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Combined photothermal and photodynamic therapy is a promising strategy for the treatment of triple-
negative breast cancer (TNBC) as it can accurately target tumor tissues and improve therapeutic
efficacy. However, its efficacy is still insufficient owing to the heat resistance resulting from the
upregulation of heat shock protein 90 (HSP90) and diminished reactive oxygen species (ROS) levels due
to the accumulation of its client protein hypoxia-inducible factor-lo (HIFla). Herein, SNX2112 (HSP90O
inhibitor) and IR825 (photosensitizer) are loaded into a pH-responsive nano-micelle for efficient
photothermal and photodynamic therapy. SNX2112 inhibits HSP9O0 activity to reduce heat resistance for
enhanced photothermal therapy. Furthermore, HIFla accumulation is reduced to increase ROS
production to amplify photodynamic therapy efficacy. Consequently, the combined therapy enhanced
by inhibiting HSP90-HIFla effectively suppresses tumor growth via synergistic effects, with high
photothermal conversion and ROS productivity under mild temperature (42 °C). Furthermore, using
SNX2112 improves the efficacy of the combined photothermal and photodynamic therapy, showing its
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1. Introduction

Clinically, surgery, chemotherapy and radiotherapy are corner-
stones in triple-negative breast cancer treatment (TNBC).'”
However, they suffer from significant limitations, such as
multidrug resistance of tumors or are highly cytotoxic to tumor
and normal tissue cells with poor tumor targeting.*® Photo-
thermal therapy (PTT) and photodynamic therapy (PDT),
achieved by elevating the temperature and generating reactive
oxygen species (ROS), respectively, can ablate primary tumors
with temporal and spatial selectivity, with fewer toxic and side
effects.®”® While the complete eradication of solid tumors is
difficult with PTT or PDT alone, the combination of PTT and
PDT may offer the opportunity to utilize the benefits of each
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eminent potential in TNBC treatment.

treatment modality to produce additional or even synergistic
therapeutic effects. Studies have shown that the combination of
photothermal and photodynamic therapies is promising for the
treatment of tumors, including TNBC models.'™* ROS gener-
ated by PDT increases the oxidative stress in tumor cells and
can be used as a trigger to promote the release of photosensi-
tizers, thus enhancing the photothermal conversion efficiency
and thermal effect of PTT. The thermal effect generated by PTT
increases the permeability of the cell membrane, enabling
photosensitizers to enter tumor cells more easily. Furthermore,
it inhibits DNA damage repair to improve the efficiency of ROS
generation, thus enhancing the killing effect of PDT on tumor
cells."”"*** However, tumor cell-derived factors might reduce
the effectiveness of photothermal therapy by upregulating the
expression of heat shock proteins (HSPs) in response to
increased temperatures, thereby counteracting the effective-
ness of PTT.'®*™® Specifically, HSP90, which belongs to the
HSP protein family, can directly protect key client proteins in
tumor cells from heat stress damage and reduce tumor cell
death; conversely, HSP90 is involved in the regulation of several
cellular thermotolerance-related signaling pathways, such as
the Raf/MEK/ERK pathway.'®*° To completely ablate a tumor,
the local temperature used for photothermal therapy is often
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above 50 °C. Such temperatures can result in non-specific thermal
diffusion, damaging the healthy tissue around the tumor, and
reduce the life quality and survival rate of patients.* Moreover,
the hypoxic tumor microenvironment (TME) of TNBC facilitates
the accumulation of hypoxia-inducible factor-1o. (HIF1a) and is
stabilized by the chaperone HSP90, while the HIF1a accumulation
suppresses the level of ROS production.”>** Therefore, there is an
urgent need to develop strategies to reduce tumor heat resistance
and increase ROS generation, thus improving the efficacy of TNBC
therapy.

Inhibition of HSP90 activity promotes the denaturation
or unfolding of cellular proteins at high temperatures,®"*’
counteracting the tumor’s antipyretic effect and reducing the
therapeutic temperatures required for PTT.>® Moreover, decreased
HSP90 activity also reduces the accumulation of HIF1a, further
reducing the suppression of ROS by HIF1a. Therefore, blocking
the HSP90-HIF1a pathway may decrease the tumor thermo-
resistance and increase the ROS levels, enhancing the anti-
tumor effect of photothermal therapy. Preclinical studies using
HSP90 inhibitors, such as 17-AAG and SNX5442, have shown
promising results in enhancing the effect of photothermal and
photodynamic therapy in treating malignant tumors.”” > In con-
trast, SNX2112 competitively binds to the N-terminal ATP-binding
pocket of HSP90 with higher activity and stronger inhibitory effect.
However, their clinical use has been limited due to the low
bioavailability and dosing frequency.

Nano-based drug delivery systems (NDDS) enable the
encapsulation of multiple drugs for spatially and temporally
controlled release,*? offering a potential approach for multi-
drug combination therapy. In this study, the HSP90 inhibitor
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SNX2112 and phototherapeutic agent IR825 were self-assembled
with the basic framework poly (B-amino esters)-poly (ethylene
glycol) (PAE-PEG) to form nano-micelles for treating TNBC. More-
over, studies have shown that photothermal therapy can facilitate
the penetration of chemotherapeutic agents to the tumor site,**°
so we also introduced chemotherapeutic agents into NDDS to
further validate the effect of photothermal therapy on chemother-
apeutic agents (Scheme 1). The outer layer of the nano-micelles was
modified with cyclic RGD peptides to actively deliver the tumor and
increase the tumor penetration by binding with integrin o33
expressed on the tumor neovascularization and tumor cell surfaces.
In the acidic TME, the nano-micelles underwent pH-responsive
dissociation, and the photothermal and photodynamic effect was
achieved simultaneously with laser irradiation. SNX2112 down-
regulated the expression of the HSP90 protein in tumors, inhibiting
the HSP90-HIF1a pathway to counteract heat resistance and alle-
viate ROS suppression, thereby enhancing photothermal and
photodynamic therapy. Meanwhile, photothermal therapy led to
the accumulation of the chemotherapeutic agent doxorubicin
(DOX) in tumors for combined effects. In summary, the nano-
micelle carrying SNX2112 was designed to reduce tumor heat
resistance and increase ROS generation by suppressing the key
HSP90-HIF1a pathway to enhance TNBC treatment.

2. Experimental section
2.1. Materials

DOX was purchased from Aladdin Bio-Chem Technology, Shanghai,
China. IR825, poly (B-amino esters)-block-poly (ethylene glycol)
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Scheme 1 Schematic of the SIDR structure and strategy for enhanced photothermal therapy against solid tumor. A pH-responsive micelle was self-
assembled with SNX2112, IR825, and DOX, followed by conjugating the cRGD peptide that actively transported drugs to the tumor region and released
drugs under a low-pH tumor microenvironment. The micelle reduced thermal resistance and increased ROS generation and drug penetration against
TNBC effectively by suppressing the HSP90-HIFlo pathway. BioRender.com was used to create the scheme.
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(PAE-PEG), and poly (B-amino esters)-block-poly (ethylene gly-
col)-CY7.5 (PAE-PEG-CY7.5) were purchased from RuixiBio,
Xian, China. SNX2112 was purchased from MedChemExpress,
Shanghai, China. Cyclo(RGDfK)-(ACP)-C was sourced from Chi-
naPeptides, Shanghai, China. RPMI 1640, fetal bovine serum
(FBS), phosphate buffered saline (PBS), penicillin-streptomycin
solution and 0.25% Trypsin—-EDTA were purchased from Gibco.
Dimethyl sulfoxide (DMSO) and 4,6-diamidino-2-phenylindole
(DAPI) were purchased from KeyGEN BioTECH, Jiangsu, China.
The CCK-8 kit and 2’,7’-dichlorofluorescein diacetate (DCFH-DA)
were purchased from Beyotime, Shanghai, China.

2.2. Antibody

Anti-mouse HIF1a rabbit pAb (Cat. No. GB114936-100, 1:600)
was purchased from Wuhan Servicebio Technology Co., Ltd
(Hubei, China). Anti-mouse ERK1/2 rabbit pAb (Cat. No. 11257-
1-AP, 1:1000) and anti-mouse p-ERK1/2 rabbit pAb (Cat. No.
28733-1-AP, 1:1000) were purchased from Proteintech.

2.3. Preparation of SIDR

At room temperature, 500 pug of DOX, 500 pg of SNX2112, 750 ug
of IR825, and 2 mg of PEG-PAE (mass ratio = 1/1/1/1.5/4) were
simultaneously dissolved in 500 pL of an acetone-ethanol
mixed solution (V/V = 1/1). Subsequently, a 5 mL PBS solution
(PBS/acetone-ethanol volume ratio = 10/1) was added dropwise
into the solution at a constant speed of 1 mL h™" using a dual-
channel microinjection pump, while stirring uniformly at
400 rpm with a magnetic agitator. After dripping, the solution
was stirred uniformly at 400 rpm in a fume hood overnight to
evaporate the organic solvent. Next, cyclo(RGDfK)-(ACP)-C was
added to the evaporated solution and stirred for 1 hour at room
temperature. The mixture was then loaded into a 3 kDa dialysis
bag and dialyzed in pure water for 1 day to remove any
unencapsulated drugs. After dialysis, the solution was concen-
trated using an ultrafiltration tube with a molecular weight cut-
off (MWCO) of 3 kDa and washed three times with normal
saline to obtain the drug-loaded micellar SIDR solution. The
prepared SIDR nano-micelles were stored at 4 °C. The prepara-
tion methods of the blank micelles and each control group
(IDR, SID, IR, CY7.5-SD, CY7.5-SDR) were the same as that used
for SIDR, but the drugs were omitted from the preparation
process accordingly.

2.4. Characterization of SIDR

The as-prepared SIDR nano-micelles were stored at 4 °C. The
size and morphology of the SIDR nano-micelles were character-
ized using transmission electron microscopy (TEM; JEM-2100,
JEOL Ltd, Japan). The hydrodynamic diameters, characterized
by dynamic light scattering (DLS), and the zeta potentials of the
TPGS/dc-IR825 nano-micelles in PBS were measured using a
zetasizer (90Plus PALS, Brookhaven Instruments, US). To eval-
uate the stability of the SIDR nano-micelles under different
conditions, the nano-micelles were dispersed in PBS, water,
and Roswell Park Memorial Institute (RPMI) 1640, and their
hydrodynamic sizes were measured by DLS on the 0th, 1st, 3rd,
5th, and 7th day.

This journal is © The Royal Society of Chemistry 2025
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2.5. Release profiles of SIDR

To evaluate the pH-triggered release profiles of the SIDR nano-
micelles, 2 mL of SIDR nano-micelles was added into a dialysis
tube (molecular weight cutoff (MWCO): 1 kDa), which was
immersed into 25 mL of PBS at various pH values (6.5 and 7.4).
The release profile of DOX was quantified by a fluorescence
spectrophotometer based on standard curves.

2.6. Photothermal effect and ROS production of SIDR

600 pL solutions of the PBS and SIDR nano-micelles with
different concentrations (5, 10 and 20 pug mL ') were irradiated
with an 808 nm laser (1 W cm™2) for 6 minutes each. During the
irradiation, a thermocouple thermometer and an infrared
camera (FOTRIC 220S, China) recorded the temperature every
15 seconds. The photothermal stability of SIDR was assessed
through four heating-cooling cycles. ROS generation of the
SIDR nano-micelles was measured using DPBF as an indicator.
The IR825 suspension or SIDR suspension (IR825: 1, 2, 3, 4,
5 ug mL~ ") was mixed with 20 pL of DPBF solution, followed by
continuous NIR laser irradiation (808 nm, 1 W cm™>). The
fluorescence intensity of DPBF was measured at different
irradiation time points.

2.7. Cell culture

Murine 4T1 breast cancer cells and Panc02 pancreatic cancer
cells were cultured in RPMI 1640 and DMEM (HyClone),
respectively, supplemented with 10% (v/v) FBS (Gibco) and
100 IU per mL penicillin-streptomycin (Invitrogen). All cells
were cultured at 37 °C in a 5% CO, water-jacketed incubator
(Thermo Fisher Scientific, Massachusetts, USA). For hypoxic
treatment, cells were cultured at 37 °C in an 0,/CO,/N, water-
jacketed incubator (2% O, and 5% CO,).

2.8. Cellular uptake of SIDR

For fluorescence imaging, 4T1 breast cancer cells were seeded
on 6-well cell culture plates and cultured at 37 °C for 24 h.
Then, the cells were treated with free DOX or SIDR nano-
micelles (DOX: 5 pg mL ') and incubated for specified time
periods. Fluorescence images were captured using an inverted
fluorescence microscope (Olympus, Japan). To quantify the
cellular uptake of different samples, the cells were treated with
free DOX or SIDR nano-micelles (DOX: 5 pg mL™"). After
treatment, the cells were harvested, and the intracellular
fluorescence intensities were measured using a flow cytometer
(NovoCyte 2070, ACEA Bioscience, Inc., USA) at different incu-
bation time points.

2.9. Intracellular ROS measurements

To measure the intracellular ROS level in each group, we
utilized DCFH-DA as the ROS probe. DCFH-DA is inherently
non-fluorescent and can penetrate the plasma membrane,
where it is enzymatically hydrolyzed by intracellular esterases
to form dichlorodihydrofluorescein (DCFH). Upon reaction
with intracellular ROS, DCFH is converted into the green-
fluorescent compound 2'7’-dichlorofluorescein (DCF). Initially,
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4T1 cells subjected to various treatments were incubated with
10 uM DCFH-DA for 25 minutes in the dark at 37 °C with 5%
CO,. After washing with PBS, the intracellular fluorescence
intensities of DCF were assessed using an inverted fluorescence
microscope to assess the ROS levels and measured using a flow
cytometer (NovoCyte 2070, ACEA Bioscience, Inc., USA) at
different incubation time points.

2.10. Cytotoxicity of SIDR

The cytotoxicity of the SIDR nano-micelles upon NIR light
irradiation was evaluated using a CCK-8 assay. 4T1 cells were
initially seeded in 96-well cell culture plates and allowed to
adhere for 24 hours. Subsequently, cells were treated with
different concentrations of SIDR nano-micelles and incubated
for an additional 24 hours. After washing with PBS, the cells
were exposed to 808 nm light (1 W ecm™2). Following another
24-hour incubation period, 10 pL of CCK-8 solution was added
to each well and incubated at 37 °C for 2 hours. The optical
density (OD) at 450 nm was measured using a microplate reader
(IX71, Olympus, Japan), and the cell viability was calculated
using the formula: Cell viability (%) = (OD_Sample —
OD_Blank)/(OD_Control — OD_Blank) x 100%.

2.11. Animal model

For animal experiments, female BALB/c mice (20 + 2 g) and
C57BL/6 aged five weeks were purchased from Southeast
University Medical Center (Nanjing, China). All procedures
involving the handling and care of experimental animals were
conducted in compliance with the Guidelines for Care and Use
of Laboratory Animals of Southeast University and the Regula-
tions for the Administration of Affairs Concerning Experi-
mental Animals of China. To establish the tumor-bearing
mouse model, 5 x 10° murine 4T1 breast cancer cells or Panc02
pancreatic cancer cells (suspended in 75 pL of PBS) were
subcutaneously injected into BALB/c or C57BL/6 mice.

2.12. In vivo optical imaging and bio-distribution

Female BALB/c mice bearing the 4T1 breast cancer tumor
(~100 mm?®) were intravenously (i.v.) injected with 200 pL of
CY7.5-SDR or CY7.5-SD solution. The mice were placed under
deep anesthesia by continuously inhaling a mixture of oxygen
with isoflurane (5%). Fluorescence imaging was performed at
various time points (1, 3, 6, 9, 12, 24, 48, 72, and 120 hours post-
injection) using the IVIS Lumina XRMS Series III system
(PerkinElmer) with an excitation wavelength of 780 nm and
an emission wavelength of 840 nm. At 48 hours post-injection,
the mice were euthanized, and images of the vital organs were
captured.

2.13. In vivo therapeutic effect

4T1 tumor-bearing mice were randomly divided into nine
groups (n = 5): (1) saline: i.v. injected with 200 pL of saline;
(2) free DOX: i.v. injected with 200 pL of DOX (2 mg kg™ "); (3)
free SNX2112: i.v. injected with 200 uL of SNX2112 (2 mg kg™ );
(4) SIDR: i.v. injected with 200 pL of SIDR solution (IR825:
3 mg kg™ '); (5) laser: i.v. injected with 200 pL of saline with

7756 | J Mater. Chem. B, 2025,13, 7753-7768
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laser irradiation; (6) PDT (SIDR + Laser + Cold): i.v. injected
with 200 uL of SIDR solution (IR825: 3 mg kg™ ") and cooled by
ice during irradiation; (7) PTT (SIDR + Laser + Vc): i.v. injected
with 200 puL of SIDR solution (IR825: 3 mg kg™ ') and injected Ve
solution intra-tumoral before irradiation; (8) IDR + Laser: i.v.
injected with 200 pL of IDR solution with laser irradiation; (9)
SIDR + Laser: i.v. injected with 200 pL of SIDR solution with
laser irradiation. Panc02 tumor-bearing mice were randomly
divided into 8 groups, excluding the ‘radiation-only’ group.
Laser irradiation was performed using an 808 nm laser
(1 W em ™2, keep the temperature at 42 degrees for 3 min) at
48 hours post injection. The temperature changes at the tumor
areas were recorded using an infrared thermal imager. Tumor
volumes and the weights of mice were monitored every three
days for three weeks. Tumor volumes were calculated using the
formula: (width® x length)/2. To further evaluate the anticancer
outcomes, 4T1 tumor-bearing mice were sacrificed on day 14,
and their tumors were excised and fixed in 4% paraformalde-
hyde solution. The fixed tumors were then embedded in
paraffin, sectioned, and stained with hematoxylin and eosin
(H&E) and TdT-mediated-dUTP nick end labeling (TUNEL)
according to standard protocols. The expression of HSP90
and HIFla was detected by immunohistochemical staining.
To detect collagen in the tumor tissues, paraffin-embedded
tumor slides were stained with Masson’s trichrome stain by the
UNC Tissue Procurement Core. Images of the slides were
captured using a Nikon microscope with a 20x objective. To
evaluate the systemic toxicity of SIDR, mice were sacrificed on
day 14, and their major organs (heart, liver, spleen, lung, and
kidney) were excised and processed as described above.

2.14. Hematological indices and biochemical analyses

Blood samples were collected from treated mice (without tumor
inoculation) at days 1, 7, 14, and 30 post-injections. The blood
cells were analyzed using an automatic hematology analyzer
(BC-2800Vet, Mindray, China). Biochemical analyses were per-
formed using an automated biochemical analyzer (SMT-100 V,
Seamaty, China).

2.15. Statistical analysis

Results were expressed as mean + SD. For comparison within
two groups, an unpaired two-tailed ¢-test was used. For compar-
ison among multiple groups, one-way analysis of variance
(ANOVA) was used. GraphPad 7.0 was used for statistical
analysis. A P value of less than 0.05 was considered as a
significant difference.

3. Results and discussion

3.1. Preparation and characterization of pH-responsive SIDR

Amphiphilic polymer poly (B-amino esters)-poly (ethylene gly-
col)-maleimide (PAE-PEG-MAL) was employed to encapsulate
three hydrophobic drugs (near-infrared (NIR) dye IR825,
HSP90 inhibitor SNX2112 and chemotherapy drug DOX) by
spontaneous micellization in an aqueous solution, forming

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Characterization of SIDR nano-micelles. (A) Dynamic light scattering (DLS) analysis of SIDR. Inset: The transmission electron microscopy (TEM)
image (scale bar = 100 nm). (B) The stability of SIDR in different environments (ddH,O, PBS and RPMI 1640) for 7 days. (C) DOX release profiles from SIDR
nano-micelles under different pH conditions (pH = 6.5 and 7.4). (D) The photothermal profiles of IR825 and SIDR nano-micelles after laser irradiation
(IR825 concentration: 20 pg mL™Y). (E) The photothermal profiles of SIDR with various IR825 concentrations upon 808 nm irradiation. (F) The
photothermal capability of SIDR nano-micelles over four laser on/off cycles (IR825 concentration: 20 ug mL™?). (G) Relative absorbance of DPBF at
420 nm during ROS detection using an DPBF assay after different treatments (IR825 concentration: 5 ug mL™%. Vc: 1 mM). (H) Representative flow
cytometry histogram and (I) quantitative mean fluorescence intensities (MFls) derived from flow cytometric results in intracellular ROS detection by
DCFH-DA. L: with laser irradiation, 808 nm, 1 W cm™2. n = 3. Statistical significance was calculated using one-way ANOVA with Fisher's LSD test.

nano-micelles SNX2112@IR825@DOX-cRGD (SIDR), with the
polypeptide cRGD modified in the outer layer. The formation of
the SIDR nano-micelles was verified by transmission electron
microscopy (TEM) and dynamic light scattering (DLS) analysis,
revealing spherical and homogeneous micelles with a size of
about 50 nm (Fig. 1A), characterized by a narrow size distribu-
tion and zeta potential of 21 mV (Fig. S1A, ESIt). Moreover, the
stability of SIDR was evaluated by incubating them in different
environments such as PBS (pH 7.4), ddH,0, and RPMI-1640 cell
medium. The results showed that SIDR was well-dispersed and
exhibited excellent stability with minimal size change during
the 7-days treatment in different environments (Fig. 1B and
Fig. S1B, ESIt). To exemplify the self-assembly mechanism of
the nanomicelles, the TEM and DLS of Free DOX, DOX micelles
(micelles only loaded with DOX), SD micelles (micelles loaded
with SNX2112 and DOX), ID micelles (micelles loaded with

This journal is © The Royal Society of Chemistry 2025

IR825 and DOX), and SID (micelles loaded with SNX2112, IR825
and DOX) were examined. The TEM results showed that free
DOX presented a free state and did not take shape, which may
due to the free DOX being so small that it is not observable
under the TEM. After encapsulating DOX into the nanomi-
celles, a round shape with a diameter of about 15 nm was
observed. Upon co-encapsulation of SNX2112 or IR825, the
diameter of the nanomicelles increased until round micelles
with a diameter of 50 nm were visible after encapsulating all
three drugs (SNX2112, DOX, and IR825) into the nanomicelles
(Fig. S2, ESIY).

Due to its tertiary amine moiety, the PAE part can be
protonated at low pH. This increases its hydrophilicity, leading
to a shift in the micelle structure, which allows for the release
of the drug.?® Therefore, the release profiles of DOX from SIDR
in different pH environments (pH = 6.5, pH = 7.4 PBS) were
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investigated to ensure drug release under acid conditions.
Under physiological conditions (pH = 7.4), the drug release
was significantly lower compared to that at pH = 6.5 (tumor
tissue microenvironment) (Fig. 1C), with only about 1/6th of the
release observed in the acid environment within 24 hours.
However, the release rate of SIDR at pH = 6.5 was markedly
accelerated, with 80% of DOX released within 24 hours. This
property allows for specific drug release to occur in the acidic
TME, while minimized leakage occurs under normal physiolo-
gical conditions, thereby reducing systemic toxicity.

3.2. High photothermal conversion and ROS productivity
of SIDR

Owing to the strong NIR absorption of SIDR, the micelle can
serve as a PTT agent for tumor treatment. Compared to the
same concentration of IR825 alone, the temperature of SIDR
increased more noticeably within 3 minutes under the same
irradiation (808 nm, 1 W cm™?) (Fig. 1D and Fig. S3A, ESIY).
Moreover, in the SIDR group, the temperature increases
showed an obvious IR825 concentration-dependence and
time-dependence upon the same irradiation, whereas PBS
showed minimal changes (Fig. 1E and Fig. S3B, ESI{). Organic
NIR-absorbing dyes generally tend to photodegrade under
continuous laser irradiation, leading to a loss of their photo-
thermal properties."” However, SIDR showed good photostabil-
ity with only a slight decrease in its NIR absorbance after
40 minutes of laser irradiation (Fig. 1F), indicating that the
formation of nano-micelles effectively mitigates the photode-
gradation of IR825.

Under laser irradiation, SIDR converts the oxygen into
reactive oxygen species (ROS), many of which are the singlet
oxygen (0,).*” Then, the production of 'O, was examined using
the 'O, probe diphenylisobenzofuran (DPBF). In the presence
of '0,, DPBF undergoes a structural change, leading to a
decrease in absorbance at its ultraviolet absorption peak
(410 nm). Therefore, the degree of attenuation is indicative of
the 'O, content. A significant decrease in the absorbance value
of DPBF was observed with SIDR under laser irradiation com-
pared to DPBF alone under laser (Fig. 1G). This result suggests
that SIDR generates a substantial amount of 'O, under laser
irradiation. When vitamin C (Vc), a strong reducing agent,® was
co-cultured with SIDR, the attenuation of the DPBF absorbance
was reduced under laser, confirming that the decrease in the
DPBF absorbance is indeed due to the production of 'O,.
Furthermore, a positive correlation was observed between the
decrease in the DPBF absorbance and the concentration of
IR825 in SIDR (Fig. S4, ESI¥).

In addition, the intracellular ROS levels were detected using
the ROS probe dichlorofluorescein diacetate (DCFH-DA).
Fluorescence imaging (Fig. S5, ESIf) and flow cytometry
(Fig. 1H and I) analysis showed that cells in the ‘free
SNX2112, free DOX’ group and ‘free IR825 + L’ group exhibited
weak fluorescence due to insufficient ROS generation. In con-
trast, the ‘IDR + L’ group, which combined photochemother-
apy, showed stronger fluorescence. Remarkably, cells treated
with SIDR exhibited the strongest green fluorescence after laser
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irradiation. This enhanced ROS generation in the SIRD-treated
cell may be attributed to the inhibition of HSP90 by SNX2112,
resulting in increased ROS production during photochemother-
apy. Importantly, this effect can be blocked by Vc (1 mM). These
results together indicate that SIDR is more effective in generat-
ing ROS compared to the control groups, highlighting its
potential to enhance the efficacy of photodynamic therapy.
These results suggest that SIDR possesses excellent photo-
properties for cancer treatment.

3.3. Cytotoxicity and penetration of SIDR

The ayf; receptor is a cell-surface receptor of the cRGD peptide
and is often overexpressed on tumor neovascularization and
tumor cells, such as breast cancer cells and pancreatic cancer
cells.*® cRGD peptide-based nano-micelles can specifically bind
to awfs, followed by internalization into the cells.

To investigate the receptor-mediated targeted ability of
nano-micelles, SIDR was incubated with mouse 4T1 breast
cancer cells and observed under a fluorescence microscope.
Strong fluorescence was clearly observed from the 4T1 breast
cancer cells treated with the ‘SID + L’ and ‘SIDR + L’ groups for
4 hours, while little fluorescence was detected in the ‘free DOX’
group, suggesting that the formation of nanostructures
enhanced the internalization of drugs (Fig. 2A and Fig. S6, ESIY).
Moreover, the fluorescence signal of cells in the SID + L group
was higher than that in the SID group without irradiation,
indicating that phototherapy can facilitate the penetration of
chemotherapeutic agents. Subsequently, the results were further
analyzed by flow cytometry (Fig. 2B). The quantitative mean
fluorescence intensity (MFI) of the ‘SID + L’ group was lower
than that for the ‘SIDR + L’ group, confirming the enhanced
internalization of nano-micelles through the receptor-related
active targeting mechanism. Fluorescence imaging at different
time points and flow cytometry analysis of the MFI of the 4T1
breast cancer cells showed that the cell uptake of the SIDR nano-
micelles was positively time-dependent (Fig. S7, ESIt).

In addition, the results were further confirmed in a mice
model. Histological analyses were performed on the 4T1 tumor-
bearing mice treated with saline, free DOX, SID + L and SIDR +
L. Compared to the ‘free DOX’ group, there was an increased
local accumulation of DOX in tumors in the SID group. Notably,
the SIDR group specifically took up more DOX at the tumor site
(Fig. 2C). These results indicate that phototherapy can facilitate
the penetration of chemotherapeutic agents, and SIDR is an
excellent drug delivery system that is capable of carrying drugs
into tumor cells.

Next, the laser-activated cytotoxicity of the SIDR was
assessed in vitro. The effects of SIDR on TNBC cell lines (4T1
breast cancer cells) and pancreatic cancer (PC) cell lines
(Panc02 pancreatic cancer cells) were investigated to verify that
SIDR can work in different solid tumors. The cell viability
exceeded 90% after incubating 4T1 breast cancer cells (Fig.
S8A, ESIt) and Panc02 pancreatic cancer cells (Fig. S8B, ESIt)
with blank micelles (the micelles without drugs), indicating
the excellent bio-safety of the polymer hydrophobic shell. The
phototoxicity of all other groups was dose-dependent (Fig. 2D).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Cell uptake and cytotoxicity promoted by SIDR in 4T1 cells. (A) Fluorescence images of 4T1 cells incubated with free DOX, SID, SIDR, SID + L and
SIDR + L (scale bar = 30 pm). (B) Quantitative mean fluorescence intensities (MFI) derived from the flow cytometric results in (A). (C) Representative
images of DOX accumulated in the 4T1 tumor tissue (scale bar = 20 um, red: DOX, green: CD31, and blue: DAPI). (D)-(G) Relative viability of 4T1 cells with
different treatments (L: with laser irradiation, 808 nm, 1 W cm™2, 3 min; unit: ng, and medium volume: 200 pl), which indicate (D) the effect of micelles
only, (E) PTT, (F), and (G) micelles under irradiation. Vc: 1 mM, L: with laser irradiation, 808 nm, 1W cm™2.n > 3, *P < 0.05, **P < 0.01, and ***P < 0.001.
Statistical significance was calculated using one-way ANOVA with Fisher’s LSD test.
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There was no significant difference in the efficacy of SIDR and
IDR in the absence of laser irradiation. This is possibly due to
the inability of in vitro experiments to fully simulate the
complex microenvironment (such as low pH) of tumors
in vivo. Meanwhile, the cold environment and Vc were used
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to counteract the role of thermogenesis and ROS, respectively,
for our assessment of the SIDR single efficacy. Compared with
the IDR group, the photothermal killing rate of SIDR was
increased by about 20% (Fig. 2E), and the ROS killing rate of
SIDR was increased by about 14% (Fig. 2F). It is worth noting
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Fig. 3 Assessment of the penetration ability by SIDR in vivo and ex vivo. (A) In vivo fluorescence images of 4T1 tumor-bearing mice taken at different
time points after the intravenous injection of saline, CY7.5-SD, CY7.5-SDR. (B) Average fluorescence intensities of tumor areas, as partially shown in A. (C)
Ex vivo fluorescence images of major organs and tumors excised from mice at 48 h after i.v. injection with saline, CY7.5-SD, and CY7.5-SDR. (D) Average
fluorescence intensities of tumor areas, as partially shown in C. n = 3. Statistical significance was calculated using one-way ANOVA with Fisher's LSD test.
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that the killing effect of SIDR on cells after irradiation was
significantly better than that of IDR, indicating that SNX2112 can
significantly improve the cytotoxicity of SIDR on cells (Fig. 2G).
Similar results were observed in Panc02 pancreatic cancer cells,
confirming the efficacy of SIDR in both cell lines (Fig. S9, ESIT).

3.4. Accumulation and biodistribution of SIDR in tumor models

RGD peptides achieve targeted delivery by specifically binding
to integrin o,fB; receptors. Integrin receptors are highly
expressed on the surface of tumor neovascular endothelial cells
and solid tumors such as TNBC, while their expression is low in
normal tissues.***° PEG-PAE is protonated in the acidic micro-
environment of tumors, which results in the disruption of
micellar structure and release of the drug. RGD-mediated active
targeting ensures that the micelles are efficiently enriched at
the tumor site, and pH sensitivity triggers the release of the
drug thereafter. Through the active targeting of RGD and the
intelligent response of the pH sensitivity, the nanomicelles
were able to adapt to the characteristics of the tumor micro-
environment for efficient drug delivery and controlled release.

The encapsulation of the peripheral polymer micelles and
the hydrophobic aggregation of IR825 itself could lead to
aggregation fluorescence quenching.*"*> As such, the concen-
tration of drug aggregation reflected by the fluorescence signal
of the nano-micelles was far less than the actual concentration.
To address this, we used polymer CY7.5-PEG2000-PAE to pre-
pare nano-micelles as fluorescent imaging substitutes (CY7.5-
SDR, CY7.5-SD).

The fluorescence images of saline, CY7.5-SD and CY7.5-SDR
were monitored at different time points after being intravenously
injected into 4T1 tumor-bearing mice to decode the biodistribu-
tion behavior of the nano-micelles in vivo. The fluorescence
signal was observed at the tumor site for the CY7.5-SDR group
within 1 hour (Fig. 3A). Moreover, the fluorescence intensity at
the tumor site gradually increased within 48 hours after injec-
tion. Even at 120 hours post-injection, the tumor exhibited
significant fluorescence, indicating the excellent tumor enrich-
ment and long-term tumor retention of CY7.5-SDR, as evidenced
by the fluorescence quantitative analysis (Fig. 3B). Then, mice
were sacrificed at 48 hours post-injection to harvest the tumor
tissues and organs for in vitro fluorescence imaging (Fig. 3C).
The fluorescence signal of the control group was negligible.
In contrast, the CY7.5-SDR group showed an intense fluores-
cence signal in the tumor tissue, with a 13.4-fold higher accu-
mulation in the tumor compared to the group without cRGD
peptides. The quantitative analysis data confirmed this result
(Fig. 3D). The outstanding tumor-targeting ability of CY7.5-SDR
or SIDR was closely related to the modified RGD peptide, which
prolonged blood circulation, achieved the targeting effect, and
significantly enhanced tumor penetration.

3.5. In vivo photothermal conversion properties and
antitumor efficacy of SIDR

The photothermal conversion properties of SIDR were further
investigated 48 hours post-injection in vivo. Since TNBC and PC
have multiple aspects in common (e.g., both have dense fibrotic

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
mesenchyme, which significantly impedes drug penetration***%),
both produce large amounts of lactic acid, resulting in an acidic
tumor microenvironment.*>*® Furthermore, both exhibit hypoxic
characteristics, promoting the expression of factors such as
HIF10."” These features led to further use of the PC mouse model
in subsequent studies to further validate the therapeutic effect
of SIDR.

For 4T1 or Panc02 tumor-bearing mice injected with SIDR,
the tumor temperature rapidly increased after irradiation,
reaching the highest temperature over 45 °C (Fig. 4A and B),
which meets the requirements of tumor photothermal therapy.
By contrast, no obvious change in tumor temperature was
observed in the saline group. The results from the Panc02-
tumor models further confirmed these findings (Fig. 5A and B),
suggesting that SIDR can effectively induce hyperthermia in
tumor tissues. Furthermore, an infrared thermal imager was
used to analyze the ‘SIDR + L’ group in addition to the ‘Ve-
treated’ or ‘Cold-treated’ groups. The ‘SIDR + L + Cold’ group,
which uses cold treatment to prevent the temperature from
rising, represents the PDT group, while the ‘SIDR + L + V¢’
group, which uses Vc to block ROS production, represents the
PTT group.

The results showed that in the 4T1 and Panc02 tumor
models, the local temperature change of the tumor in the
photodynamic group was nearly identical to that of the saline
group (P > 0.05). Meanwhile, the local change of the tumor in
the photothermal group was similar to that of the ‘SIDR + L’
group (P > 0.05), and significantly different from that of the
saline group (P < 0.0001). This suggests that the local change
of the tumor induced by SIDR was mainly caused by the
photothermal effect.

In subsequent treatment trials, the local temperature of the
tumor was kept at 42 °C for 3 minutes to reduce damage to
healthy tissues from thermal injury.

The in vivo synergistic therapeutic efficiencies of SIDR nano-
micelles were assessed using 4T1 and Pan02 tumor-bearing
mice (Fig. 4C and 5C). For the saline or only laser-treated mice,
the tumor volume grew rapidly during treatment. Compared
with the ‘free DOX’ group, the ‘SIDR-treated’ group without
laser irradiation showed better tumor inhibition (Fig. 4D). This
may be related to the tumor targeting and high tumor accu-
mulation of nano-micelles, indicating that the nano-micelles
can effectively enhance the anticancer effect of chemotherapy
drugs. Compared to PTT or PDT monotherapy, the combi-
nation of PTT and PDT was observed to be more effective in
inhibiting tumor growth (Fig. 4D group f or g v.s. group h).
Notably, compared with the IDR nano-micelles without the
HSP90 inhibitor SNX2112, the tumor inhibition effect was more
pronounced in the SIDR group after irradiation. This indicates
that the HSP90 inhibitor plays an important role in enhancing
the efficacy of tumor phototherapy (Fig. 4D group h vs. group i).
More promisingly, the tumor volume and weight in the ‘SIDR
after laser’ group measured at the endpoint (14 days post-
treatment) were the smallest and even close to zero (Fig. 4E).
Hematoxylin and eosin (H&E) staining of tumor slices con-
firmed these results, showing that the tumor tissue of ‘SIDR
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Fig. 4 In vivo thermal imaging and antitumor evaluation in 4T1 tumor-bearing mice. (A) Temperature changes and (B) thermal images of tumor regions
after intravenous injection with saline, SIDR, SIDR + cold or SIDR + Vc upon continuous laser irradiation for 6 min, n = 3. (C) Schematic of the treatment
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0.01. L: with laser irradiation, 808 nm, 1 W cm™2. Statistical significance was calculated by the two-sided t test in B, and one-way ANOVA with Fisher's LSD
test in D.
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Fig. 5 In vivo thermal imaging and antitumor activity evaluation in Panc02 tumor-bearing mice. (A) Temperature changes and (B) thermal images of
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with laser irradiation, 808 nm, 1 W cm™2. Statistical significance was calculated using two-sided t test in B and one-way ANOVA with Fisher's LSD test in D.

after laser’ treated mice was completely eradicated (Fig. 4F). mice model (Fig. 5D-F). TUNEL staining also showed a large
Similar results were obtained in the Panc02 tumor-bearing sheet of green fluorescence in the ‘SIDR after laser’ group
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Fig. 6 SIDR inhibited the HSP90-HIFla pathway and reduced the fiber barrier. (A) Representative immunohistochemistry (IHC) images and qualification
(B) of HIFla in tumor tissue sections 14 days after injection of different treatments in 4T1 tumor-bearing models, n = 3, scale bar = 100 pm. (C) HIF1a
detection through enzyme-linked immunosorbent assay (ELISA) using 4T1 tumor, n = 5. (D) HIFla, ERK1/2 and p-ERK1/2 detection using western blot
(WB) using 4T1 cells in 2% O, conditions. (E) HIFla detection via WB using 4T1 tumor 14 days after injection of different treatments in 4T1 tumor-bearing
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tumor tissue sections 14 days after injection of different treatments in 4T1 tumor-bearing models, scale bar = 100 pm. Statistical significance was
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(Fig. S10, ESIt). These results indicate that SIDR-mediated
synergistic photothermal, photodynamic and chemotherapy
can efficiently inhibit tumor growth and almost achieve com-
plete tumor regression.

3.6. Toxicity and safety evaluation

The long-term retention of SIDR in vivo was assessed through
hematological indices and biochemical analysis of non-tumor-
bearing mice treated with SIDR on days 1, 7, 14, and 30 post-
injection. No significant differences were observed in the values of
white blood cells (WBC), red blood cells (RBC), hemoglobin
(HGB), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration
(MCHC), glutamate pyruvate transaminase (ALT), aspartate ami-
notransferase (AST), urea and creatinine (CREA) between the
reference values and those of mice treated with SIDR (Fig. S11A,
ESIt). On day 14, the main organs of the mice were harvested and
stained with H&E to investigate the potential in vivo toxicity
(Fig. S11B, ESIY). All treatment groups exhibited no evident
pathological abnormalities in the main organs, indicating that
SIDR did not induce obvious systemic toxicity. In vivo toxicity of
SIDR was further investigated by monitoring the body weight
change of the mice. Throughout the study period, mice in all
groups showed no loss of body weight (Fig. S11C, ESIt), indicating
acceptable biocompatibility of all treatments. Overall, these
results clearly demonstrate that SIDR has the potential to be a
safe nano-micelle for cancer therapy.

3.7. SIDR enhances the effect of photothermal combined
photodynamic therapy by suppressing the HSP90-HIF1a
pathway

To further investigate the mechanism of SIDR for solid tumors,
we examined its impact on the HSP90-HIF1a pathway. HSP90 is
a key molecule involved in client protein folding and function
within cells.*® Many HSP90 client proteins promote tumor
growth, tissue remodeling, and metastasis.”® One such client
protein, HIF1a, actively participates in tissue remodeling®~°
and is overexpressed in desmoplastic tumors, such as TNBC
and PC, which is characterized by abundant fibrous tissue
infiltration around the tumor.>® Clinical studies have shown
elevated hypoxia levels in these tumors, quantified by HIF1o
expression, which is significantly correlated with poor
prognosis.>® This hypoxic microenvironment promotes col-
lagen synthesis and accumulation,? leading to desmoplastic
tumors that are more resistant to therapy.*"*>

Therefore, the expression of HSP90 client proteins was
investigated, including HIF1a, ERK1/2 and ERK1/2 phosphorylated
forms (p-ERK1/2). Their expression was used to reflect the activity
of HSP90.>** HIF1a expression was firstly examined using immu-
nohistochemistry (IHC) (Fig. 6A and B and Fig. S12, ESIf) and
enzyme-linked immunosorbent assay (ELISA) (Fig. 6C and Fig. S13,
ESIt). The ‘saline’ and ‘IDR + L’ groups showed high HIFla
expression in tumor tissue derived from the 4T1 and Panc02
tumor-bearing mice, which was significantly alleviated by irra-
diated or non-irradiated SIDR treatment. Moreover, western blot
(WB) analysis further revealed that treatment with free SNX2112
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inhibited HSP90 activity, and decreased HIF1a accumulation and
P-ERK1/2 levels in 4T1 cells. Meanwhile, encapsulation of SNX2112
into the SIDR nano-micelle did not affect the effect (Fig. 6D). The
results were further validated in 4T1 and Panc02 tumor tissues
(Fig. 6E and Fig. S14 and S15, ESIt).

Collagen accumulation by Masson staining was also assessed.
The ‘SIDR + L treated’ groups exhibited a significant decrease in
collagen content compared to the untreated group (Fig. 6F and
Fig. S16, ESIf), which is beneficial for desmoplastic tumors.”?
These results suggested that SIDR can inhibit the HSP90-HIF1a
pathway and induce stromal remodeling of TNBC and PC. In
conclusion, SIDR enhances the combined effect by inhibiting the
HSP90-HIF1a pathway, reducing heat resistance, increasing ROS
production, and breaking down the fibrous barrier around
tumors to improve drug penetration and therapeutic efficacy.

4. Conclusion

We have developed a pH-responsive nano-micelle that co-
encapsulates HSP90 inhibitors (SNX2112), chemotherapeutic
agents (DOX), and photosensitizers (IR825) for effective TNBC
therapy. Despite advancements in cancer treatment, patients
with TNBC often face challenges in achieving complete remis-
sion. The presence of a tumor barrier, including collagen,
limits the penetration of chemotherapeutic agents within the
tumor. While photothermal and photodynamic therapy have
shown promise in improving tumor permeability, they also
present new challenges. During photothermal therapy, tumors
can develop a defense mechanism by upregulating HSP90
expression. This can lead to resistance to therapy, necessitating
longer or more intense light exposure. As a result, localized
temperatures can increase to values above 50 °C,>">*
be harmful to the surrounding healthy tissues. Additionally,
HSP90 is a molecular chaperone, and its client proteins con-
tribute to the inhibition of therapeutic effects and promotion of
tumor proliferation in the tumor microenvironment. For example,
HIF1o, a client protein of HSP90, can affect ROS levels and protect
tumor cells. Combining HSP90 inhibitors with photosensitizers
represents a promising approach to enhance the anti-TNBC
efficacy. By targeting HSP90, this nano-micelle system aims to
overcome resistance mechanisms and improve the effectiveness
of therapy against solid tumors in a bio-safe and effective manner
at a mild temperature (42 °C).

Current studies have designed diagnostic-integrated, multi-
mechanism synergistic nanomicelles capable of triggering drug
release or size conversion via pH, ultrasound, or photothermal
pathways for precision diagnosis and treatment.>>® In this
study, SIDR nano-micelles were bound to cRGD-targeted pep-
tides via pH-responsive release, reducing the off-target toxicity
of the drug. In addition, by inhibiting the HSP90-HIF1a path-
way, the chemotherapeutic effect of DOX and the photothermal
effect of IR825 were enhanced, thus reaching the therapeutic
effect on TNBC at mild temperatures. We used TNBC as the
first therapeutic model. Meanwhile, to demonstrate the broad
applicability of SIDR, a model of PC was established. In vivo and

which can
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ex vivo imaging studies demonstrated that SIDR rapidly
detected o,fB; on neovascularization and TNBC cells following
intravenous injection, thereby facilitating the entry of SNX2112,
DOX, and IR825 into the TME. It dramatically increased tumor
accumulation in multiple tumor xenograft models of the CY7.5-
SDR compared to the CY7.5-SD group. cRGD-targeted peptide
and pH-responsive properties augmented the specificity of the
nano-micelle, and SNX2112 was efficiently released from the
nano-micelle in the acidic TME without compromising its
inhibitory effect on HSP90. Thus, the ROS-generating and
photothermal conversion properties of IR825 were enhanced
and the accumulation of DOX was promoted within tumors.
The results of the antitumor experiments in the TNBC and
PC animal models demonstrated that SIDR + L treatment
profoundly inhibited the tumor growth. The results of IHC,
WB, and ELISA showed that SIDR treatment inhibited the
activity of HSP90 and reduced the aggregation of HIFla in
tumors. Thus, engineered SIDR can effectively target solid
tumors and enhance photochemical potency by combined PDT
and PTT efficacy to suppress primary tumor growth. NanoDDS
can be activated by increased delivery and specificity of che-
motherapeutic agents, as evidenced by the effective eradication
of solid tumor therapy by SIDR in preclinical models.

Nano-micelles, with their drug-loading maneuverability and
pH-sensitive properties, provide a versatile platform for drug
co-delivery and controlled drug release. This platform reduces
drug leakage in the circulation and avoids toxic effects, without
requiring complex custom modifications or alterations. In
addition to SNX2112, DOX and IR825, this smart nano-system
can administer a variety of other therapeutic drugs. The nano-
micelles can co-encapsulate multiple drugs, allowing different
drugs to act synergistically to improve therapeutic efficacy.

In conclusion, our study provides an improved approach via
combined therapy to enhance the penetration of chemothera-
peutic agents into solid tumors and augment photothermal and
photodynamic therapy using HSP90 inhibitors. These findings
may be promising for other types of malignancies therapies.
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