing Mice
786-O tumor-bearing mice were treated as described 
above. Three days after laser irradiation, mice were sacri-
ficed. Tumors were harvested, fixed in 10% formalin for 
24 h, embedded in paraffin, sliced, and stained with hema-
toxylin and eosin (H&E), Prussian blue, anti-ubiquitin 
(Ub), anti-Ki-67, anti-cleaved caspase-3, and TUNEL for 
further explorations according to standard procedures.

Safety Evaluation of tLyP-1/PR-619/Fe3O4 

@PCM in 786-O Tumor-Bearing Mice
At the end of antitumor therapy, blood was first collected 
from the hearts of sacrificed mice for various hematologi-
cal and biochemical analyses. Subsequently, the main 
organs of these mice were collected for standard H&E 
staining.

Statistical Analyses
Statistical evaluations were conducted using Student’s 
t-test using Prism v8.0 (GraphPad Software, San Diego, 
CA, USA). All data are shown as the mean ± standard 
error of the mean (SEM) unless otherwise indicated. The 
level of significance was set at P < 0.05: *P < 0.05, **P <  
0.01, and ns = P ≥ 0.05.

Results and Discussion
Synthesis and Characteristics of tLyP- 
1/PR-619/Fe3O4@PCM
We synthesized tPF@PCM in three steps.23 PCM with 
a melting point of 45 °C was first prepared by mixing 
1-Hexadecanol with oleic acid (3.5:1 by weight) in metha-
nol (as described in the Methods and Materials section). 
Next, PR-619 and Fe3O4 NPs were loaded into the PCM to 
obtain PF@PCM via nanoprecipitation and resolidification 
methods.25 Lastly, the cyclic peptide tLyP-1, a robust and 
selective tumor-homing peptide, was coupled to PF@PCM 
to yield tPF@PCM using carbodiimide chemistry for bet-
ter tumor-targeting delivery.26 The final nano-formulation 
tPF@PCM exhibited a near-spherical morphology with 
a uniform size distribution of ~130 nm (Figure 2A). The 
hydrodynamic size determined by dynamic light scattering 
(DLS) increased from ~170 to 177 nm after the peptide 
modification of PF@PCM (Figure 2B), and the corre-
sponding zeta potential changed from –25 to –13 mV 
(Figure S1). Moreover, the loading efficiency was 8.58 

wt.% for Fe, as determined by AAS, and ~1.43 wt.% for 
PR-619, as determined by HPLC. Further, the encapsula-
tion efficiency of PR-619 was ~88.3%. The tPF@PCM 
remained stable in various solutions at 37 °C for 
72 h (Figure 2C), allowing for subsequent in vitro and 
in vivo applications. We also synthesized PR-619-loaded 
(tP@PCM) or Fe3O4 NPs-loaded (tF@PCM) particles 
using similar approaches as controls.

Efficient drug release and catalytic capability are two 
important features of a potent antitumor nanocatalytic plat-
form. According to accumulating evidence, PCMs exhibit 
solid-liquid phase transition at a certain temperature; 
moreover, appropriate hyperthermia can enhance the POD- 
like activity of Fe3O4 NPs.13,27 Accordingly, we reasoned 
that the release of PR-619 and Fe3O4 NPs might be facili-
tated by photothermal stimulation, with simultaneous 
enhancement of the enzyme activity of Fe3O4 NPs. 
Therefore, we first assessed the photothermal effect of 
tPF@PCM under 808 nm laser irradiation. As in most 
Fe3O4-based nano-formulations previously reported,28 the 
increase in temperature was dependent on both concentra-
tion and irradiation time (Figures 2D and S2). 
Subsequently, differential scanning calorimetry (DSC) 
experiments confirmed that the phase change temperature 
of tPF@PCM was 45 °C (Figure 2E).

Based on the considerable photothermal performance 
and thermal phase transition property of tPF@PCM, we 
next evaluated the release pattern of iron and PR-619 at 
pH 5.5 and pH 7.4, respectively, with or without initial 
laser irradiation (45 °C for 10 min). The results showed 
that the acidic environment favored the release of both 
iron and PR-619, which was subsequently significantly 
enhanced by laser intervention (Figure 2F and G).

We next assessed the influence of the photothermal 
effect on POD-like activity of tPF@PCM. The 
tPF@PCM was exposed at 37 or 45 °C by laser irradiation 
for 10 min in the presence of H2O2, while TMB was used 
as the substrate, which had an absorption peak at 652 nm 
after oxidation by •OH.12 Consistent with other Fe3O4- 
based nano-formulations,24,29 tPF@PCM showed 
enhanced POD-like activity at 45 °C (Figure 2H). 
Moreover, the production of •OH increased with irradia-
tion time (Figure 2I). To exclude the possible influence of 
the release behavior of Fe3O4 NPs on the catalytic activity, 
bare Fe3O4 NPs were used to assess POD-like activity 
under the same conditions. As expected, the catalytic 
activity of the bare Fe3O4 NPs was likewise enhanced by 
hyperthermia (Figure S3).
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In conclusion, the heat simulation (45 °C for 10 min) was 
sufficient for both encapsulated content release and •OH 
production, which might be beneficial for the treatment of 
cancers. Therefore, irradiation conditions were fixed to main-
tain the temperature at 45 °C for 10 min in the following cell 
and animal experiments. Based on these results, we success-
fully synthesized tPF@PCM with good photothermal perfor-
mance and controllable phase transition properties, which 
could be applied for photothermal-enhanced cancer therapy.

Cellular Uptake and Cytotoxicity of tLyP- 
1/PR-619/Fe3O4@PCM
Neuropilin-1 and −2 (NRP1/2) are overexpressed on the 
membrane of numerous tumor cells and/or tumor lympha-
tics, including brain cancer, prostate cancer, and RCC.30–32 

Therefore, to improve the tumor-targeting property, the 
tLyP-1 peptide, as a ligand of both NPR1 and NPR2, 

was coupled to the catalytic nanoparticles. The targeting 
property of tPF@PCM was evaluated using the NPR1 
positive RCC cell line 786-O.33 The uptake of FITC- 
labeled nanoparticles was examined by flow cytometry. 
The fluorescence intensity of FITC-tPF@PCM in 786-O 
cells increased significantly with incubation time and was 
stronger than that of non-targeting FITC-PF@PCM at each 
time point from 1 to 24 h (Figures 3A and B and S4). 
CLSM further corroborated the results that FITC-tPF 
@PCM was considerably more internalized by 786-O 
cells than FITC-PF@PCM (Figure 3C). Overall, the excel-
lent tumor-targeting property of tPF@PCM for 786-O 
cells establishes a foundation for further targeting therapy.

Subsequently, we evaluated the therapeutic effect of 
tPF@PCM in vitro using CCK-8 assays. To first investi-
gate the biosafety of the PCM vehicle (without drug 
loading), different cell lines (HUVECs, HK-2, PC-3, and 

Figure 2 Characterizations of tPF@PCM. (A) TEM image of tPF@PCM. Scale bar represents 100 nm. (B) Size distribution of PF@PCM and tPF@PCM in distilled (DI) 
water. (C) Stability of tPF@PCM in DI water, fetal bovine serum (FBS), and PBS at 37 °C for 72 h, respectively. (D) Photothermal heating curve of tPF@PCM at different 
concentrations. (E) Characterization of phase transformation of PCM measured by DSC. (F, G) Cumulative release of iron ions (F) and PR-619 (G) from tPF@PCM at pH 
5.5 and 7.4 with or without NIR laser irradiation, respectively. (H) POD-like activity of tPF@PCM at 37 °C and 45 °C maintained by laser irradiation for 10 min. (I) 
Absorbance variation of tPF@PCM at 652 nm at different temperatures. Data are presented as mean ± SEM.
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786-O) were co-incubated with different concentrations of 
PCM. All cells showed negligible cytotoxicity, even when 
co-incubated with the PCM vehicle at a high concentration 
(4 mg/mL) for 48 h, indicating excellent biocompatibility 
with the PCM (Figure S5). Subsequently, to evaluate the 
cytotoxicity of tPF@PCM with or without laser irradia-
tion, 786-O cells were first incubated with tPF@PCM 
containing various concentrations of PR-619 (0–6 μM) and 
Fe3O4 NPs (0–300 μg Fe/mL) for 24 h. An 808 nm laser 
was later applied to maintain the cells at 45 °C for 10 min 
for the laser groups. All cells were then cultured for an 
additional 24 h. The cell viability decreased to ~60% in the 
presence of 5 μM PR-619 with 150 μg Fe/mL Fe3O4 NPs. 
In particular, at concentrations of 6 μM for PR-619 and 
300 μg Fe/mL for Fe3O4 NPs, virtually no cells survived. 
Notably, laser irradiation significantly enhanced cytotoxi-
city in groups containing 3, 4, or 5 μM PR-619 
(Figure 3D). Therefore, in the subsequent in vitro 

experiments, we chose concentrations of 5 μM for PR- 
619 and 150 μg Fe/mL for Fe3O4 NPs for further 
exploration.

Next, we determined the synergistic therapeutic effect 
of tPF@PCM and laser-induced hyperthermia. 786-O cells 
were divided into eight groups: I) control; II) tP@PCM; 
III) tF@PCM; IV) tPF@PCM; V) laser; VI) tP@PCM + 
laser; VII) tF@PCM + laser; and VIII) tPF@PCM + laser. 
The tF@PCM + laser group exhibited moderate cytotoxi-
city (>70% survival). However, PR-619 increased the 
cytotoxicity in the tPF@PCM + laser group, with only 
~30% of living cells being observed, indicating that PR- 
619 could serve as a reinforcer to increase cell death 
induced by photothermal-enhanced Fe3O4 NPs 
(Figure 3E). A visual representation of this phenomenon 
was later exhibited by staining 786-O cells with the live/ 
dead cell indicator Calcein-AM and 7-AAD following 
different treatments. In this case, fewer living cells 

Figure 3 Cellular uptake and cytotoxicity of tPF@PCM. (A, B) Cellular uptake of FITC-labeled PF@PCM (A) and tPF@PCM (B) determined by flow cytometry. (C) CLSM 
images of 786-O cells co-incubated with FITC-labeled PF@PCM (top row) and tPF@PCM (bottom row) at 50 μg Fe/mL for 6 h. Cell nuclei were stained with DAPI (blue). 
Scale bar represents 200 μm. (D) Cytotoxicity evaluation of tPF@PCM with different concentrations of PR-619 and Fe3O4 NPs against 786-O cells with or without laser 
irradiation. **P < 0.01. (E) Cytotoxicity evaluation of tP@PCM, tF@PCM, and tPF@PCM (5 μM for PR-619; 150 μg Fe/mL for Fe3O4 NPs) against 786-O cells with or 
without laser irradiation. *P < 0.05; **P < 0.01; ns = P ≥ 0.05.
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(green fluorescence) were left in the tPF@PCM + laser 
group than in other groups (Figure S6). Moreover, this 
therapeutic strategy had much milder cytotoxicity against 
HK-2 cells (Figure S7), verifying the safety of tPF@PCM 
+ laser for normal cells. Together, these results demon-
strate a satisfactory synergistic effect of photothermal- 
enhanced Fe3O4 NPs and PR-619 on 786-O RCC cells.

Exacerbated Endoplasmic Reticulum 
Stress Induces Apoptosis in 786-O Cells
We further explored the synergistic antitumor mechanism 
of our therapeutic strategy. The upregulation of ROS 
induced by Fe3O4 NPs and other nano-formulations is 
capable of disrupting protein folding, leading to an 
increase in ER stress.34–36 Under normal conditions, the 
unfolded or misfolded proteins could be handled by 
the detoxification process, ERAD, which is mediated by 
the “adaptive” UPR and involves ubiquitination, transpor-
tation to proteasomes, deubiquitination, and degradation.37 

However, PR-619 can block ERAD at the step of deubi-
quitination and lead to an accumulation of polyubiquiti-
nated damaged proteins in the proteasome. In this way, the 
damaged proteins that could not be degraded in the ER 
lumen cause severe ER stress, thereby activating the 
“terminal” UPR and eventually inducing the apoptosis of 
cancer cells (Figure 4A).

To validate this assumption, we first examined intra-
cellular ROS levels with different treatments using DCFH- 
DA staining. CLSM showed moderate fluorescence 
intensity in cells treated with tF@PCM, which was further 
enhanced by laser irradiation owing to the photothermal- 
enhanced POD-like activity of Fe3O4 NPs. Moreover, the 
addition of PR-619 expanded this trend, and tPF@PCM + 
laser-treated cells displayed the strongest intensity. In con-
trast, cells in groups without Fe3O4 NPs showed either 
a slight or insignificant increase in fluorescence 
(Figure 4B). These observations were further validated 
by flow cytometry, where the tPF@PCM + laser presented 
the highest efficiency in intracellular ROS production 
(Figure S8). These findings provide evidence that a large 
amount of intracellular ROS was synergistically produced 
in response to photothermal-enhanced Fe3O4 NPs and the 
ERAD inhibitor, PR-619, which possibly delivered 
a constant supply of unfolded or misfolded proteins.

Therefore, we further analyzed the unfolded or mis-
folded proteins in 786-O cells after different treatments 
using the PROTEOSTAT Aggresome detection kit. The 

PROTEOSTAT dye specifically intercalates into structures 
typically found in misfolded or polyubiquitinated proteins, 
resulting in red fluorescence with distinct distribution 
patterns.38 Specifically, the accumulation of misfolded 
proteins in the ER results in diffuse cytoplasmic staining, 
whereas an increase in polyubiquitinated proteins in the 
proteasome leads to discrete punctate staining of perinuc-
lear structures.39 As expected, the tPF@PCM + laser 
group exhibited the brightest fluorescence with both stain-
ing patterns of aggregated proteins. In contrast, cells trea-
ted with tF@PCM and tF@PCM + laser exhibited only 
diffuse cytoplasmic staining, whereas the tP@PCM and 
tP@PCM + laser groups exhibited punctate red fluores-
cence (Figure 4C). Consistently, the elevated polyubiqui-
tinated protein levels in the proteasome were confirmed by 
WB, which showed that the ubiquitination level was sub-
stantially increased when the cells were treated with 
tPF@PCM + laser (Figure 4D). In summary, our results 
demonstrate that the combination strategy resulted in 
a considerable accumulation of polyubiquitinated proteins 
in the proteasome and unfolded or misfolded proteins in 
the ER lumen, which potentially contributed to a drastic 
increase in ER stress.

To verify the induction of ER stress by our therapeutic 
strategy, the activation of the ER stress response (specifi-
cally UPR) was further evaluated.40 Multiple UPR target 
genes were first detected by RT-PCR, and the tPF@PCM + 
laser group displayed the highest efficiency in activating 
this specific stress response pathway (Figure 4E). Among 
these target genes, chaperone GRP78 plays an initiating 
role in the UPR.3 Accordingly, the expression of GRP78 in 
different 786-O cell groups was subsequently measured by 
WB. The results revealed that the tPF@PCM + laser group 
yielded the most significant increase of this master regu-
lator for ER stress (Figure 4F). In summary, these results 
indicate that the combinatorial use of photothermal- 
enhanced Fe3O4 NPs and PR-619 potently activated UPR 
signaling induced by severe ER stress.

Generally, the UPR is triggered to maintain cell survi-
val or induce cell death, depending on the level of ER 
stress. If the UPR fails to lessen the ER burden, ER-related 
apoptosis occurs.41 Because there was a significant popu-
lation of dead cells in the tPF@PCM + laser group 
(Figures 3E and S6), we inferred that the overloaded ER 
stress induced by the tPF@PCM + laser eventually led to 
the apoptosis of 786-O cells. To confirm this hypothesis, 
the total proteins of 786-O cells in different groups were 
first collected and WB was performed with anti-cleaved 
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Figure 4 Exacerbating ER stress by tPF@PCM with laser irradiation induces apoptosis in 786-O cells. (A) Schematic overview of the mechanism of synergistic apoptosis. 
Fe3O4 NPs-triggered Fenton reaction led to increased damaged proteins in the ER lumen and caused initial ER stress. ERAD pathway was then activated to degrade these 
proteins (blue arrows). However, PR-619 inhibited the degradation of the stacked damaged proteins, which further exacerbated the existing ER stress. Ultimately, 
unsalvageable ER stress induced apoptosis in 786-O RCC cells (red arrows). The grey ellipses represent the corresponding intracellular biological changes. (B) Confocal 
laser scanning microscopy images of intracellular ROS detection in 786-O cells from different groups. Scale bar represents 200 μm. (C) Fluorescence images of protein 
aggregates in 786-O cells after various treatments. Cell nuclei were stained with Hoechst 33342 (blue) and protein aggregates were stained with PROTEOSTAT dye (red). 
Scale bar represents 25 μm. (D) Western blot analysis of total ubiquitinated proteins in 786-O cells after different treatments. Tubulin was used as a loading control. (E) 
mRNA expression of UPR target genes in 786-O cells after different treatments. TBP mRNA levels were used as internal controls. **P < 0.01. (F–G) Western blot analysis 
of GRP78 (F), cleaved caspase-12 (c-cas-12), and cleaved caspase-3 (c-cas-3) (G) expression in 786-O cells after different treatments. Tubulin was used as a loading control. 
(H) Apoptosis detection of 786-O cells after various treatments using annexin V-PE/7-AAD kit by flow cytometry. Early apoptotic cells were analyzed as annexin V+/ 
7-AAD−, whereas late apoptotic/necrotic cells were determined as annexin V+/7-AAD+. 
Abbreviations: ROS, reactive oxygen species; Agg, aggresome; UPR, unfolded protein response; Ubi, ubiquitination.
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caspase-3, as the hallmark of apoptosis, and anti-cleaved 
caspase-12, an indicator of ER-specific apoptosis.42,43 

Both cleaved caspase-3 and −12 levels were markedly 
increased in the combination group (Figure 4G), implying 
that the tPF@PCM + laser potentially caused apoptosis in 
786-O cells. Furthermore, flow cytometry analyses with 
annexin V-PE/7-AAD staining were consistent with this 
result. Cells treated with the tPF@PCM + laser showed the 
highest level of apoptosis (59.5% annexin V-positive cells; 
Figure 4H). Finally, a similar trend was observed in the 
TUNEL assay, and the combination treatment exhibited 
a considerable increase in the number of TUNEL-positive 
cells (Figure S9). Overall, the combination of photother-
mal-enhanced oxidative damage and ERAD inhibition 
induced ER stress-related apoptosis in 786-O cells.

Taken together, these results confirmed that DUB 
inhibition by PR-619 disabled the self-protection 
mechanism of 786-O cells suffering from redox dysre-
gulation induced by the photothermal-augmented Fe3O4 

NPs, and the resulting accumulation of ER stress direc-
ted the cells toward apoptosis. Following the impaired 
ERAD, autophagy is an alternative to restore ER home-
ostasis; thus, it might further improve the antitumor 
efficacy by co-modulating ER stress and autophagy.5 

Interestingly, some natural compounds, such as kaemp-
ferol, could regulate autophagy and ER stress simulta-
neously, offering simpler options for more effective 
antitumor therapy.44 Nevertheless, our understanding of 
the interaction between autophagy and ER stress is far 
from comprehensive, and additional studies will be 
needed in the future.

In vivo Magnetic Resonance Imaging and 
Antitumor Efficacy of tLyP- 
1/PR-619/Fe3O4@PCM in 786-O 
Tumor-Bearing Mice
Owing to its good T2-weighted MRI ability (r2 = 63.59 
mM−1·s−1; Figure S10), we next explored the in vivo 
tumor-targeting performance of tPF@PCM using a 7T 
small animal MRI scanner. 786-O tumor-bearing mice 
were first injected with PF@PCM or tPF@PCM at 
15 mg Fe/kg BW via the tail vein and then subjected to 
MRI 0–24 h post-injection. tPF@PCM significantly accu-
mulated at the tumor site within 1 h post-injection and 
increased gradually over the observed time of 
24 h. However, after injection with the non-targeting 
PF@PCM, only a small decrease in the T2 signal was 

detected at the tumor site at the corresponding time points, 
and the signal was barely detectable after 
24 h (Figure 5A). These results indicate the excellent 
tumor-targeting capacity of tPF@PCM, which has poten-
tial future use as in vivo cancer therapy.

Subsequently, to understand the distribution of 
tPF@PCM in vivo, 786-O tumor-bearing mice were 
injected with the same dose of tPF@PCM. At 1–96 
h post-injection, the main organs (heart, liver, spleen, 
lung, and kidney) and tumors were harvested to measure 
the concentration of Fe by AAS. tPF@PCM mainly 
accumulated in the liver and spleen, which is in line 
with other reports of nano-formulations.45,46 

Furthermore, there was a moderate aggregation of 
tPF@PCM at the tumor site, with the highest level 
observed at 24 h post-injection (Figure S11), which 
reveals the ideal timing for the initiation of reliable 
tumor-targeting photothermal therapy.

Encouraged by the excellent tumor-targeting ability 
of tPF@PCM, the in vivo therapeutic efficacy was then 
evaluated. Twenty-eight 786-O tumor-bearing mice were 
randomized into seven groups and treated respectively 
with PBS, laser, tPF@PCM, tP@PCM + laser, 
tF@PCM + laser, tPF@PCM + laser, or sunitinib (first- 
line agent recommended for the treatment of advanced 
RCC) (Figures 5B and S12). All agents were adminis-
tered through the tail vein, except for sunitinib, which 
was administered by oral gavage on a 5-day-on/2-day-off 
cycle. Post-injection (24 h), the tumor regions were irra-
diated with the laser to keep the temperature at 45 °C for 
10 min for the groups receiving laser intervention. 
Consistent with the in vitro experiments, the tPF@PCM 
+ laser had the most significant effect on tumor inhibi-
tion, with over half of the tumors nearly disappeared 
by day 15 (Figure 5C and D). Moreover, this combina-
tion therapy displayed better antitumor efficacy than the 
conventional dose of sunitinib in 786-O tumor-bearing 
mice, suggesting a promising approach for the treatment 
of refractory RCC. Over the course of treatment, none of 
the mice showed significant changes in BW (Figure S13), 
indicating a favorable safety profile of this treatment 
strategy.

To further assess the mechanism involved in the antitu-
mor effect of synergistic therapy, various histological ana-
lyses of tumor tissues harvested at day 3 post-laser 
irradiation were performed (Figure 6). H&E staining first 
showed the histological morphology of each section, and the 
most significant tissue damage was observed in the 
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tPF@PCM + laser group. Subsequently, Prussian blue stain-
ing and anti-Ub immunohistochemistry were performed to 
characterize the presence of Fe3O4 NPs or PR-619. 
Correspondingly, Prussian blue-positive staining was 
detected in Fe3O4 NPs-containing groups, whereas Ub- 
moderate/strong-positive staining was found in PR-619- 
containing groups. Consistent with the in vitro WB 
experiments, the tPF@PCM + laser group exhibited the 

strongest Ub-positive staining owing to the massive genera-
tion of ubiquitinated damaged proteins due to 
a dysfunctional clearance mechanism. These results imply 
that the combination of photothermal-enhanced Fe3O4 NPs 
and PR-619 exhibited an excellent synergistic antitumor 
effect. The lowest levels of Ki67, a cellular marker for 
proliferation, were present in the tPF@PCM + laser group. 
Finally, cleaved caspase-3 and TUNEL staining 

Figure 5 In vivo magnetic resonance imaging (MRI) and synergetic anticancer therapy. (A) T2-weighted MR images of 786-O tumor-bearing mice (n = 3) at 0, 1, 3, 6, and 24 
h post-injection of 15 mg Fe/kg body weight PF@PCM (top row) or tPF@PCM (bottom row). The white dotted circles represent tumors. (B) Schematic of the treatment 
regimen for 786-O tumor-bearing mice. (C) Tumor volume changes (n = 4) after different treatments. **P < 0.01. (D) Photos of the tumors extracted from mice in different 
groups at the end of treatments (day 15).
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demonstrated that tumors treated with tPF@PCM + laser 
had considerably more apoptotic areas than those treated 
with either tF@PCM + laser, tP@PCM + laser, or 
tPF@PCM, whereas other groups presented with minor, if 
any, evidence of apoptosis. In summary, our photothermal- 
augmented nanocatalytic and UPR-modulated ER stress 
strategy showed promising results as an apoptosis inducer 
in RCC treatment.

Biosafety Evaluation of tLyP- 
1/PR-619/Fe3O4@PCM in 786-O 
Tumor-Bearing Mice
At the end of the respective treatments, the routine blood 
tests, renal function, and liver function of mice in the PBS, 
tPF@PCM, and tPF@PCM + laser groups were analyzed. 
All laboratory measurements of vital functions yielded 
normal results (Figure 7A). Furthermore, major organs 

Figure 6 Histochemical images of xenografted 786-O tumor tissue sections at day 3 after laser irradiation. For cleaved caspase-3 (c-cas-3) and TUNEL immunofluorescence 
staining, nuclei were stained blue (DAPI staining) and apoptotic cells were stained green (c-cas-3 staining) or red (TUNEL staining). Scale bars represent 100 μm.
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dissected from these mice were subjected to H&E staining 
to evaluate organ toxicity. Although tPF@PCM + laser 
group showed the strongest tumoricidal effect, no notable 
changes were observed in the morphology of the heart, 
liver, spleen, lung, and kidney under this treatment regi-
men (Figure 7B). Altogether, these results verify the excel-
lent in vivo biocompatibility of tPF@PCM at the dose 
used in our investigations.

Conclusion
Cancer cells handle different types of stress by activating 
self-protection mechanisms, such as UPR, to maintain 
cellular homeostasis. This is currently considered a major 
challenge in the treatment of refractory cancers. In this 
study, we developed a combination therapy using 
a recently developed nanocatalytic approach with a UPR 
modulator to significantly exacerbate ER stress and induce 

Figure 7 In vivo toxicity evaluations of tPF@PCM. (A) Hematological and biochemistry analyses of peripheral blood from different groups of mice at day 15 (n = 3). The 
results show the mean and standard error of the mean (SEM) of white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), platelets (PLT), blood urea nitrogen 
(BUN), creatinine (CREA), alkaline phosphatase (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST). All values were within normal limits. (B) H&E 
staining of major organs dissected from treated mice at day 15 (n = 3). Scale bar represents 200 μm.
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apoptosis in cancer cells. Multiple experiments demon-
strated that our theranostic approach combining 
tPF@PCM and laser irradiation was successfully achieved, 
and both in vitro and in vivo results validated the favorable 
synergistic antitumor efficacy without obvious side effects. 
Further studies into ER stress-related cell death modalities 
(apoptosis, autophagy, and necrosis) will improve our 
understanding of its underlying antitumor mechanism. 
Finally, we expect that the modulation of UPR-associated 
factors could have a considerable impact on the treatment 
of cancers in the foreseeable future.
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