
Bioactive Materials 9 (2022) 63–76

Available online 21 July 2021
2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Near-infrared light triggered multi-hit therapeutic nanosystem for tumor 
specific photothermal effect amplified signal pathway regulation 
and ferroptosis 

He Lian a, Ping Guan b, Hongyan Tan c, Xiaoshu Zhang c,*, Zhaoxu Meng a,** 

a Department of Biomedical Engineering, School of Medical Instrumentation, Shenyang Pharmaceutical University, Shenyang, 110016, China 
b School of Pharmacy, Shenyang Pharmaceutical University, Shenyang, 110016, China 
c School of Functional Food and Wine, Shenyang Pharmaceutical University, Shenyang, 110016, China   

A R T I C L E  I N F O   

Keywords: 
Multi-hit therapy 
HSP90 
Ferroptosis 
Photothermal effect 

A B S T R A C T   

The high therapeutic resistance of tumor is the primary cause behind tumor recurrence and incurability. In recent 
years, scientists have devoted themselves to find a variety of treatments to solve this problem. Herein, we 
propose a multi-hit strategy that is based on the biodegradable hollow mesoporous Prussian blue (HMPB)-based 
nanosystem for tumor-specific therapy that encapsulated the critical heat shock protein 90 (HSP90) inhibitor 17- 
dimethylamino-ethylamino-17-demethoxydeldanamycin (17-DMAG). The nanosystem was further modified 
using thermotropic phase transition material star-PEG-PCL (sPP) and hyaluronic acid (HA), which offers near 
infrared light (NIR) responsive release characteristic, as well as enhanced tumor cell endocytosis. Upon cell 
internalization of 17-DMAG-HMPB@sPP@HA and under 808 nm laser irradiation, photothermal-conversion 
effect of HMPB directly kills cells using hyperthermia, which further causes phase transition of sPP to trigger 
release of 17-DMAG, inhibits HSP90 activity and blocks multiple signaling pathways, including cell cycle, Akt 
and HIF pathways. Additionally, the down-regulation of GPX4 protein expression by 17-DMAG and the release of 
ferric and ferrous ions from gradual degradation of HMPB in the endogenous mild acidic microenvironment in 
tumors promoted the occurrence of ferroptosis. Importantly, the antitumor effect of 17-DMAG and ferroptosis 
damage were amplified using photothermal effect of HMPB by accelerating release of ferric and ferrous ions, and 
reducing HSP90 expression in cells, which induced powerful antitumor effect in vitro and in vivo. This multi-hit 
therapeutic nanosystem helps provide a novel perspective for solving the predicament of cancer treatment, as 
well as a promising strategy for design of a novel cancer treatment nanoplatform.   

1. Introduction 

To date, a large number of anticancer drugs have been used clinically 
to treat variety of cancers. However, potential side effects caused by 
toxicity and occurrence of multi-drug resistance makes current treat-
ment effect unsatisfactory [1–3]. Despite the fact that a wide range of 
inorganic and organic nanocarriers have emerged over recent years to 
alleviate the intractable problem, the potential toxicity [4,5], metabolic 
behavior and residual effects of these nanocarriers, especially 
non-biodegradable carriers, remain unknown, which brings new prob-
lems to cancer treatment [6,7]. This situation has led to a new 
high-efficiency and low-toxicity treatment model to become an 

inevitable trend. 
With the development of biomedical nanotechnology, novel thera-

peutic techniques have been widely used in tumor treatment, including 
targeted chemotherapy, immunotherapy and phototherapy (PTT or 
PDT) [8–12]. However, the antitumor effects of these single treatment 
strategies have not been ideal. Therefore, we envision that if 
tumor-specific molecules can be loaded into safe and therapeutic car-
riers in order to achieve multi-hit therapy, that is, to block signal 
pathways from multiple points and destroy the entire signal pathway 
that cells depend on for survival, then it will be a beneficial method for 
improving efficacy. Importantly, this multi-hit therapy can effectively 
avoid problems of drug resistance caused by single-hit anticancer drugs, 
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and will not reduce antitumor efficacy. 
Recently, it has been shown that heat shock protein 90 (HSP90), a 

rich and highly conserved molecular chaperone, and its expression rate 
in tumor cells is two-to-ten times that of normal cells [13,14]. The 
downstream client protein of HSP90 contains numerous oncoproteins 
(rather than a single one), which are associated with multiple signal 
transduction proteins and have important roles in carcinogenic signal 
transduction, angiogenesis, metastasis, and anti-apoptosis [15]. There-
fore, by inhibiting HSP90, and by inhibiting the downstream signal 
oncoprotein transduction, we are able to achieve a multi-point attack, 
interfere with tumor cell cycle, induce apoptosis, inhibit tumor invasion, 
and tumor metastasis [16,17]. This is where HSP90 inhibitors are more 
advantageous than other chemotherapy drugs. 

HSP90 inhibitors compete with ATP in order to bind to the ATPase 
domain of HSP90 to inhibit the biological function of HSP90, which 
reduces the affinity of HSP90 to its client protein [18]. Compared to 
normal cells, HSP90 inhibitors have high specificity for cancer cells. In 
fact, it has been reported that the affinity of tumor-derived HSP90 and 
17-allylamino-geldanamycin (17-AAG) is 100-times than that of normal 
tissues. Thus, HSP90 inhibitors can specifically kill tumors cells [19]. 
This makes HSP90 inhibitors an attractive new drug in the treatment of 
tumors over the past two decades. Compared to 17-AAG, the 
second-generation inhibitor, 17-dimethylamino-ethylamino-17-deme-
thoxydeldanamycin (17-DMAG) has stronger water solubility, higher 
potency, less extensive metabolism and lower hepatotoxicity [20,21]. 
Studies have validated that 17-DMAG have exhibits encouraging results 
in melanoma, breast, ovarian, and prostate cancer cell lines, and has 
entered phase I clinical trials [22]. 

Prussian blue (PB) has been granted approval by the FDA as a clinical 
antidote for the treatment of thallium and cesium poisoning, which fully 
demonstrates its biological safety. In recent years, the application of PB 
has aroused great research interest, particularly in the field oncology, 
due to its excellent photothermal conversion performance [23,24]. In 
addition, hollow mesoporous PB nanoparticles (HMPB) were synthe-
sized using controlled chemical etching. The huge hollow mesoporous 
structure inside makes it useful as a drug carrier [25,26]. In addition, 

ferric and ferrous ions, or other doped ions embedded on the surface of 
PB, can be released from the matrix under reactions of endogenous 
stimuli, including mild acidity, due to unstable Fe–C–––N–Fe bond under 
acidic conditions [27,28]. Therefore, we assume that HMPB can be a 
pH-responsive carrier for encapsulation of 17-DMAG, which triggers 
release of 17-DMAG, ferric and ferrous ions at the tumor site in order to 
achieve highly effective antitumor efficacy through synergistic multi-hit 
therapy, including photothermal effect/ferroptosis/cell signal trans-
duction regulation. To the best of our best knowledge, a combination of 
ferroptosis based on Prussian blue and other treatment modalities have 
not yet been explored. 

In detail, 17-DMAG was initially encapsulated into the inner cavity of 
HMPB. Next, in order to improve the responsive release behavior of the 
delivery system, the thermotropic phase transition material sPP was 
synthesized and then wrapped onto the surface of HMPB in order to 
achieve on-demand release under laser irradiation. The outer layer was 
coated with hyaluronic acid in order to improve the hydrophilicity and 
enhanced CD44 receptor-mediated endocytosis from tumor stroma into 
cells, which helps obtain the 17-DMAG-HMPB@sPP@HA delivery sys-
tem. As presented in Scheme 1, after intratumoral injection, with the 
help of CD44-mediated endocytosis, the system accumulates within the 
cell and triggers release of 17-DMAG, ferric and ferrous ions under 
irradiation of near-infrared light and cellular acidic environment. Next, 
17-DMAG down-regulates several carcinogenic pathways by inhibiting 
activity of HSP90, which includes cyclin A2, protein kinase Akt, p-Akt 
and hypoxia inducible factor HIF-1α. Next, accumulation of ferric and 
ferrous ions in cells and increasing reactive oxygen species leads to 
ferroptosis, which further inhibits proliferation of mouse melanoma 
B16 cells in vivo and in vitro. Importantly, in addition to the physical 
effects of hyperthermia to kill cells, the intrinsic photothermal capacity 
of 17-DMAG-HMPB@sPP@HA also augments the effects of the ferrop-
tosis and signal pathway regulation due to increased release of ferric and 
ferrous ions and down-regulation of HSP90 expression, wherein com-
plete elimination of tumors on B16 subcutaneous tumor-bearing mice 
has been achieved. 

Scheme 1. (a) The construction process of 17-DMAG-HMPB@sPP@HA nanosystem. (b) Illustration the tumor specific multi-hit therapy including photothermal 
effect amplified signal pathway regulation and ferroptosis under NIR laser irradiation. 
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2. Materials and methods 

2.1. Materials 

Four-armed polyethylene glycol 2000 Da (star-PEG) was purchased 
from Qiyue Biotechnology Co., Ltd (Xi’an, China). CL monomers, Sn 
(Oct)2, alvespimycin (17-DMAG) HCl, poly (vinyl pyrrolidone) (PVP, 
K30), potassium hexacyanoferrate (III) (K3 [Fe(CN)6]), and hyaluronic 
acid (HA, 20 KDa) were bought from Macklin Co. (Shanghai, China). 
Fetal bovine serum (FBS), RPMI 1640 medium, cell counting kit-8 (CCK- 
8), calcein AM/PI cell viability assay kit, annexin V-FITC apoptosis 
detection kit, cell cycle and apoptosis analysis kit and DCFH-DA were 
also acquired from Meilun Biotechnology Co. (Dalian, China). The cyclin 
A2 rabbit monoclonal antibody, Akt, phospho-Akt (Ser 473), HSP90-1α, 
HSP70 and GPX4 rabbit polyclonal antibody were purchased from the 
Beyotime Biotechnology Co. (Haimen, China). ACSL4 mouse mono-
clonal antibody were bought from Sigma-Aldrich Co. (USA). 

2.2. Synthesis characterization of sPP copolymer 

The synthesis of sPP copolymer was carried out according to a pre-
vious report [29] with some minor changes. In brief, a 4.4 mmol 
star-PEG was dissolved in 180 mL of toluene and the solution was heated 
to 120 ◦C in order to remove the water. Then, the appropriate amount of 
CL monomers and Sn(Oct)2 catalyst (0.02:1, mol/mol) were added. After 
refluxing for 12 h, the solvent was then extracted and the product was 
precipitated using cold diethyl ether. The chemical structure and mo-
lecular weight were evaluated by the 1H NMR spectra and gel perme-
ation chromatography, the melting behavior was analyzed using 
differential scanning calorimetry (DSC) (Mettler Toledo DSC-1, 
Switzerland). 

2.3. Preparation and characterization of PB, HMPB and 17-DMAG- 
HMPB@sPP@HA nanoparticles (NPs) 

For preparation of PB NPs, 3 g of PVP was dissolved into 40 mL of 
HCl solution (0.01 mol L− 1), after which 132 mg K3 [Fe(CN)6] was 
added and stirred for 30 min. The mixture solution was then transferred 
to a preheated oven at 80 ◦C for 24 h. Then, the synthetic PB NPs were 
gathered by centrifugation (11 000 rpm, 10 min) and washed three 
times using deionized water. In order to prepare HMPB NPs, 10 mg PB 
and 100 mg PVP were dissolved in 10 mL HCl solution (1 mol L− 1) and 
stirred for 3 h. Next, the mixture solution was transferred into a Teflon- 
sealed autoclave and heated for 3 h at 140 ◦C. After centrifugation and 
washing with deionized water three times, the HMPB NPs were 
obtained. 

The drug loading process was carried out by equilibrium adsorption 
method. Briefly, HMPB NPs was dispersed in the ethanol solution, stir-
red overnight and washed twice in order to remove excess PVP from the 
surface. Then, the 17-DMAG (5 mg) was dissolved in water and added to 
the HMPB solutions (1 mg mL− 1). After that, the mixed solution was 
stirred for 3 h for 17-DMAG loading, then the 17-DMAG-HMPB NPs were 
gathered using centrifugation (13 000, 5 rpm). The sPP copolymer was 
dissolved into hexafluoroisopropanol (HFIP) (10 mg mL− 1), and the 17- 
DMAG-HMPB NPs were added into it and stirred for 90 min, so that the 
sPP material was able to seal the pores on the particle surface, because 
its hydrophobic PCL segment entered into the interior of HMPB NPs due 
to the hydrophobic force, leaving the star-PEG segment outside the 
nanoparticle. After centrifugation, 17-DMAG-HMPB@sPP NPs were 
added into the mixed solvent (HFIP: water, 2:1, v/v) that contained HA 
and was stirred for an additional 90 min. In this way, HA was wrapped in 
the outermost part of the particles through hydrogen bonding and mo-
lecular entanglement with PVP and star-PEG. Then, the 17-DMAG- 
HMPB@sPP@HA NPs were gathered using centrifugation and washing. 

The morphology and structure of samples were measured using 
transmission electron microscopy (TEM) (Tecnai G20, FEI, USA). The 

hydrodynamic diameters and zeta potentials were identified using the 
Malvern Zetasizer Nano series (Malvern, UK). The absorption curves 
were examined via the uv–vis spectrophotometer (UV–1800PC). Then, 
the thermogravimetric analysis was conducted on thermogravimetric 
analyzer (TGA-2, Mettler Toledo). 

2.4. Release of 17-DMAG from 17-DMAG-HMPB@sPP@HA NPs 

The 17-DMAG-HMPB@sPP@HA NPs were sealed in a dialysis bag 
(Mw = 3500 Da) and dispersed into a PBS solution (pH = 6.5) with 
continuous stirring at 37 ◦C. At different intervals, a dialysis bag was 
irradiated under laser for 5 min (1 W cm− 2). Then, the cumulative 
release was calculated by quantifying absorption value of the release 
medium at various time points. 

2.5. Photothermal performance of HMPB@sPP@HA NPs 

The HMPB@sPP@HA solutions (40, 80, 160 μg mL− 1, 1 mL) were 
placed into a glass tube and exposed to an 808 nm laser (1 W cm− 2, 
Ningbo Yuanming Laser Technology Co., Ltd, China). In addition, the 
17-DMAG-HMPB@sPP@HA solution (80 μg mL− 1, 1 mL) was irradiated 
at different power densities (1, 1.5, 2 W cm− 2). Temperature changes 
and infrared images were gathered using a photothermal imager (FLIR, 
USA). Then, the absorption curve and particle size prior to and after 
irradiation were also examined. 

2.6. Cell culture 

The mouse melanoma cell line (B16) was purchased through the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, China). B16 cells 
were maintained in an RPMI 1640 medium supplemented with 10% FBS 
and 1% antibiotics were cultured into a 5% CO2 incubator at 37 ◦C. 

2.7. In vitro antitumor activity 

The B16 cells were seeded into 96-well plate (3 × 104 cells per well) 
and incubated for 24 h. Then, the cells were exposed to 17-DMAG and 
17-DMAG-HMPB@sPP@HA with an equivalent of 17-DMAG (0, 3, 6, 9, 
12 and 15 μg mL− 1), while the other groups were dosed with similar 
concentrations of HMPB (0, 6.25, 12.5, 25, 50 and 100 μg mL− 1). 
Furthermore, the untreated cells were utilized as controls. The cell-level 
photothermal effects of HMPB@sPP@HA and 17-DMAG- 
HMPB@sPP@HA were also evaluated. In brief, after incubating with 
HMPB@sPP@HA or 17-DMAG-HMPB@sPP@HA for 12 h, cells were 
irradiated under an 808 nm laser for 5 min (1.5 W cm− 2) and then 
incubated for another 12 h. The standard CCK-8 assay was utilized for 
measurement of cell viabilities. 

2.8. In vitro CLSM observation 

B16 cells were seeded into a 6-well plate with coverslips and incu-
bated for 24 h. Then, the cells were incubated with 17-DMAG (15 μg 
mL− 1), HMPB@sPP, HMPB@sPP@HA, or 17-DMAG@sPP @HA (100 μg 
mL− 1) for another 24 h. In order to observe the photothermal antitumor 
effect, cells were initially incubated with either HMPB@sPP@HA or 17- 
DMAG-HMPB@sPP@HA for 12 h, exposed to the 808 nm laser for 5 min 
(1.5 W cm− 2) and finally incubated for an additional 12 h. After, cells 
were stained using the calcein AM/PI cell viability assay kit and 
observed under a CLSM microscope (Zeiss, Germany). 

2.9. Flow cytometry analysis 

For flow cytometry analysis, B16 cells were seeded onto 6-well plates 
(1 × 105 cells per well) and treated with 17-DMAG (7.5 μg mL− 1), 
HMPB@sPP@HA, HMPB@sPP@HA + Laser (1.5 W cm− 2, 5 min), or 17- 
DMAG-HMPB@sPP@HA + Laser (1.5 W cm− 2, 5 min) (100 μg mL− 1), as 
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described above. Prior to apoptosis analysis, cells were collected, 
washed with PBS and re-suspended within the binding buffer (100 μL). 
FITC (5 μL) and PI (10 μL) were added into he buffer in order to stain 
cells in dark for 30 min. For cell cycle analysis, the treated cells were 
collected, washed with PBS and fixed in ethanol for at least 2 h. Then, 
the cells were treated with PI staining solution containing PI and RNase 
A in the dark for 30 min. For ROS level analysis, treated cells were 
incubated with DCFH-DA (10 μM) for 25 min, and washed with PBS 
twice. All samples were tested through a FACS flow cytometer. 

2.10. Western blot analysis 

Western blotting was utilized to detect protein expression. After 
extraction, the protein content in cell or tumor lysate was determined by 
the BCA protein quantitative kit. Subsequently, proteins were resolved 
using an SDS-polyacrylamide gel electrophoresis, transferred to a 
nitrocellulose membrane and sealed with 5% skim milk. After incuba-
tion with primary and secondary antibodies, the enhanced chem-
iluminescence method was utilized to display the bands. After exposure, 
the bands were observed and analyzed using the GraphPad Prism 
software. 

2.11. Animal experiments 

All animal protocols were granted approval by the Animal Research 
Committee of the Shenyang Pharmaceutical University. The C57BL/6 
and Kunming mice (6–8 weeks) were purchased from Changsheng 
biotechnology Co. Ltd (Benxi, China). 

2.12. In vivo antitumor efficiency evaluation 

The subcutaneous xenograft B16 tumor model was established in the 
C57BL/6 mice. The mice were randomly divided into six groups (n = 5), 
and the B16 cells (2 × 106) were injected into the right armpit. When the 
tumor volume reached 100 mm3, the mice were treated with either sa-
line (control group), laser (808 nm, 1 W cm− 2), 17-DMAG (1.5 mg kg− 1), 
HMPB@sPP@HA (10 mg kg− 1), HMPB@sPP@HA (10 mg kg− 1) + laser 
(808 nm, 1 W cm− 2), or 17-DMAG-HMPB@ sPP@HA (10 mg kg− 1) +
laser (808 nm, 1 W cm− 2), respectively. The drug was intratumorally 
injected once a week and laser irradiation was carried out 4 h after in-
jection. The body weight and tumor volume were quantified every two 
days after administration. At the end of treatment, the mice were 
euthanized, and tumors were harvested for TUNEL, H&E, Ki-67, HSP90 
immunohistochemical staining and Western blot assays. 

2.13. In vivo distribution 

The healthy Kunming mice were randomly divided into six groups (n 
= 3), and were injected subcutaneously with 17-DMAG-HMPB@ 
sPP@HA (10 mg kg− 1). At different time intervals, the injection site 
and ex-vivo major organs (heart, liver, spleen, lungs and kidney) were 
exposed under laser irradiation for 5 min (808 nm, 1 W cm− 2), tem-
perature changes and infrared images were gathered using a photo-
thermal imager (FLIR, USA). 

2.14. In vivo biocompatibility assay 

The in vivo biocompatibility of 17-DMAG-HMPB@sPP@HA system 
was carried out on healthy Kunming mice. The mice were divided into 
four groups randomly (n = 5) and subcutaneously injected with saline, 
17-DMAG (5 mg kg− 1), HMPB@sPP@HA and 17-DMAG- 
HMPB@sPP@HA (20 mg kg− 1), respectively. After 14 days, the blood 
samples were collected for further testing. The harvested organs were 
fixed in 4% paraformaldehyde, sliced into 5 μm sections, and stained 
using hematoxylin and eosin (H&E) for microscopy observation. 

2.15. Statistical analysis 

All values are presented as mean ± standard deviations (SD). Sta-
tistical analysis was carried out using the Student’s t-test for two groups, 
as well as one-way analysis of variance for more than two groups. *p <
0.05 and **p < 0.01 were considered to be significant and highly sig-
nificant differences, respectively. 

3. Results and discussion 

3.1. Characterization of sPP copolymer and 17-DMAG- 
HMPB@sPP@HA NPs 

The thermotropic phase transition material sPP copolymer, which 
consisted of star-PEG2000 and terminal PCL1000 segment, was suc-
cessfully synthesized (Fig. 1a). The obtained copolymer was a kind of 
white waxy solid (Fig. 1b), the structure of which was further charac-
terized using 1H NMR (Fig. S1). The proton peaks at δ 2.6 and δ 3.6 
corresponded to the methylene protons of CL and PEG, respectively. In 
the IR spectra (Fig. 1c), the stretching vibration peak of νC––O appeared 
at 1724 cm− 1, while the asymmetric stretching vibration (νas C–O–C), 
symmetric stretching vibration (νs C–O–C) and the deformation vibra-
tion (δ C–O–C) emerged at 1245 cm− 1, 1107 cm− 1, and 961 cm− 1, 
respectively, which suggests the formation of an ester bond between 
star-PEG and PCL. The relative molecular weight of sPP copolymer (Mw) 
obtained by GPC method was 7125 Da (Fig. S2), and the polydispersity 
index was 1.609 (Tab. S1). The melting range of sPP copolymer reflected 
by the DSC analysis ranged from 36.4 ◦C to 59.3 ◦C (Fig. 1d). This means 
that at room temperature, sPP copolymer is in a rubbery state, and after 
reaching the melting point as the temperature rises, it changes from the 
rubbery state to a viscous flow state. Since the star copolymer has a 
lower melting point than linear copolymers of homologous composition 
and molecular weight, the obtained sPP copolymer is a promising ma-
terial for the antitumor application of photothermal-induced phase 
transition on-demand drug delivery system. 

The HMPB NPs were prepared using the “two-step” method, as 
illustrated in scheme 1a. The monodispersed PB nanoparticles were 
initially formed by oriented aggregating. Next, the hollow structure was 
obtained through further chemical etching by HCl at 140 ◦C, under the 
protection of PVP. Next, the NIR responsiveness of the prepared HMPB 
NPs was investigated. The absorption value indicated a good linear 
relationship, with a concentration in the range of 5–60 μg mL− 1 (R2 =

0.9993, Fig. 1h and i), indicating that HMPB can be utilized as a 
promising photothermal converter. Next, HMPB NPs were washed with 
ethanol and water in order to remove the PVP from the surface for 
improved loading of 17-DMAG. after that, the particles were covered 
using the phase transition material sPP by stirring due to the hydro-
phobic force between the PCL segment of sPP copolymer and the interior 
of HMPB. Finally, HA was utilized to coat on the outer surface because of 
hydrogen bonding and its molecular entanglement with PVP and star- 
PEG, in order to increase hydrophilicity and enhanced cellular endo-
cytosis as the CD44 receptor is overexpressed across a variety of cancer 
cells. 

The morphology of obtained PB, HMPB and 17-DMAG- 
HMPB@sPP@HA were characterized using transmission electron mi-
croscopy (Fig. 1e–g). The images demonstrated that these particles were 
monodispersed (110 nm). Furthermore, the PBs with cubic structure 
became smooth and hollow after etching, and the particle size increased 
slightly after loading of 17-DMAG and modification reflected by the 
hydrated particle size, as analyzed with DLS (Fig. 1k). Zeta potentials 
demonstrated that PB and HMPB particles were negatively charged 
(Fig. 1l), but the value increased to − 5.35 mv after drug loading and 
modification due to surface covering of sPP copolymer. On the contrary, 
the zeta potential decreased to − 34.44 mv after HA coating, which 
validated the formation of 17-DMAG-HMPB@sPP@HA. Using the UV- 
NIR scanning spectrums (Fig. 1j), we did not find obvious absorption 
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peaks in the curves of sPP copolymer and HA. However, HMPB 
demonstrated a broad absorption peak that ranged from 650 to 850 nm, 
which covers the NIR-1 region (808 nm), as well as the 17-DMAG 
aqueous solution prior to being loaded into the HMPB, which has a 
maximum absorption peak at 331 nm. This peak also existed in the 
absorption curve of 17-DMAG-HMPB@sPP@HA with a little blue shift, 
which indicates the interaction between 17-DMAG and interior of 
HMPB. Besides, after calculation, the maximum loading efficiency of 17- 
DMAG was 13.23%. Furthermore, 17-DMAG-HMPB@sPP@HA has a 
similar characteristic peak as HMPB, demonstrating that it can also be 
used as PTT agent. In the TG curve for HMPB (Fig. 1m), the weight losses 
were 15.07% and 11.38% at 0–20 ◦C and 200–330 ◦C, respectively. 
However, the 17-DMAG-HMPB@sPP@HA curve demonstrated more 

significant losses of 17.47% and 31.90% at 0–150◦Cand 150–340 ◦C, 
respectively, which was attributed to decomposition of 17-DMAG, sPP 
copolymer and HA, and further confirmed the existence of 17-DMAG- 
HMPB@sPP@HA nanosystem. 

The realization of tumor treatment by inhibiting heat shock protein 
(HSP90) and regulating the cell signaling pathway largely depends on 
the effective on-demand release of 17-DMAG from the prepared 17- 
DMAG-HMPB@sPP@HA. Therefore, we investigated the release of 17- 
DMAG in pH 6.5 buffer solution in order to simulate biomimetic 
tumor microenvironment (Fig. S3). The results revealed that the release 
of 17-DMAG was obviously NIR-light dependent, particularly, under the 
intermittent 808 nm laser irradiation. Furthermore, 17-DMAG- 
HMPB@sPP@HA demonstrated a corresponding burst release pattern 

Fig. 1. The (a) synthesis process (a), appearance (b), and IR spectra (c) of the sPP copolymer. (d) Melting point of the sPP copolymer, as reflected by the DSC curve. 
(e–g) TEM images of PB, HMPB and 17-DMAG-HMPB@sPP@HA. (h) The Vis-NIR absorbance spectrums of HMPB solutions at different concentrations ranging 
between 400 and 1000 nm. (i) The standard curve of maximum absorption value to HMPB concentration. (j) The UV-NIR absorbance spectra and optical appearance 
of 17-DMAG, sPP copolymer, HA, HMPB and 17-DMAG-HMPB@sPP@HA. The particle size distribution (k) and zeta potentials (l) by DLS analysis. (m) The thermal 
gravimetric curves of HMPB and 17-DMAG-HMPB@sPP@HA. 
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due to melting of the phase transition material sPP caused by photo-
thermal effect and stripping from HMPB particle surface. In addition, the 
accumulative release percentage was 62.41% when incubating for 24 h. 
In comparison, 17-DMAG-HMPB@sPP@HA demonstrated a consider-
able physicochemical stability without laser irradiation, whereas the 
total 17-DMAG release percentage was only 17.35%, which indicated 
that 17-DMAG-HMPB@sPP@HA can effectively achieve a goal of on- 
demand drug release. 

3.2. Photothermal-conversion performance of HMPB@sPP@HA 

Firstly, HMPB@sPP@HA solutions at different concentrations were 
exposed to the 808 nm laser irradiation (1 W cm− 2, Fig. 2a). The tem-
perature of the solution with a relatively low concentration (40 μg mL− 1) 
was elevated up to 51.5 ◦C, while the temperature of the solution with 
the highest concentration (160 μg mL− 1) was able to reach 64.9 ◦C. 
Comparatively, there was no obvious temperature change of control 
group under the same condition. Furthermore, we investigated the 
temperature change of the solution (80 μg mL− 1) under different laser 
irradiation intensities (Fig. 2d). The temperature increased with an 
augment of laser intensity, and was able to reach to 76.3 ◦C under laser 
irradiation at 2 W cm− 2. This demonstrated that HMPB@sPP@HA 

possesses an excellent photothermal-conversion performance, and can 
be utilized as a photothermal agent to increase the antitumor effect of 
17-DMAG. Photothermal images that correspond to the heating curves 
are shown Fig. 2d and e. In order to further explore the photothermal 
stability of HMPB@sPP@HA, the temperature changes across four cy-
cles of heating to the highest temperature and then cooling to 37 ◦C by 
laser-on/off rounds were recorded. We observed no significant attenu-
ation of photothermal performance, suggesting that HMPB@sPP@HA is 
able to generate effective and durable heat under NIR irradiation 
(Fig. 2c). According to heat transfer time constant and difference be-
tween the maximum temperature and minimum temperature, the pho-
tothermal conversion efficiency (η) at 808 nm is calculated, which is as 
high as 47.21% (Fig. 2f). We measured the absorption curve and particle 
size prior to and after laser irradiation, and discovered no significant 
change, which further validated the photostability of HMPB@sPP@HA 
(Fig. 2g and h). 

3.3. In vitro antitumor activity 

In vitro antitumor activity of various treatments on B16 cells were 
investigated using the cell counting kit-8 (CCK-8) assays. Compared to 
the group with only laser irradiation, the HMPB@sPP@HA + Laser 

Fig. 2. (a) The photothermal-conversion performance of HMPB@sPP@HA at different concentrations (40, 80 160 μg mL− 1) under the 808 nm laser irradiation (1 W 
cm− 2). (b) Heating and cooling curves of HMPB@sPP@HA under the 808 nm laser on/off irradiation at different intensities (0.5, 1 and 2 W cm− 2). (c) The 
photothermal-conversion performance of HMPB@sPP@HA over four laser-on/off rounds (1 W cm− 2). (d) The photothermal images under continuous laser irradi-
ation, corresponding to Fig. 2a. (e) The photothermal images under laser on/off irradiation, corresponding to Fig. 2b. (f) Photothermal-conversion efficiency of 
HMPB@sPP@HA at 808 nm. The pink line represents temperature change curves of the solution under 808 nm laser on/off irradiation at 2 W cm− 2. The blue line 
represents heat transfer time constant (τs), obtained by regression analysis of the linear time date from the cooling curve. (g) The UV-NIR spectrums of 
HMPB@sPP@HA solution before and after four laser on/off irradiation rounds. (h) The particle size of HMPB@sPP@HA before and after four laser on/off irradi-
ation rounds. 
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group exerted a significant influence on cell viability, which indicated 
the excellent photothermal therapy performance (Fig. 3a). Interestingly, 
the cell viabilities also gradually decreased at both the elevated con-
centration of HMPB@sPP and HMPB@sPP@HA without laser irradia-
tion (Fig. 3b), which suggests some potential cytotoxic mechanisms need 
to be further explored. As there is no obvious change in cell viability in 
the groups sPP copolymer and HA (Fig. S4), and there was a large 
amount of iron in the structure of PB (Fe4 [Fe(CN)6]3), we speculated 
whether ferroptosis occurs in this part of the cell. Additionally, the 
cytotoxicity of HMPB@sPP@HA was stronger compared to HMPB@sPP 
due to enhanced endocytosis by binding of HA with the CD44 receptor 
on the cell surface. In addition, free 17-DAMG and 17-DMAG- 
HMPB@sPP@HA at equal concentration of 17-DMAG exerted effective 
antitumor activity, while the latter was stronger (Fig. 3c). Importantly, 
the 17-DMAG-HMPB@sPP@HA had the strongest cell-killing effect 

upon NIR laser irradiation (Fig. 3d). Even at a relatively low concen-
tration (6.25 μg mL− 1), the cell viability decreased to 48.94%, and with 
an elevation of concentration, the viability decreased to the lowest, at 
3.91%. This indicated a more powerful therapeutic efficacy of syner-
gistic 17-DMAG-HMPB@sPP@HA. The corresponding highest cell death 
rate in each group and the calculated IC50 values are shown in Fig. 3e 
and f. 

Moreover, calcein-AM and PI were utilized to stain the living and 
dead cells for visualization under CLSM. We observed bright green 
fluorescence signals in the control and laser groups, revealing no dam-
age in the cells. In contrast, the red PI signals began to appear in the 
group that was incubated with HMPB@sPP and HMPB@sPP@HA, the 
green and red signals could be observed at the same time, which suggests 
some damage to the cells that may be caused by ferroptosis. Further-
more, bright red fluorescence were observed in 17-DMAG, 17-DMAG- 

Fig. 3. In vitro cytotoxicity profiles. (a–d) The relative cell viabilities of B16 cells across the different treatment groups, including negative control, laser, 
HMPB@sPP@HA + laser at different concentrations, HMPB@sPP and HMPB@sPP@HA and 17-DMAG-HMPB@sPP@HA + laser at different concentrations, 17- 
DMAG and 17-DMAG-HMPB@sPP@HA at equivalent 17-DMAG concentrations. (e) The cell death rate at the highest concentration in each group. (f) The IC50 
value for each group. (g) The CLSM images of B16 cells across the treatment groups stained by calcein-AM (for living cells) and PI (for dead cells), respectively. The 
laser irradiation intensity was 1.5 W cm− 2, and the irradiation duration was 5 min. 
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HMPB@sPP@HA and HMPB@sPP@HA + laser group, and green fluo-
rescence became scattered in dots, which indicates the presence of more 
obvious cytotoxicity, and the cell membrane began to break. The 
strongest red signals were observed in the 17-DMAG-HMPB@sPP@HA 
+ laser group, which demonstrates much more effective lethality per-
formance on B16 cells. 

3.4. Investigation into the therapeutic mechanism of 17-DMAG- 
HMPB@sPP@HA nanosystem in vitro 

We sought to explore the cell death mechanisms behind the 17- 
DMAG-HMPB@sPP@HA therapeutic system using various complemen-
tary techniques. Initially, the cell death pathways were analyzed using 
flow cytometry through FITC-labeled Annexin V and PI in order to stain 
the live and dead B16 cells (Fig. 4a). Consistent with results from the 
CCK-8 assay, it was indicated that a combination treatment of 17- 
DMAG-HMPB@sPP@HA + Laser group demonstrated the best syner-
gistic therapeutic efficacy and total ratio of dead/late apoptotic cells was 
as high as 51.7%, which was higher than that induced by the mono- 
therapies of 17-DMAG (23.8%) and HMPB@sPP@HA + Laser (31.6%) 
(Fig. 4b). Besides, the B16 cells incubated with HMPB@sPP@HA were 
also induced to undergo late-stage apoptosis and necrosis, which further 
confirmed the previous inference that HMPB@sPP@HA causes cell 
death, probably ferroptosis. It is noteworthy that after cells were incu-
bated with various treatment groups, the living cells, late apoptotic cells 
and dead cells were all observed, with the exception of early apoptotic 
cells, which indicates that 17-DMAG-HMPB@sPP@HA + Laser treat-
ment does not induce cell death through the apoptotic pathway. 
Necrotic cells emerged due to extreme physical and chemical changes 
that was brought by the photothermal effect, which is consistent earlier 
reports in literature [30]. 

Next, in order to further investigate the cellular inhibitory mecha-
nism, cell cycle distribution of B16 cells treated with various groups 
were evaluated using flow cytometry after staining with PI. The results 
indicated that after 17-DMAG and 17-DMAG-HMPB@sPP@HA + Laser 
treatment, the proportion of B16 cells in the S phase significantly 
increased (Fig. 4c and d), while cell cycle distribution changed little 
after HMPB@sPP@HA and HMPB@sPP@HA + Laser treatment, which 
suggested that 17-DMAG is able to block cells in the S phase and inhibit 
their proliferation. 

Importantly, since 17-DMAG is an effective heat shock protein in-
hibitor, we investigated how the 17-DMAG-HMPB@sPP@HA treatment 
system affects HSP90, as well as the downstream multiple signaling 
pathways. Western blot results demonstrated that 17-DMAG does not 
affect the expression of HSP90 and homotype protein HSP70 (Fig. 4e), 
which is consistent with literature that reports that 17-DMAG competes 
with ATP in order to bind to the N-terminal region of HSP90, and thus 
changes the activity of HSP90. In contrast, the photothermal effect 
caused an observable decrease in expression of HSP90. 

Additionally, 17-DMAG down-regulated the expression of cyclin A2, 
which is able to decrease its binding with the cyclin kinase, CDK2, 
leading to failure of E2F transcription factor inactivation and cellular 
transition from S phase to G2 phase [31,32]. This was consistent with 
previous result of the S phase block by 17-DMAG. The regulation of 
multiple signaling pathways in cells by 17-DMAG-HMPB@sPP@HA +
Laser treatment system was also reflected in the decreased expression of 
protein kinase B (Akt), phosphorylated protein kinase B (p-Akt) and 
hypoxia inducible factor (HIF-1α). Activated Akt has an anti-apoptotic 
role by phosphorylating the target protein via multiple downstream 
pathways, such as stimulating glucose metabolism and regulating cell 
cycle, inhibiting activity of proteolytic enzyme caspase-9, preventing 
activation of apoptosis cascade, and phosphorylating p53 binding pro-
tein, MDM2, to regulate the activity of p53 [33,34]. Additionally, 
HIF-1α, as an important transcription factor of cancer cells under hyp-
oxic conditions, regulates angiogenesis, glucose metabolism, apoptosis 
and autophagy, and participates in regulating multiple signaling 

pathways, and then regulates processes of cell growth, proliferation, 
migration and apoptosis [35,36]. Thus, the inhibition of these signaling 
pathways is of great significance, which indicates that melanoma can be 
treated through this mechanism. 

In addition to the mechanisms outlined above, we further examined 
the occurrence of ferroptosis induced by HMPB, as we observed cell 
death in HMPB@sPP@HA in the CCK-8 assay and Annexin V-FITC/PI 
staining cell apoptosis experiment in vitro. Ferroptosis is a kind of 
necrotic cell death catalyzed by iron ions. It is characterized by the 
inactivation of the intracellular reducing system and the destruction of 
lipid molecules containing long chains of unsaturated fatty acids on cell 
membrane or organelle membrane by peroxidation, resulting in the 
rupture of cell membrane. This form of cell death was named ferroptosis 
by Stockwell in 2012 [37]. The increase in iron accumulation, the pro-
duction of oxidative free radicals, and lipid peroxidation are the key 
factors of ferroptosis [38]. Thus, we initially examined ROS levels in 
B16 cells after different treatments. It is discovered that ROS levels re-
flected by DCF intensity in HMPB@sPP@HA, HMPB@sPP@HA + Laser, 
and 17-DMAG-HMPB@sPP@HA + Laser groups were 1.59, 2.04 and 
2.87-fold higher, respectively, compared to the control group (Fig. 5a 
and b). Meanwhile, we observed that intracellular iron levels were 
increased by 16.21, 18.98 and 23.88-fold, respectively (Fig. 5c), which 
immediately suggests that HMPB in the nanosystem substantially 
induced ferroptosis in B16 cells. 

Moreover, we observed that the cellular ROS levels after laser irra-
diation were higher compared to without laser, which is likely due to the 
photothermal effect, as it accelerates the dissociation of ferric and 
ferrous ions from HMPB in cells. Furthermore, the 17-DMAG- 
HMPB@sPP@HA + Laser group has the highest ROS level, suggesting 
the dual role of 17-DMAG as heat shock protein inhibitor and ferroptosis 
enhancer. It has been reported that HIF-1α is able to increase the 
expression of fatty acid binding protein (FABP3 and FABP7), which 
could promote fatty acid intake, improve lipid storage capacity, and 
subsequently avoid lipid peroxidation in order to resist ferroptosis [38]. 
Alternatively, sensitivity of cells to ferroptosis was enhanced by 
17-DMAG, HMPB@sPP and 17-DMAG-HMPB@sPP@HA by inhibiting 
expression of HIF-1α. It has also been reported that 17-DMAG can pro-
mote ferroptosis in gastric cancer cells by changing the balance of oxi-
dants and antioxidants, leading to increased ROS levels and reduced 
expression of glutathione peroxidase (GPX4) [39]. The Western blot 
results offered a more pronounced evidence to the results above and 
validated that the decreased expression of GPX4, which accelerates the 
peroxidation on membrane lipids (Fig. 5d). Herein, we concluded that 
the 17-DMAG-HMPB@sPP@HA treatment system in this study exerts an 
excellent antitumor effect via multi-hit complementary roles, which 
includes photothermal effect, cell signaling pathway regulation and 
ferroptosis. 

3.5. In vivo evaluation on the antitumor efficacy 

After validating the multiple synergistic antitumor mechanisms of 
17-DMAG-HMPB@sPP@HA nanosystem on tumor cells, we further 
investigated the in vivo antitumor efficacy of this system on B16 tumor- 
bearing mice. The establishment and treatment of B16 subcutaneous 
tumor models are described in Fig. 6a. In brief, C57BL/6 mice with B16 
xenograft tumors were randomly divided into six groups and treated 
with PBS, laser, 17-DMAG, HMPB@sPP@HA, HMPB@sPP@HA + laser, 
and 17-DMAG-HMPB@sPP@HA + laser, respectively. We ensured that 
an equivalent amount of 17-DMAG existed in the solution alone, as well 
as in the DMAG-loaded nanosystem. The body weights and tumor vol-
umes were recorded every other day during treatment. 

The photothermal therapeutic performance of 17-DMAG- 
HMPB@sPP@HA in vivo was initially estimated. The 808 nm laser was 
irradiated on the tumor of II, Ⅴand Ⅵ groups in 4 h after intratumoral 
injection. In the case of laser irradiation only, the temperature at the 
tumor site demonstrated a slow upward trend due to melanin in the 
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Fig. 4. (a) Flow cytometry analysis of apoptosis stage on B16 cells after different treatments. (b) The quantitative results of cell death percentage, including late 
apoptosis cells and dead cells. (c) The cell cycle distribution of B16 cells after different treatments. (d) The quantitative analysis of cell cycle distribution. (e) Western 
blot assays for protein expression in the B16 cells after different treatments and the grayscale analysis results of the protein bands, compared to the corresponding 
β-actin protein. (n = 3, *P < 0.05, **P < 0.01). 
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Fig. 5. Analysis of ferroptosis on B16 cells. (a) Reactive oxygen species (ROS) in B16 cells after different treatments. (b) The histogram analysis of ROS content is 
reflected by DCF fluorescence. (c) The Fe content in B16 cells after different treatments. (d) The Western blot assays for GPX4 level in B16 cells after different 
treatments and the grayscale analysis result, compared to β-actin protein. (n = 3, **P < 0.01). 

Fig. 6. In vivo antitumor efficacy of 17-DMAG-HMPB@sPP@HA on B16 xenograft tumor bearing mice. (a) Schematic diagram of the tumor model establishment and 
treatment of 17-DMAG-HMPB@sPP@HA on the B16 xenograft tumor bearing mice. (b) Photothermal images of mice under an 808 nm laser irradiation after different 
treatments. (c) Temperature change curves at the subcutaneous tumor site under laser irradiation. The body weight changes (d), tumor volume changes (e) and the 
final tumor weights (f) of C57BL/6 mice after different treatments. (g) Images of final tumor tissues collected from tumor-bearing mice. (h) Images of mice after the 
various treatments, wherein tumor growths were compared to the beginning of treatment. (n = 5, mean ± SD, *p < 0.05, **p < 0.01). 
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melanoma cells. However, the overall change was not significant. In 
comparison, for the Ⅴand Ⅵ groups, temperature at the tumor site 
increased rapidly to 72.3 ◦C, which is definitely an effective tumor- 
killing temperature (Fig. 6b and c), demonstrating the excellent 
photothermal-conversion efficiency of 17-DMAG-HMPB@sPP@HA in 
vivo. 

During the two weeks’ treatment, the body weights of mice in the 
control and laser groups increased to a certain extent due to the rapid 
growth and large volume of tumors (Fig. 6d), which was approximately 

4000 mm3 (Fig. 6e), while the tumor weights were 3.55 and 3.69 g, 
respectively (Fig. 6f). In comparison, growth of subcutaneous tumors in 
the III, Ⅳ, and Ⅴgroups were significantly suppressed, which was re-
flected by suppressed tumor growth curves and tumor weights, and 
confirmed the effectiveness of 17-DMAG, HMPB and the photothermal 
effect. Encouragingly, the most pronounced tumor inhibition effect was 
found in the 17-DMAG-HMPB@sPP@HA + Laser group, where tumor 
size was significantly reduced, and a part of tumors were eliminated 
without reoccurrence during the whole treatment period. This effect was 

Fig. 7. (a) The TUNEL assay. (b) HE, Ki67 and HSP90 antigen immunohistochemistry-stained sections of B16 tumors, and (c–e) the corresponding positive expression 
calculated by the ImagePro Plus software (Mean ± SD, n = 3). (f) Western blot assays for protein expression in tumors after different treatments and (g) the grayscale 
analysis results of the protein bands, compared to the corresponding β-actin protein. (n = 3, *P < 0.05, **P < 0.01). 
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reflected by the photos of the tumors under the skin and after dissection 
(Fig. 6g and h). Moreover, mice in the valid treatment groups all sur-
vived till the end of treatment, while mice in the control and laser groups 
had a certain mortality rate, and two and one mice died in each group, 
respectively, due to the large size and deep invasion of the tumor. 
Furthermore, terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL) staining (Fig. 7a) hematoxylin and eosin (H&E), Ki-67, 
and HSP90 immunohistochemical staining (Fig. 7b) were carried out on 
tumor pathological sections, which further confirmed the most effective 
tumor inhibition of 17-DMAG-HMPB@sPP@HA through complemen-
tary multi-hit therapy. The corresponding quantitative results obtained 
by ImagePro Plus software were shown in Fig. 7c, d and 7e. 

The expression and regulation of signal pathways and ferroptosis 
related proteins in tumors were monitored using Western blot assays 
(Fig. 7f). The results are consistent with the results from the in vitro 
therapeutic mechanism investigation. Our data demonstrate that 17- 
DMAG-HMPB@sPP@HA nanosystem suppressed multiple signaling 
pathway proteins, such as Akt, p-Akt, HIF and cyclin A2, through HSP90 
inhibition by 17-DMAG and down-regulated HSP90 expression by 
photothermal effect. The nanosystem also induced ferroptosis in tumors, 
which was reflected in the up-regulation of GPX4 and down-regulation 
of long-chain acyl-CoA synthetases 4 (ACSL4) by the accelerated iron 
release by photothermal effect. 17-DMAG also contributed to ferroptosis 
by down-regulation of GPX4 which changing the redox homeostasis in 
tumor. The gray-scale analysis and significance test results are shown in 
Fig. 7g. 

The in vivo distribution of 17-DMAG-HMPB@sPP@HA nanosystem 
was also evaluated. However, HMPB nanoparticles have a broad and 
strong absorption peak in the range of 600–850 nm, which covers the 
excitation wavelength of most NIR responsive dyes, such as the 
frequently used fluorescent dye DiR at 748 nm. The DiR loaded 
HMPB@sPP@HA nanoparticles we prepared can not be excited to emit 
fluorescence to be examined by in vivo near-infrared fluorescence im-
aging technology, due to the strong photothermal conversion of HMPB 
from NIR excitation light into heat energy. Alternatively, we performed 
near-infrared photothermal imaging on the subcutaneous injection site 
after laser irradiation to analyze the distribution of particles in vivo, and 
the ex-vivo images of major organs (heart, liver, spleen, lungs and kid-
ney) under laser irradiation at different time points after injection were 
also provided (Fig. S7). The results showed that 17-DMAG- 
HMPB@sPP@HA nanosystem could stay at the injection site stably 
after subcutaneous injection, and showed excellent photothermal effect 
under laser irradiation. The average temperature of the injection site 
could rise to more than 70 ◦C within 12 h, and slightly decreased at 24 h, 
but the average temperature was still 69.2 ◦C. Correspondingly, the 
distribution of 17-DMAG-HMPB@sPP@HA nanosystem to the major 
organs (heart, liver, spleen, lungs and kidney) was less. Compared with 
the control group, there was no significant change in the temperature. 

In addition to the antitumor efficacy evaluations above, we investi-
gated the biocompatibility of 17-DMAG-HMPB@sPP@HA on healthy 
Kunming mice in order to guarantee the safety for clinical application in 
the future. Kunming mice were randomly divided into four groups and 
then subcutaneously injected with PBS, 17-DMAG, HMPB@sPP@HA 
and 17-DMAG-HMPB@sPP@HA. The body weights of these mice were 
recorded every two days, and their blood indexes were assessed at the 
end of the evaluations. During the entire two-week observation period, 
we observed no significant body weight loss in each group, and all the 
mice were alive (Fig. S5a and b). Similarly, with regards to blood 
analysis, there were no significant parameter fluctuations observed in 
the cardiac, hepatic and renal function makers, as well as blood indexes, 
which suggests a negligible toxicity in mice (Fig. S5c-i). In order to gain 
more intuitive evidence of the biocompatibility of 17-DMAG- 
HMPB@sPP@HA, the main organs (heart, liver, spleen, lung, kidney) 
of mice were collected and stained using hematoxylin and eosin (H&E) 
for histological analysis. The results demonstrated no apparent patho-
logical changes in the main organs (Fig. S6). All the results mentioned 

above demonstrated good biocompatibility of 17-DMAG- 
HMPB@sPP@HA nanosystem. 

Traditional chemotherapy drugs have limited therapeutic effects due 
to their non-tumor-specific distribution in vivo, which is a major chal-
lenge for cancer treatment [40,41]. In contrast, photothermal therapy, 
especially near-infrared II (NIR-II) light-responsive nano-formulations 
with high photothermal stability and high photostability, can be used for 
the treatment of malignant tumors [42]. For example, Bian et al. re-
ported a new type of NIR-II absorbing organic semiconductor amphi-
philic polymer (OSPA) to enhance the stability and luminescence 
properties of organic semi-solid conductive polymer nanoparticles 
(OSPN) [43]. The maximum absorption wavelength of OSPA nano-
particles is located at 1000 nm, which enables the nanoparticles to 
achieve the photothermal treatment of subcutaneous and brain tumors 
under the guidance of photoacoustic imaging. 

In the past decade, the rapid development of targeted delivery sys-
tems uses specific ligands in the drug delivery system to bind to specific 
receptors on the surface of tumor cells, such as folic acid and hyaluronic 
acid, which greatly improves the efficiency of drug delivery [44,45]. 
However, in the concept of cancer precision medicine, the ideal carrier 
can deliver personalized drugs to specific tumor tissues in specific pa-
tients. Since even the same cancer expresses different levels of cell 
surface receptors in different patients, targeted drug delivery is not 
effective in solving this problem. In recent years, newly emerged 
peptide-homing technology can improve the efficiency of drug delivery, 
prolong the half-life of drugs and avoid the side effects of off-target [46]. 
In particular, Mao et al. reported that the tumor-homing peptide guided 
targeting system based on phage display technology are able to quickly 
and economically select homing peptides, which have a clear targeting 
effect on unknown types of tumors without needing to know the target 
before [47]. This system demonstrated convincing precision treatment 
in the MCF-7 breast cancer-bearing mice, and it was completed in the 
same laboratory using the same animal model. Therefore, it is reason-
able to believe that the combination of tumor-homing technology with 
NIR-II light responsive photothermal therapy and multi-hit therapy will 
make great strides forward in the precise treatment of tumor. 

4. Conclusion 

Herein, we constructed a multi-hit therapeutic NIR light-triggered 
release nanosystem by encapsulating 17-DMAG into hollow meso-
porous Prussian blue nanostructures and functionalized the surface 
through the use of the thermotropic phase transitions material sPP, as 
well as the hydrophilic and cell surface binding material hyaluronic 
acid. After injection and distributed to the entire tumor site, the trig-
gered release of 17-DMAG enabled by the photothermal effect under 
laser irradiation led to significant changes across multiple signaling 
transduction pathways in tumor cells by inhibiting heat shock protein 
HSP90, which resulted in an effective antitumor effect. Furthermore, 
mild acidic environment in tumor cells enabled degradation of HMPB, as 
well as the cytosolic release of Fe3+ and Fe2+, which induced the pro-
duction of ROS and lipid oxidation, causing cells to suffer ferroptotic 
damage. Importantly, based on the intrinsic photothermal conversion 
feature of HMPB, the antitumor efficacy was found to be greatly 
improved, and the therapeutic effects of 17-DMAG and ferroptosis were 
additionally augmented by the photothermal effect, and eventually 
achieved powerful tumor growth inhibition. Both the systematic in vitro 
and in vivo experiments suggested that the constructed synergistic 17- 
DMAG-HMPB@sPP@HA nanosystem was able to break through the 
dilemma of traditional treatment methods and offer a promising strategy 
for effective tumor therapies. 
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