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a b s t r a c t

Manipulation of intracellular protein expression is a promising cancer therapeutic approach; however, 
traditional strategies relying on nonspecific molecular drugs often suffer from limited therapeutic benefits 
and off-target adverse events. Here, we report a semiconducting polymer nanomanipulator (SPNm) that can 
photothermally manipulate intracellular protein expression to synergize with its own function of second 
near-infrared (NIR-II) photothermal therapy (PTT) for thermal sensitization and metastasis-inhibited cancer 
therapy. SPNm comprises an NIR-II absorbing semiconducting polymer core as a photothermal transduction 
agent and a lysine-specific histone demethylase 3 A (KDM3A) inhibitor as a downstream effector protein 
expression manipulator, which are encapsulated into a thermo-responsive lipid shell. Upon 1064 nm laser 
irradiation, SPNm mediates the photothermal effect to melt the lipid shell for on-demand release of the 
KDM3A inhibitor to inhibit the demethylation function of KDM3A to upregulate the level of di-methylation 
of histone H3 lysine 9 (H3K9me2), and in turn simultaneously downregulate the expression of heat-shock 
protein 90 (HSP90) and cancer cell metastasis-related proteins, consequently inhibiting the thermo-
tolerance response and metastasis of cancer cells. Thus, a single treatment of SPNm-mediated two-step NIR- 
II phototherapy achieves efficient tumor growth suppression at an unprecedented photothermal ablation 
depth (1 cm) and lung metastasis inhibition. Therefore, this study provides a promising thermal-controlled 
strategy to synergize phototherapeutics with protein expression manipulation for enhanced cancer treat-
ment.

© 2022 Elsevier Ltd. All rights reserved. 

Introduction

Manipulation of intracellular protein expression provides a novel 
therapeutic strategy for cancer therapy [1–3]. Delivery of molecular 
drugs into cancer cells to manipulate oncogenic or antioncogenic 
protein expression has been considered a promising cancer ther-
apeutic approach [4,5]. For example, hypoxia-inducible transcription 
factor (HIF)− 1α inhibitors, such as KC7F2 or YC-1, inhibit HIF-1α 
expression levels by promoting HIF-1α degradation and down-
regulating HIF-1α protein synthesis to achieve an effective antitumor 
effect [6,7]. Kevetrin, a small molecular activator of the tumor sup-
pressor protein p53, activates p53, which in turn upregulates the 
expression of p21 to induce cell cycle arrest and apoptosis [8]. 
However, the nonspecific distribution of these protein expression 

manipulators in normal tissues generally results in limited ther-
apeutic benefits and adverse events [9]. To tackle these issues, na-
noagents that release molecular drugs in response to endogenous 
tumor microenvironment related biomarkers (e.g. acidic pH, reactive 
oxygen species, enzymes, and hypoxia) have been developed to se-
lectively manipulate protein expression for optimized cancer 
therapy [10–13]. However, such strategies merely rely on the con-
centration difference of biomarkers in normal and pathological en-
vironments, which inevitably limits their release efficiency. Thus, 
alternative strategies to precisely control drug release and achieve 
on-demand manipulation of intracellular protein expression are 
highly desired.

Exogenous stimuli, including light [14], ultrasound [15,16], X-ray 
[17], and electromagnetism [18] can provide remote control of the 
pharmacological action of molecular drugs regardless of pathological 
characteristics. Among them, light holds great potential for precisely 
controlling drug activity due to its noninvasiveness, high spatio-
temporal controllability and simple operation [19–23]. In particular, 
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near-infrared (NIR) light has been utilized for photoactivation of 
enzymatic activity [24], photoregulation of gene editing [25], and 
controlled release of small molecular drugs [26]. However, most 
existing light-controlled nanoagents rely on the first NIR window 
(NIR-I, 650–900 nm) light with limited tissue penetration depth [27]. 
In contrast, second NIR window (NIR-II, 900–1700 nm) light is at-
tracting more attention due to the reduced tissue attenuation and 
reabsorption relative to the NIR-I window, resulting in a greater 
tissue penetration depth exceeding 1 cm in biological tissues and a 
higher maximum permission energy (MPE) (1 W cm−2 for 1064 nm 
while 0.3 W cm−2 for 808 nm) for skin irradiation [28]. NIR-II light- 
responsive nanoagents, including gold nanomaterials [29,30], copper 
sulfide nanomaterials [31], two-dimensional materials [32] and 
small molecular dyes [33–36], have been extensively applied for 
phototherapy and optical imaging. However, photo-manipulation of 
intracellular protein expression by NIR-II light-responsive na-
noagents has yet to be expoited.

We herein report a semiconducting polymer nanomanipulator 
(SPNm) with NIR-II photothermal function to precisely manipulate 
the expression of a series of intracellular proteins for thermal sen-
sitization and metastasis-inhibited synergistic cancer therapy. SPNm 
comprises a highly NIR-II absorbing semiconducting polymer core 
and a protein expression manipulator encapsulated into a thermo- 
responsive lipid shell (Fig. 1a). Semiconducting polymer 

nanoparticles (SPNs) composed of highly π-conjugated backbones 
with tunable photophysical properties, structural diversity, and good 
biocompatibility have been widely applied for ultrasensitive disease 
diagnostics and therapeutic interventions [37–44]. Lysine-specific 
histone demethylase 3 A (KDM3A) plays a key role in promoting 
gene expression by removing the mono- and di-methylation of 
histone H3 lysine 9 and is overexpressed in multiple cancer types, 
including 4T1 murine mammary carcinoma cells, MCF-7 human 
breast cancer cells and H23 human lung cancer cells [45,46]. 5- 
Carboxy-8-hydroxyquinoline (IOX-1) [47], an inhibitor of the 
KDM3A, was selected as the manipulator molecule. Lecithin, lauric 
acid (LA), stearic acid (SA), and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-poly (ethylene glycol5000) (DSPE-PEG5000) were 
utilized to fabricate the thermo-responsive lipid shell [48,49]. After 
systemic administration, SPNm can preferentially accumulate and be 
retained in the tumor site through the enhanced permeation and 
retention (EPR) effect for a long time. Upon photoirradiation at 
1064 nm, SPNm exerts efficient photothermal conversion to increase 
the local temperature, which melts the thermo-responsive lipid 
shells for the release of IOX-1 at the tumor site. The released KDM3A 
inhibitor IOX-1 inhibits the demethylation function of KDM3A to 
upregulate the level of di-methylation of histone H3 lysine 9 
(H3K9me2) in cancer cells, which in turn leads to the down-
regulation of a series of KDM3A downstream effector proteins 

Fig. 1. SPNm-mediated thermal sensitization and metastasis-inhibited synergistic cancer therapy. a) Chemical structures of SP, lecithin, DSPE-PEG5000, IOX-1, lauric acid, and 
stearic acid, and the preparation process of SPNm. b) Schematic illustration of the NIR-II photo-manipulation mechanism of SPNm for thermal sensitization and metastasis- 
inhibited synergistic cancer therapy.

M. Wu, R. Qu, H. Li et al. Nano Today 48 (2023) 101691

2



including heat shock protein 90 (HSP90) and cancer cell metastasis- 
related proteins c-Jun and matrix metalloproteinase-9 (MMP-9), 
leading to the enhanced sensitivity of cancer cells to thermal-in-
duced cell death and metastasis inhibition [50,51]. As such, cen-
timeter-scale deep-seated tumors and lung metastasis can be 
simultaneously suppressed by synergistic integration of NIR-II pho-
tothermal therapy (PTT) and photo-manipulation protein expression 
therapy (Fig. 1b).

Results

Synthesis and characterization

The NIR-II absorbing semiconducting polymer (SP) was obtained 
via palladium-catalyzed Stille polycondensation of benzobisthia-
diazole and (4,8-bis((2-ethylhexyl)oxy) benzo[1,2-b:4,5-b′]dithio-
phene-2,6-diyl)bis(trimethylstannane) (Fig. S1). Proton nuclear 
magnetic resonance (1H NMR) confirmed the successful synthesis of 
SP (Fig. S2). The number average molecular weight of the obtained 
SP was determined to be ∼6000 Da by gel permeation chromato-
graphy (Fig. S3). The obtained SP showed a strong absorption in the 
NIR-II window (Fig. S4). Water-soluble SPNm was obtained through 
the nanoprecipitation method in the presence of SP, IOX-1, DSPE- 
PEG5000, lecithin, LA, and SA with a feeding weight ratio of 
1.25:1:5:15:10:2. The eutectic mixture of LA and SA was chosen as 
the gating material to prepare a thermo-responsive lipid shell. SP 
and IOX-1 were encapsulated into thermo-responsive lipid shell 
through hydrophobic and π-π stacking interactions [14]. The en-
capsulation efficiency was calculated to be 46 % for IOX-1. For 
comparison, the control counterpart (termed SPNc) was also con-
structed via a similar method except for the addition of IOX-1.

The physical and photothermal properties of SPNm were in-
vestigated and compared with those of SPNc. Dynamic light scat-
tering (DLS) analysis showed similar hydrodynamic sizes of SPNm 
(69 nm) and SPNc (68 nm) (Fig. 2a). The spherical morphology with 
dimension homogeneousness for both SPNm and SPNc was further 
confirmed by transmission electron microscopy (TEM) (Fig. 2a, 
inset). The hydrodynamic sizes of both nanoparticles remained al-
most unchanged during storage in aqueous solution, 1 × phosphate 
buffer solution (PBS) and PBS containing 10 % serum for 15 days (Fig. 
S5), indicating their excellent colloidal stability. Both SPNm and 
SPNc exhibited similar broad absorption in the range of 
950–1100 nm with maxima at 995 nm (Fig. 2b). Upon continuous 
photoirradiation at 1064 nm (1 W cm−2), both nanoparticles induced 
a significant solution temperature rise and similarly reached a pla-
teau (∼80 °C) at t = 6 min (Fig. 2c). Such results verified the negligible 
influence on the optical and photothermal properties of SPNm after 
encapsulation of IOX-1. The photothermal conversion efficiencies of 
both SPNm and SPNc were calculated to be ∼80 % (Fig. S6). The 
maximum temperature of both nanoparticles remained almost un-
changed for at least 6 cycles of heating and natural cooling during 
storage (Fig. S7), which indicated their good photothermal stability.

The photothermally triggered release of IOX-1 from SPNm was 
tested. The eutectic mixture, formulated from LA (melting point = 45 
∼ 48 °C) and SA (melting point = 70 ∼ 73 °C) at a mass ratio of 5:1 
showed a sharp melting point at 41 °C using differential scanning 
calorimetry (DSC) analysis (Fig. 2d), which is suitable for the 
thermo-responsive on-demand release of IOX-1 in the physiological 
setting. To further confirm the melting temperature of SPNm, the 
lipophilic membrane dye DiO (4 % w/w), was doped into nano-
particles during the nanoprecipitation process (Fig. S8). The DiO- 
doped SPN (termed SPND) showed a new characteristic absorption 
peak at 488 nm, and a new fluorescence emission peak at 501 nm in 
comparison with SPNc (Fig. S9), verifying the successful doping of 
DiO into nanoparticles. With the solution temperature rising from 
37° to 45°C, the fluorescence of SPND at 501 nm gradually decreased 

due to the environment-sensitive fluorescence behavior of DiO [52], 
implying the release of DiO from SPND (Fig. 2e and Fig. S10). Fur-
thermore, sharp fluorescence changes between 39 and 42 °C were 
observed, indicating that the phase-transition temperature of SPNm 
was approximately 41 °C, which was consistent with the DSC results. 
Therefore, upon 1064 nm laser irradiation of SPNm solution for 
10 min (the maximum temperature was maintained at approxi-
mately 43 °C by controlling the laser power), an elution peak at 
20.2 min corresponding to IOX-1 was observed through high per-
formance liquid chromatography (HPLC) (Fig. 2f). In contrast, no 
obvious release of IOX-1 from SPNm could be observed without laser 
irradiation, even after a long-term period of storage (Fig. 2f. and Fig. 
S11). The molecular weight of released IOX-1 was further validated 
by high resolution electrospray ionization mass spectrometry (HR- 
ESI-MS) (Fig. S12), indicating the good thermostability of IOX-1 upon 
NIR-II laser irradiation. Furthermore, the release ratio of IOX-1 from 
SPNm was calculated to be 62 % upon laser irradiation for 10 min. 
The correlated mechanism of the photothermally controlled release 
was proposed as follows: upon laser irradiation, the increased 
temperature of SPNm melted the lipid shell of thermo-responsive 
nanoparticles with a phase-transition temperature of approximately 
41 °C, resulting in the controlled release of IOX-1.

To evaluate the centimeter-scale deep tissue photothermal 
heating capabilities of both SPNm and SPNc, the nanoparticle solu-
tion was filled in an Eppendorf tube covered by a piece of chicken 
breast tissue with 1 cm thickness and then irradiated at 1064 nm 
(1 W cm−2) for 10 min (Fig. 2g). The temperature increases of both 
SPNm and SPNc solutions reached 19.5 °C with a tissue depth of 1 cm 
under 1064 nm laser irradiation (Figs. 2h and 2i). Considering the 
average body temperature (≈32–35 °C during anesthesia) and the 
threshold temperatures for photothermally induced IOX-1 release 
(41 °C) and cancer cell necrosis and apoptosis (43–46 °C) [53,54], 
such a temperature increment of SPNm solution was sufficient to 
induce the release of IOX-1 and thermal ablation of cancer cells in 
living mice.

In Vitro SPNm-mediated synergistic cancer therapy and therapeutic 
mechanism

The biocompatibility of SPNm and SPNc was first investigated 
using normal cells (MCF-10A) and breast cancer cells (4T1). After 
MCF-10A cells or 4T1 cells were incubated with different con-
centrations of SPNm or SPNc for 24 h, no obvious cytotoxicity was 
observed (Fig. S13). Moreover, no obvious hemolysis of erythrocytes 
was observed after incubation with different concentrations of SPNs 
for 2 h (Fig. S14). These data suggested the excellent biocompatibility 
for both nanoparticles. To endow SPNm and SPNc with fluorescent 
properties for evaluating cellular uptake, boron-dipyrromethene 
(BODIPY) (4 % w/w) was doped into nanoparticles via nanoprecipi-
tation (Fig. S15) [50]. After treating 4T1 cancer cells with BODIPY- 
doped SPNm or SPNc for 4 h, strong and similar fluorescence signals 
were detected via flow cytometry analysis (Fig. S16). Confocal 
fluorescence images further verified the similar cellular uptake in 
the cytoplasm of cells at different time slots (Fig. S17), demon-
strating the effective and similar endocytosis of both SPNs in 4T1 
cancer cells, probably because of their similar sizes and PEG seg-
ments.

The in vitro centimeter-scale deep tissue photothermal ther-
apeutic capability of SPNm was studied against 4T1 cancer cells. To 
mimic the deep tissue environment, a piece of chicken breast tissue 
with 1 cm thickness was placed on the well plates during NIR-II 
photoirradiation (Fig. 3a). After treating cells with nanoparticles for 
2 h, the cells were first exposed to photoirradiation for 10 min to 
trigger the release of IOX-1. The photoirradiation was carefully 
controlled to ensure that the temperature of cancer cells was below 
43 °C to minimize photothermal-induced cell death. Subsequently, 

M. Wu, R. Qu, H. Li et al. Nano Today 48 (2023) 101691

3



the cells were exposed to another NIR-II photoirradiation with a 
power density of 1 W cm−2 after another 2 h of incubation for cen-
timeter-scale deep tissue PTT (Fig. 3a). To evaluate the deep tissue 
PTT efficacy of these nanoparticles, 4T1 cells were stained with 
calcein-AM (green fluorescence, viable cells) and propidium iodide 
(PI) (red fluorescence, dead cells) to detect viable and dead cells 
through immunofluorescence staining. Obvious red fluorescence 
signals were detected in SPNm-incubated 4T1 cells after two-step 
photoirradiation treatment, while almost negligible red fluorescence 
but strong green fluorescence signals were detected in SPNc-treated 
cells with the same treatment (Fig. S18). Afterward, the cell viability 
was quantitatively examined by methyl thiazolyl tetrazolium (MTT) 
assay. With two-step NIR-II photoirradiation, SPNc-mediated pho-
totherapy caused slight cytotoxicity (cell viability of 77.9 %) to 4T1 
cells compared with the PBS group due to the thermotolerance re-
sponse of cancer cells. In contrast, the cell viability of SPNm-in-
cubated cells decreased to ∼45.1 %, which was 2.1-fold lower than 
that for SPNc-incubated cells (Fig. 3b). These data confirmed that 
SPNm possesses good photothermal therapeutic ability at cen-
timeter-scale tissue depths.

To investigate the underlying molecular mechanism of SPNm- 
mediated two-step phototherapy, the expression levels of methy-
lated histone H3K9me2 and HSP90, as the hallmark of the thermo-
tolerance response [50,55], were studied in nanoparticle-treated 4T1 
cells by quantitative western blotting analysis and qualitative im-
munofluorescent staining (Fig. 3c-j and Fig. S19, S20). After two-step 
NIR-II photoirradiation, SPNm induced substantial upregulation of 
H3K9me2 in the nucleus of 4T1 cells, which was 2.5-fold higher than 
the photoirradiation control (SPNc) (Fig. 3c-d, 3i and Fig. S16). 
Subsequently, the upregulation of H3K9me2 induced by SPNm 
downregulated the expression of HSP90 in the cytoplasm of 4T1 cells 
compared to the SPNc group (Figs. 3c, 3e, 3i and Fig. S19). The me-
tastasis inhibition capability of SPNm was further investigated by 
measuring the expression levels of cancer cell metastasis-related 
proteins, including c-Jun and MMP-9, after different treatments. The 
intracellular expression of c-Jun and MMP-9 significantly decreased 
after treatment with SPNm plus two-step NIR-II photoirradiation, 
but remained nearly the same for the other treatments (Figs. 3f-h, j 
and Fig. S20). Thus, these results suggested that IOX-1 was effec-
tively released from SPNm upon NIR-II photoirradiation to inhibit 
the demethylation function of KDM3A to upregulate the level of 

Fig. 2. In vitro characterization of SPNc and SPNm. a) DLS data and TEM images (inset) of SPNc and SPNm. b) Absorption spectra of SPNc and SPNm in water. c) Photothermal 
properties of SPNc and SPNm by photothermal heating and cooling at a SP concentration of 10 μg mL−1 (1064 nm, 1 W cm–2). d) DSC curves of SA and LA at different mass ratios. e) 
Fluorescence intensity of SPND at 501 nm after incubation at different temperatures for 5 min (n = 3). f) HPLC analysis of IOX-1 released from SPNm with or without 1064 nm laser 
irradiation (T ≈ 43 ℃, 10 min). g) Schematic representation of the centimeter-scale deep tissue photothermal study. h) Temperature change of PBS, SPNc or SPNm (100 μL, the 
concentration of SP =50 μg mL−1) as a function of laser irradiation time (1064 nm, 1 W cm–2). i) IR thermal images of PBS, SPNc and SPNm at 0, 1, 2, 3, 4, 5 and 10 min under laser 
irradiation.
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H3K9me2, simultaneously resulting in the downregulation of the 
expression of HSP90 and metastasis-related proteins (c-Jun and 
MMP-9) for thermal sensitization and metastasis-inhibited sy-
nergistic effects against 4T1 cancer cells.

In Vivo SPNm-mediated thermal sensitization and metastasis-inhibited 
synergistic cancer therapy

SPNm-mediated thermal sensitization and metastasis-inhibited 
synergistic cancer therapy was further studied in subcutaneous 4T1 
tumor-bearing mice. After systemic administration of nanoparticles 
into mice via the tail vein, the tumors covered by a piece of chicken 
breast tissue with 1 cm thickness were treated with two-step local 
NIR-II photoirradiation. After different treatments, the growth of 
tumors was monitored, and lung metastasis of treated mice was 
evaluated in the long term (Fig. 4a). To confirm the optimal ther-
apeutic window for NIR-II photoirradiation, both SPNm and SPNc 
were doped with the NIR fluorogenic dye, silicon 2,3-naphthalo-
cyanine bis(trihexylsilyloxide) (NCBS) (4 % w/w), to form SPNm- 
NCBS and SPNc-NCBS (Fig. S21 and S22). Thus, the biodistribution of 
nanoparticles was evaluated by NIR fluorescence imaging. After in-
travenous injection of SPNm-NCBS or SPNc-NCBS, the fluorescence 
signals in tumor regions of these groups gradually increased and 
reached a plateau from 8 to 32 h post-injection time with similar 
fluorescent intensity (Fig. 4b and c), suggesting the effective 

accumulation of both nanoparticles into tumors due to their similar 
hydrodynamic sizes (∼70 nm) and PEGylated surfaces. Such a pro-
longed retention time of SPNm in tumor regions offered a sufficient 
therapeutic time window for two-step NIR-II photoirradiation. Ex 
vivo biodistribution results of nanoparticles at 32 h post-injection 
showed major accumulation in the liver, spleen, and tumor, followed 
by the lung and other organs (Fig. S23).

Two-step photoirradiation of a centimeter-scale deep-seated 
tumor was then conducted with a piece of chicken breast tissue with 
1 cm thickness covering the tumor to mimic the deep-seated en-
vironment. The first NIR-II photoirradiation was applied to the tu-
mors at t = 12 h post-injection of nanoparticles via the tail vein to 
trigger the release of IOX-1. At this time point, strong green fluor-
escence signals assigned to SPNs were detected in the cytoplasm of 
tumor tissues, confirming the effective internalization of both na-
noparticles by tumor cells (Fig. S24). The photoirradiation was 
carefully controlled to ensure that the tumor temperature was below 
43 °C to minimize the photothermal effect on tumors. Subsequently, 
second NIR-II photoirradiation at a power intensity of 1 W cm−2 was 
performed at 24 h post-injection to examine the therapeutic effi-
ciency of SPNm-mediated NIR-II phototherapy of centimeter-scale 
deep-seated tumors. During the secondary NIR-II photoirradiation, 
the temperatures of the tumors for SPNm- and SPNc-treated mice 
gradually increased and similarly reached approximately 46 °C after 
photoirradiation for 8–14 min (Fig. 4d). After two-step treatments, 

Fig. 3. In vitro SPNm-mediated synergistic cancer therapy and mechanism study. a) Schematic representation of centimeter-scale deep tissue NIR-II phototherapy on cells. The 
4T1 cancer cells were treated with PBS, SPNc or SPNm with or without 1064 nm laser irradiation (1.0 W cm−2, 15 min). The concentration of SP = 50 μg mL−1. b) Cell viability of 4T1 
cancer cells after different treatments. (n = 3). c) Western blotting analysis of H3K9me2 and HSP90 levels in 4T1 cancer cells after different treatments, with GAPDH as an internal 
reference. d, e) Quantitative analysis of the d) H3K9me2 and e) HSP90 levels in c (n = 3). f) Western blotting analysis of c-Jun and MMP-9 expression levels in 4T1 cancer cells after 
different treatments, with GAPDH as an internal reference. g, h) Quantitative analysis of the g) c-Jun and h) MMP-9 expression levels in f (n = 3). i) Confocal fluorescence images of 
H3K9me2 and HSP90 levels in 4T1 cancer cells with 1064 nm laser irradiation. j) Confocal fluorescence images of c-Jun and MMP-9 expression levels in 4T1 cancer cells with 
1064 nm laser irradiation.
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tumor growth curves and lung metastasis of mice were monitored 
over time. Without photoirradiation, the growth of tumors in SPNm- 
and SPNc-treated mice was similar to that in PBS-treated mice 
(Fig. 4e), indicating a negligible therapeutic effect for both SPNs. 
With photoirradiation, the growth of tumors was not efficiently in-
hibited in SPNc-treated mice, which demonstrated that such a 
therapeutic temperature failed to eradicate the tumor cells. In 

contrast, the tumors in the SPNm-treated mice were nearly com-
pletely suppressed. Such an enhanced therapeutic efficacy of SPNm 
over SPNc was due to the synergistic action of NIR-II PTT and photo- 
manipulation of protein expression. Hematoxylin and eosin (H&E) 
staining and immunofluorescent staining showed that significant 
nuclear dissociation of necrotic cells and strong green fluorescence 
signals (caspase-3) from apoptotic cells were clearly observed in 

Fig. 4. In vivo SPNm-mediated thermal sensitization and metastasis-inhibited synergistic cancer therapy. a) Schematic of the time schedule for SPNm-mediated thermal sen-
sitization and metastasis-inhibited synergistic cancer therapy. A piece of chicken breast tissue with 1 cm thickness was used to cover the tumor during photoirradiation (1064 nm, 
1 W cm−2, 14 min). b) Fluorescence images and c) fluorescence intensity of 4T1 tumor-bearing mice at 0, 2, 4, 8, 12, 24, 28 and 32 h after intravenous injection with NCBS doped 
SPNc or SPNm (400 μL, the concentration of SP =500 µg mL−1) (n = 2). d) Mean tumor temperature of 4T1 tumor-bearing mice during photoirradiation at 24 h after intravenous 
injection of PBS, SPNc or SPNm (n = 3). e) Tumor growth curves after treatment with PBS, SPNc, SPNm or free IOX-1 with or without laser irradiation (n = 6). f) H&E staining of 
tumors after different treatments for 15 days. Scale bars, 100 µm. g) Immunofluorescence caspase-3 staining of tumors after different treatments for 15 days. Green fluorescence 
indicated caspase-3 staining, while blue fluorescence indicated nuclear staining. Scale bars, 100 µm. h) Number of metastatic nodules per lung after different treatments for 23 
days (n = 3). i) Images of metastatic nodules in the lungs after different treatments for 23 days. j) H&E staining of metastatic nodules in the lungs after different treatments for 23 
days. Scale bars, 200 µm.
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tumors on SPNm-treated mice after photoirradiation (Figs. 4f, 4g and 
Fig. S25, S26), while no obvious cell death was detected in the tu-
mors of the other treatment groups.

The metastasis inhibition effect of SPNm-mediated synergistic 
cancer therapy was investigated by evaluating the metastatic no-
dules in the lung after 23 days of different treatments (Fig. 4h-j and 
Fig. S27, S28). No noticeable pulmonary metastatic nodules were 
observed on SPNm-treated mice after photoirradiation, indicating 
that SPNm-mediated therapy could effectively inhibit the metastasis 
of tumors. In contrast, obvious metastatic nodules were detected in 
the lungs of the mice from the other groups. Furthermore, the body 
weights of the mice were steady after different treatments (Fig. S29), 
and no significant histological abnormalities were found in the 
major organs (Fig. S30). The serum levels of liver/kidney function 
indicators were normal in healthy mice after treatment with SPNm 
or SPNc for 14 days (Fig. S31). These results indicated the good 
biocompatibility of SPNm. Together, these data emphasized that 
SPNm-mediated synergistic cancer therapy not only suppressed the 
growth of centimeter-scale deep-seated tumors but also inhibited 
tumor metastasis to the lung, which was unachievable for other 
treatments.

In vivo action mechanism of thermal sensitization and metastasis- 
inhibited synergistic cancer therapy

The underlying molecular mechanism of SPNm-mediated sy-
nergistic cancer therapy was investigated. Western blotting analysis 
indicated significantly upregulated H3K9me2 level after SPNm 
treatment plus photoirradiation, which was 1.7-fold higher than that 
in the SPNc injection and photoirradiation treatment group (Fig. 5a 
and b). The expression levels of HSP90, as the hallmark of the 
thermotolerance response, were then examined. As expected, com-
pared to the SPNc-treated group, the most significant drop in HSP90 
expression was observed in the SPNm-treated group, indicating that 
SPNm-mediated therapy effectively inhibited the thermotolerance 
response of cancer cells (Fig. 5a and c). Furthermore, the expression 
levels of proteins associated with metastasis, including c-Jun and 
MMP-9, were analyzed by western blotting after various treatments 
(Fig. 5d-f). c-Jun, a member of activator protein (AP)− 1, regulates cell 
invasion by upregulating the gene expression required for invasion 
[56,57]. MMP-9 is a significant protease that promotes metastasis 
through the breakdown of the physical barrier of the extracellular 
matrix (ECM) [58–60]. The SPNm-treated group dramatically re-
duced the expression of c-Jun (to 52.1 %) and MMP-9 (to 72.5 %) 
compared to the SPNc group (Fig. 5e and f). Consistently, immuno-
fluorescence staining analysis further verified that SPNm-mediated 
therapy induced enhanced methylated histone H3K9me2 levels and 
reduced the expression of HSP90 and these metastasis-related pro-
teins (Fig. 5g, h and Fig. S32, S33). According to these results, the 
molecular mechanism of SPNm-mediated synergistic cancer therapy 
is summarized in Fig. 5i. The photothermal effect of SPNm released 
IOX-1, which upregulated the level of H3K9me2 and thus simulta-
neously impeded the thermotolerance response of cancer cells and 
downregulated the expression of metastasis-related proteins in tu-
mors at the cellular level, eventually leading to the efficient inhibi-
tion of centimeter-scale deep-seated tumors and lung metastasis.

Reduced side effects of SPNm-mediated synergistic cancer therapy

Beyond such superior centimeter-scale deep-seated tumor re-
gression and lung metastasis inhibition performance, SPNm-medi-
ated synergistic cancer therapy could also minimize hyperthermia- 
induced side effects, including the inflammatory response [61,62]
and skin damage [63–65]. In this regard, an orthotopic 4T1 breast 
tumor model was established in BALB/c mice and mice were sub-
sequently treated with SPNm upon two-step photoirradiation and 

compared to regular SPNc-treated NIR-II PTT (Fig. 6a). NIR-II PTT was 
conducted by photoirradiation of the tumors 24 h post-injection of 
nanoparticles. Notably, the laser power intensity irradiated on the 
SPNc-treated tumors was set to 1 W cm−2, while that irradiated on 
the SPNm-treated tumors was set to 0.6 W cm−2. Therefore, the 
tumor temperature in the SPNc-treated group gradually increased 
and reached approximately 61 °C after photoirradiation for 6 min, 
while the tumor temperature in the SPNm-treated group remained 
at approximately 46 °C (Fig. 6b and c). As expected, both SPNc- and 
SPNm-treated tumor slides exhibited high expression of caspase-3 
and extensive nuclear dissociation (Fig. 6d), indicating significant 
tumor cell apoptosis and a large necrotic area elicited after SPNc or 
SPNm treatment. However, the levels of proinflammatory cytokines, 
including tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6), 
were significantly elevated in the serum of SPNc-treated and photo- 
irradiated mice, which were 2.5- (TNF-α levels) and 2.8- (IL-6 levels) 
folds, respectively, higher than those in the sera of SPNm-treated 
and photo-irradiated mice (Fig. 6e and f).

In line with the results of proinflammatory cytokine levels in 
sera, the immunohistochemical (IHC) staining results further con-
firmed that the levels of TNF-α and IL-6 were significantly increased 
in tumor tissues of SPNc-treated and photo-irradiated mice, whereas 
almost no obvious changes in the levels of cytokines were observed 
after SPNm treatment (Fig. 6g). Furthermore, the reduced side ef-
fects of SPNm-mediated therapy were confirmed by H&E staining of 
the skin-connected therapeutic regions (Fig. 6h). An obvious in-
complete epidermal layer and a damaged connective layer above the 
fatty connective tissue of the hypodermis were found in SPNc- 
treated and photo-irradiated mice, while it had no significant effects 
on the skin surface after SPNm treatment. These findings verified 
that SPNm-mediated synergistic cancer therapy can effectively avoid 
hyperthermia-induced side effects, including the inflammatory re-
sponse and skin damage.

Conclusions

Manipulation of intracellular protein expression reliant on heat 
generated by photothermal agents offers a noninvasive approach to 
remote control of biological processes. In addition to manipulation 
of intracellular protein expression, the major function of photo-
thermal agents is local thermal ablation of tumors. In particular, the 
deeper tissue penetration depth of NIR-II relative to NIR-I light 
shows the potential of NIR-II PTT for deep-seated cancer treatment 
[28]. Despite the growing promise in NIR-II PTT, insufficient photo-
thermal ablation in deep-seated tumors limits its clinical applica-
tions. The reported record of photothermal ablation depth was 
restricted to 4 mm through intravenous injection of 2D niobium 
carbide [66], or 5 mm via intratumoral injection of SPN [67], which 
was far less than the penetration radius of NIR-II light (at cen-
timeter-scale depth) in biological tissues [68]. This is due to the 
intrinsic cancer cell thermotolerance mechanism that protects 
cancer cells from thermal ablation [69]. We herein synthesized an 
NIR-II photothermal semiconducting polymer nanomanipulator 
(SPNm) that specifically manipulates the function of the upstream 
protein KDM3A, which in turn inhibits the expression of KDM3A 
downstream effector proteins, including the thermotolerance pro-
tein HSP90 and metastasis-related proteins of tumor cells, thereby 
rendering them sensitive to heat, ultimately achieving efficient 
tumor photothermal ablation at an unprecedented centimeter-scale 
depth (1 cm) and lung metastasis inhibition. Such superior photo-
thermal ablation depth and metastasis inhibition were attributed to 
the synergistic action of the NIR-II photothermal therapeutic func-
tion and precise photo-manipulation of the protein expression 
process.

In this synergistic therapeutic system, IOX-1 plays a vital role in 
upregulating the level of H3K9me2 which in turn simultaneously 
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downregulates the expression of HSP90 and metastasis-related 
proteins. However, intravenous injection of free IOX-1 showed lim-
ited therapeutic efficacy in tumor-bearing mice (Fig. 4e). This is 
reasonable because free IOX-1 has poor water solubility and thus 
cannot effectively accumulate in the tumor region in a small mole-
cular pattern, which indicates the significance of encapsulation of 
IOX-1 into nanoparticles for cancer therapy. The protein expression 
changes in tumor-bearing mice after SPNm treatment without 
photoirradiation were almost negligible. This is because histones are 
localized in the nucleus but SPNm are localized in the cytoplasm of 
cancer cells (Fig. 2g and Fig. S14), which demonstrates the necessity 
of remote-controlled release of IOX-1 via photothermal effects in 
this therapeutic approach. Moreover, HSP90 inhibitors such as gel-
danamycin (GA) have been utilized in combination with photo-
thermal agents for mild-temperature photothermal therapy [10,70], 
and GA-encapsulated SPN (SPNG) also showed a considerable anti-
tumor effect on centimeter-scale deep-seated tumors through our 
two-step phototherapy strategy (Fig. S34), while the ineffectiveness 
of SPNG-mediated two-step phototherapy in metastasis inhibition 
proved the significance of the photo-manipulation upstream protein 
expression approach for cancer therapy (Fig. S35). In addition, 

SPNm-mediated synergistic cancer therapy effectively minimized 
the regular PTT-induced side effects, including the inflammatory 
response and skin damage (Fig. 6).

In summary, we reported an NIR-II photothermal semi-
conducting polymer nanomanipulator that integrates photothermal 
therapeutic function and specific protein expression manipulation 
ability for thermal sensitization and metastasis-inhibited synergistic 
cancer therapy. This work not only introduces a promising approach 
to the remote manipulation of the protein expression process of 
cancer cells to reinforce antitumor efficacy but also pushes the NIR-II 
photothermal ablation depth to an unprecedented level. In addition 
to protein expression manipulators, this strategy can be generalized 
to develop other thermally controlled therapeutic nanoagents 
simply by integrating relevant therapeutic molecules into SPNs for 
enhanced synergistic cancer therapy.
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