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Abstract: Nanodelivery systems combining photothermal therapy (PTT) and chemotherapy (CT),
have been widely used to improve the efficacy and biosafety of chemotherapeutic agents in cancer.
In this work, we constructed a self-assembled nanodelivery system, formed by the assembling of
photosensitizer (IR820), rapamycin (RAPA), and curcumin (CUR) into IR820-RAPA/CUR NPs, to
realize photothermal therapy and chemotherapy for breast cancer. The IR820-RAPA/CUR NPs
displayed a regular sphere, with a narrow particle size distribution, a high drug loading capacity, and
good stability and pH response. Compared with free RAPA or free CUR, the nanoparticles showed
a superior inhibitory effect on 4T1 cells in vitro. The IR820-RAPA/CUR NP treatment displayed
an enhanced inhibitory effect on tumor growth in 4T1 tumor-bearing mice, compared to free drugs
in vivo. In addition, PTT could provide mild hyperthermia (46.0 ◦C) for 4T1 tumor-bearing mice, and
basically achieve tumor ablation, which is beneficial to improving the efficacy of chemotherapeutic
drugs and avoiding damage to the surrounding normal tissue. The self-assembled nanodelivery
system provides a promising strategy for coordinating photothermal therapy and chemotherapy to
treat breast cancer.

Keywords: nanodelivery system; rapamycin; curcumin; chemo-phototherapy; breast cancer

1. Introduction

Breast cancer is one of the most prevalent malignant tumors in the world, with a
high mortality rate (15%), ranking second among American female cancer patients [1].
Human epidermal growth factor receptor 2 (HER-2), overexpressed in breast cancer, pro-
motes tumor cell proliferation and invasion by activating the phosphatidylinositol 3-kinase
(PI3K)/Akt/mammalian rapamycin target (mTOR) pathway [2]. The mammalian target
of rapamycin (mTOR) regulates basic cellular processes, including protein synthesis and
cell proliferation, growth, and metabolism, which plays a critical role in the progression
of breast cancer [3–6]. Therefore, mTOR inhibitors have been proposed for treating breast
cancer [7,8]. Among them, rapamycin is a natural macrolide drug with antifungal, anti-
angiogenesis, and immunosuppressive activities. However, since rapamycin is only able
to specifically block the mTOR C 1 complex, its clinical efficacy remains limited, and it is
always used in combination with other antineoplastic drugs [9,10].

Curcumin, a natural compound extracted from turmeric, is widely used for its anti-
inflammatory, anticancer and anti-infection properties [11–13]. Curcumin is a potential
target inhibitor of the mTOR pathway, by inhibiting the mTOC 1 and mTOC 2 com-
plexes [14–17]. In a study investigating the effects of rapamycin and curcumin on epilepsy,
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curcumin mitigated for the insufficiency of rapamycin with its anti-inflammatory and an-
tioxidation effects [18]. In addition, a clinical study showed that rapamycin and curcumin
decreased anti-apoptotic bcl-2 levels, which has important clinical significance in the treat-
ment of B-CLL [19]. Accordingly, curcumin can be used as an adjuvant chemotherapeutic
agent for rapamycin.

At present, the main treatment for breast cancer is still chemotherapy. The first-line
drug used for targeted therapy against HER-2 is trastuzumab, which has been shown
to exert a curative effect through the induction of antibody-dependent cytotoxicity [20].
Although trastuzumab combined with chemotherapy reduces the recurrence rate of HER-
2-positive tumors, the cancer, in many patients, has exhibited primary or acquired resis-
tance [21]. At the same time, a clinical trial showed that the combination of the rapamycin
derivatives, everolimus and trastuzumab, for early breast cancer patients, not only failed
to improve the clinical efficacy of trastuzumab, but triggered corresponding toxic side
effects [22]. Given the shortcomings of chemotherapeutic drugs, treatment methods that
can enhance the efficacy of chemotherapy need to be further explored, in order to improve
patient quality of life [23].

As one of the current clinically representative and non-invasive anticancer therapies,
photothermal therapy has shown potential as an adjuvant therapy [24–26]. Under external
near-infrared light irradiation, the light energy can be converted into local heat by photo-
sensitizers (platinum, gold, iodide, etc.), causing hyperthermia to ablate cancer cells [27–29].
Particularly, some small molecule dyes have significant NIR fluorescence imaging proper-
ties, and can therefore be used for photothermal therapy with multimodal imaging [30,31].
Among them, the representative indocyanine green (ICG), an FDA-approved near-infrared
imaging agent, has been used as a photothermal agent for photothermal therapy [32,33].
As an analog of ICG, IR820 has the advantages of increased near-infrared absorption wave-
lengths and higher stability than ICG, and is also used as a well-behaved photosensitizer
for photothermal therapy [34].

Nanodelivery systems including liposomes, inorganic nanoparticles, polymer nanopar-
ticles, etc., exhibit great advantages in integrating chemotherapy with photothermal ther-
apy, which has become an available technique for breast cancer [35–39]. On the one hand,
nanosystems provide a variety of ways for the precise and controlled delivery of therapeu-
tic drugs, by responding to external triggers, such as a thermal response, light response,
or pH response [40,41]. On the other hand, nanoparticles (NPs) can be enriched in tumors
more effectively, on account of the enhanced permeability and retention (EPR) effect [42].
In previous studies, we utilized nanoparticles IR780/DTX-PCEC@RBC to provide PTT for
targeted imaging and ablating of MCF-7 bearing tumors, which enhanced the cytotoxicity
of the chemotherapeutic drug docetaxel [43]. The combination of PTT and chemotherapy
could enhance the sensitivity of cancer cells to chemotherapeutic drugs, showing great
potential in cancer therapy and in overcoming tumor resistance [44,45].

This study utilizes the indocyanine green analog IR820, rapamycin (RAPA), and
curcumin (CUR), to build a new nanodelivery system and achieve the purpose of combining
photothermal therapy and chemotherapy for breast cancer.

2. Materials and Methods
2.1. Materials

Rapamycin was purchased from Dalian Meilun Biological Technology Co., Ltd. (Dalian,
China). IR820, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), poly-
oxide castor oil, and coumarin 6 were supplied from Sigma-Aldrich (Shanghai, China).
Dimethyl sulfoxide (DMSO), Tween 80 (medical-grade), and curcumin were obtained from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). RPMI 1640 and trypsin
were purchased from HyClone (Logan, UT, USA). Fetal bovine serum (FBS) was purchased
from Life Technologies GmbH (Darmstadt, Germany). Saline was purchased from Sichuan
Kelun Pharmaceutical Co., Ltd. (Chengdu, China).
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2.2. Preparation of the IR820-RAPA/CUR NPs

The nanoparticles were prepared by the self-assembly method. Briefly, a mixture
including 6 mg RAPA and 3 mg CUR was dissolved by DMSO. Then the above solution
was dropped into 3 mL of IR820 aqueous solution (1 mg/mL) with vigorous stirring
(900 rpm/min) for 90 min. Next, the reaction solution was transferred to an activated
dialysis bag (WM: 1000 KD), and immersed in 2 L deionized water for dialysis for 4 h. All
of the fluid on the outside of the dialysis bag was replaced every 1 h. Finally, the IR820-
RAPA/CUR NPs were obtained after centrifugation (10,000 rpm, 10 min) and resuspension
with deionized water.

2.3. Characterization of the IR820-RAPA/CUR NPs

The particle size, polymer dispersity index (PDI), and potential of the NPs were de-
tected by a dynamic light scattering instrument (Nano-ZS90, Malvern, UK). The particle
size stability of the IR820-RAPA/CUR NPs in different temperatures and medias was inves-
tigated. The morphology of the nanoparticles was characterized by a transmission electron
microscope (TEM) (Tecnai G2 F20 S-TWIN, FEI, Columbia, SC, USA) and a scanning
electron microscope (SEM) (Gemini 300, Carl Zeiss AG, Oberkochen, Germany). The crys-
tallinity and chemical bonds of the free RAPA, free IR820, free CUR and IR820-RAPA/CUR
NPs were examined by X-ray diffraction (XRD) (DX-2700BH, PANalytical B.V., Almelo,
The Netherlands) and Fourier-transform infrared (FTIR) (Nicolet 6700, Thermo Scientific,
Waltham, MA, USA), respectively. The Ultraviolet (UV) profiles of the free IR820, free
CUR, free RAPA, and the IR820-RAPA/CUR NPs were scanned by a UV spectrophotome-
ter (Specord 50 plus, Analytik Jena AG, Jena, Germany). The absorbance changes of the
nanoparticles within a week were examined. The loading efficiency (LE) of the rapamycin
was detected by the HPLC method. The conditions of the HPLC detection were as follows,
acetonitrile and pure aqueous solution as the liquid phase (66% of acetonitrile, 34% of pure
water), a UV detection wavelength of 278 nm, a sample intake volume of 10 µL, a flow rate
of 1.0 mL/min, and a column temperature of 40 ◦C.

2.4. In Vitro Release

The in vitro release of the RAPA and CUR was investigated. First, 1 mL of IR820-
RAPA/CUR NPs was put into a dialysis bag (WM: 8000–14,000 KD) and immersed in 20 mL
of PBS solution (pH = 5.5 or pH = 7.4), containing 0.1% (v/v) of Tween 80, with thermostatic
shaking (100 rpm, 37 ◦C). The release fluids were taken, to detect the content of RAPA and
CUR. The cumulative release amount (CA) was calculated according to Equation (1).

CA(%) =
Mt

Mtotal
× 100% (1)

In this equation, Mt stands for the amount of the drug released from the nanoparticles
at different times, and Mtotal stands for the total amount of the drug in the nanoparticles.

2.5. Photothermal Performance of the IR820-RAPA/CUR NPs

First, volumes of 0.5 mL of PBS, free IR820, and IR820-RAPA/CUR NPs solutions
(IR820: 20 µg/mL) were added into 1 mL Eppendorf tubes, and irradiated with a near-
infrared laser (808 nm, 1.0 W/cm2), for 5 min. The temperature changes and near infrared
images were captured every 30 s, using an infrared thermal imaging camera (Tis20, Fluke
Corporation, Everett, WA, USA).

In addition, different IR820 concentrations of IR820-RAPA/CUR NPs, and differ-
ent laser powers, were used, according to the same method, to investigate the tempera-
ture changes.

2.6. In Vitro Studies

Murine-derived breast cancer cells 4T1 were a gift from Prof. Jinrong Peng at the
State Key Laboratory of Biotherapy and Cancer Center, West China Hospital, Sichuan
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University (Chengdu, China). The cells were cultured in RPMI 1640, containing 10% FBS
and 1% penicillin and streptomycin, with a CO2 incubator (37 ◦C, 5% CO2).

2.6.1. Cytotoxicity Assay

The 4T1 cells were implanted into 96-well plates (5 × 103 cells/well). After the cells
were fully adhered, 100 µL of free IR820, free RAPA, free CUR, RAPA + CUR, and IR820-
RAPA/CUR NPs, diluted with culture medium to various concentrations, were added to
each well. An MTT assay was executed after incubation for 24 h. Then, a microplate reader
(VICTOR Nivo™, Perkinelmer, Inc., Waltham, MA, USA) was applied, to detect the optical
density (OD) values. The synergy indexes (CI) of the RAPA and CUR were calculated using
the CompuSyn software 2.0.

2.6.2. Cellular Internalization

In order to compare the differences between the small molecule drugs, the small
molecule self-assembly systems, and the polymer micelles entering the 4T1 cells, we
fluorescently labeled the IR820-RAPA/CUR NPs and polymer micelles with coumarin 6
(C6). The preparation of the micelles referenced the research of Zhang et al. [46]. Then, the
4T1 cells, seeded in 6-well plates, were treated with coumarin-labeled IR820-RAPA/CUR
NPs (NPs-C6), coumarin-labeled micelles (micelles-C6), and free coumarin 6 for 0.5 h, 1 h,
and 4 h, respectively. The cells were washed and then observed by microscopy (Olympus
IX 83, Olympus Optical Company Ltd., Tokyo, Japan).

2.6.3. Cell Apoptosis

The 4T1 cells seeded in 6-well plates were treated with DMEM, free RAPA, free CUR,
RAPA + CUR, and IR820-RAPA/CUR NPs. The IR820-RAPA/CUR NPs + laser group was
irradiated with near-infrared light (808 nm, 1 W/cm2, 5 min) at 20 h, and then returned
to the incubator for another 4 h. The cells in the well plates were digested with trypsin
without ethylenediaminetetraacetic acid disodium salt (EDTA-2Na). The collected cells
were washed, and treated by an apoptosis kit. Finally, the apoptosis of the cells was
detected by flow cytometry (NovoCyte 3130, ACEA Biosciences Inc., San Diego, CA, USA).

2.7. In Vivo Studies
2.7.1. In Vivo Animal Tumor Models

Balb/c female mice (18–20 g) were provided by Chengdu Dashuo Experimental
Animal Co., Ltd. (Chengdu, China). All animals were handled in accordance with the
protocol procedures approved by the Ethics Committee of Chengdu Medical College
(2021–2022). Each mouse was subcutaneously injected with 2 × 106 4T1 cells, in the right
flank, for modeling.

2.7.2. In Vivo Photothermal Performance of IR820-RAPA/CUR NPs

The 4T1 tumor-bearing mice were injected intravenously with saline and IR820-
RAPA/CUR NPs (IR820: 1.5 mg/kg), respectively. After 24 h administration, the mice were
anesthetized by intraperitoneal injection of 200 µL of 5% (w/v) chloral hydrate. All mice
were irradiated by an 808 nm near-infrared light (1.5 W/cm2) for 5 min. The near infrared
images and temperature changes were recorded by an infrared imaging device.

2.7.3. Antitumor Efficacy and Histopathological Analysis

The mice were divided into four groups (n = 3), to evaluate the chemotherapy and
photothermal therapy: (1) PBS; (2) free RAPA + free CUR (RAPA: 9.0 mg/kg and CUR
6.0 mg/kg); (3) IR820-RAPA/CUR NPs (RAPA: 9.0 mg/kg, and CUR 6.0 mg/kg); and
(4) IR820-RAPA/CUR NPs with laser (RAPA: 9.0 mg/kg, and CUR 6.0 mg/kg). All
experimental groups were administered therapy on days 0, 2, 4, and 7, and PTT was
performed the day after the first administration. The body weight and tumor size of all
mice were measured every two days.
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On the twelfth day after drug administration, mice were euthanized, and their tu-
mor and major organs (hearts, livers, spleens, lungs, and kidneys) were removed for
histopathological analysis.

2.7.4. In Vivo Drug Dose Investigation

To evaluate the effect of the nanoparticle concentration on the chemotherapy and pho-
tothermal therapy, the mice were divided into 7 groups: (1) saline; (2) IR820-RAPA/CUR
NPs (RAPA: 4.5 mg/kg and CUR 3.0 mg/kg); (3) IR820-RAPA/CUR NPs (RAPA: 4.5 mg/kg
and CUR 3.0 mg/kg) with laser; (4) IR820-RAPA/CUR NPs (RAPA: 9 mg/kg and CUR:
6 mg/kg); (5) IR820-RAPA/CUR NPs (RAPA: 9 mg/kg and CUR: 6 mg/kg) with laser;
(6) IR820-RAPA/CUR NPs (RAPA: 18 mg/kg and CUR: 12 mg/kg); and (7) IR820-RAPA/
CUR NPs (RAPA: 18 mg/kg and CUR: 12 mg/kg) with laser. All experimental groups were
administered therapy on days 0, 2, 4, and 7, and PTT was performed in the (3), (5), and
(7) groups the day after the first administration. The body weight and tumor size of 4T1
tumor-bearing mice were recorded.

3. Results
3.1. Characterization of the IR 820-RAPA/CUR NPs

In this study, we prepared a novel nanodrug, IR820-RAPA/CUR NPs, via a self-
assembly approach (Figure 1). The IR820-RAPA/CUR NPs possessed a uniform size, of
109.6 ± 1.73 nm, and that of the PDI was 0.25 ± 0.024 (Figure 2A). The surface charge of the
IR820-RAPA/CUR NPs was −20.03 ± 0.48 mV. The LE (%) of the RAPA, CUR, and IR820 in
the IR820-RAPA/CUR NPs were 34.94 ± 0.048%, 26.69 ± 0.53%, and 38.38 ± 0.50%, respec-
tively. The transmission electron microscope (Figure 2B) and scanning electron microscope
(Figure 2C) results showed that the IR820-RAPA/CUR NPs presented a smooth spherical
surface. The UV spectrum of the IR820-RAPA/CUR NPs showed typical absorption peaks
at 278 nm, and 426 nm for RAPA, and CUR, respectively (Figure 3C). The free IR820 had
a maximum absorption at ~692 nm. However, the IR820-RAPA/CUR NPs absorption
spectrum underwent a significant redshift, with absorption peaks appearing at 770 nm and
851 nm. Besides, there was no new chemical bond formation in the IR820-RAPA/CUR NPs,
as proved by FTIR (Figure 3B).
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The IR820-RAPA/CUR NPs were stored for a week at 4 ◦C and 25 ◦C, with no
significant change in the particle size and PDI (Figure 2D), and with admirable size stability
in water, PBS, DMEM, and RPMI. However, the particle size of the IR820-RAPA/CUR NPs
in the DMEM + 10% FBS and RPMI 1640 + 10% FBS tended to increase, which might be due



Pharmaceutics 2023, 15, 849 7 of 15

to the electrostatic adsorption occurring between the nanoparticles and the proteins in the
serum, resulting in the aggregation of nanoparticles. There was no significant change in the
absorbance of the IR820-RAPA/CUR NPs during storage, indicating good photostability
(Figure 2F).

As shown in Figure 3A, there were typical peaks of free CUR, free RAPA, and free
IR820 in the XRD spectrum. However, all peaks of the three drugs completely disappeared
in the IR820-RAPA/CUR NPs, implying that the nanoparticles were in an amorphous state,
due to interactions between the components [47,48].

3.2. Drug Release Behavior

The in vitro release behavior of the IR820-RAPA/CUR NPs, at pH =5.5 and pH = 7.4,
was examined. As shown in Figure 3D, the IR820-RAPA/CUR NPs exhibited a pH-
responsive release property. At pH = 7.4, there was a 45.32 ± 0.84% rapamycin, and
40.50 ± 0.94% curcumin release, from IR820-RAPA/CUR NPs at 120 h. However, under
the weak acid conditions of pH = 5.5, the RAPA and CUR showed a more rapid release. At
the same incubation time, there was a 77.59 ± 3% rapamycin, and 74.66 ± 0.80% curcumin
release, from the IR820-RAPA/CUR NPs. The above results indicate that the release of
rapamycin and curcumin increased as the pH decreased, which is beneficial to the release
of drugs in weakly acidic tumor sites [49].

3.3. In Vitro Photothermal Properties

To assess the photothermal properties of the free IR820 and IR820-RAPA/CUR NPs,
NIR was implemented in PBS, free IR820, and IR820-RAPA/CUR NPs. The temperature
of the IR820-RAPA/CUR NPs rose to 45.3 ◦C, higher than the 40.2 ◦C of free IR820, and
no significant temperature change was observed in the PBS (Figure 4A,B), indicating the
excellent in vitro photothermal properties of the IR820-RAPA/CUR NPs. In addition, the
temperature of the nanoparticles rose with the increase in the IR820 concentration and laser
power, indicating that the IR820-RAPA/CUR NPs had favorable in vitro photothermal
performance, and could be used as a photothermal agent for photothermal therapy.
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Pharmaceutics 2023, 15, 849 8 of 15

3.4. Cytotoxicity Assay

The growth inhibition of the 4T1 breast cancer cells treated by the free RAPA, free CUR,
RAPA + CUR, and IR820-RAPA/CUR NPs was investigated by MTT assay (Figure 5A).
By controlling the administration ratio of RAPA and CUR to 3:2, the free RAPA, free CUR,
RAPA + CUR, and IR820-RAPA/CUR NPs all exhibited concentration-related proliferation
inhibition on the 4T1 breast cancer cells. As shown in Figure 5B, when the concentrations of
RAPA and CUR were 12 µg/mL and 8 µg/mL, respectively, the 4T1 cell survival rates of the
free CUR group, free RAPA group, RAPA + CUR group, and the nanoparticle group were
65.63%, 76.32%, 54.11%, and 40.52%, respectively. The synergy index of the RAPA and CUR
at this concentration was 1.23, indicating that the RAPA and CUR were antagonistic at this
concentration. Moreover, when the drug concentration was lower than this, the synergy
index of each group was greater than 1. However, with the increase in concentration, when
the concentrations of RAPA and CUR were 24 µg/mL and 16 µg/mL, respectively, the 4T1
cells survival rates of each group were 47.26%, 59.48%, 33.85%, and 27.47%, respectively.
The synergy index of the RAPA and CUR at this concentration was 0.88, and the RAPA
and CUR showed a weak synergy effect. When the concentrations of RAPA and CUR were
48 µg/mL and 32 µg/mL, respectively, the cell survival rates of each group were 28.30%,
18.76%, 8.11%, and 9.19%, respectively. The synergy index of the RAPA and CUR at this
concentration was 0.23, reflecting a high degree of synergy between the RAPA and CUR.
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3.5. Cellular Uptake

As shown in Figure 6, at 0.5 h, the green fluorescence in the 4T1 cells of the three groups
was weak, indicating that the 4T1 cells had a lower uptake of the free C6, nanoparticles,
and micelles at this time. There was a strong green fluorescence of C6 emerging in the free
C6 group at 1 h, while only a weaker green fluorescence was observed in the NPs-C6 group
and the micelles-C6 group at 1 h and 4 h, indicating that the uptake of the free C6 by 4T1
cells was more rapid than that of the nanoparticles and micelles.
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3.6. Apoptosis of 4T1 Cells

In this study, the apoptosis of the 4T1 cells induced by the free RAPA, free CUR,
RAPA + CUR, IR820-RAPA/CUR NPs, and the IR820-RAPA/CUR NPs + laser was exam-
ined. As shown in Figure 7, the apoptosis rates in the control group, free RAPA group, free
CUR group, and RAPA + CUR group were 10.83%, 16.88%, 16.18%, and 22.39%, respectively,
indicating that RAPA or CUR alone induced the apoptosis of 4T1 cells to a certain extent.
The induction of the apoptosis of the 4T1 cells was higher when RAPA was combined
with CUR. The apoptotic rates of the cells in the IR820-RAPA/CUR NPs group and the
IR820-RAPA/CUR NPs + laser group were 30.54% and 58.37%, respectively, indicating
that the nanoparticles significantly increased the apoptosis rate of the 4T1 cells, while the
near-infrared laser irradiation better induced apoptosis, which indicates that photothermal
therapy can enhance the inhibitory effect of the nanoparticles on the 4T1 cells.
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3.7. In Vivo Photothermal Imaging

The photothermal efficacy of the IR820-RAPA/CUR NPs in vivo was investigated. In
the IR820-RAPA/CUR NPs + laser group, the tumor temperature of the 4T1 tumor-bearing
mice increased from 33.1 ◦C to 46.0 ◦C, after near-infrared laser irradiation for 5 min, and
the photothermal performance was significantly better than that of saline (Figure 8A,B). At
this temperature, the nanoparticles provided mild photothermal therapy.
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Figure 8. (A) Infrared thermal images and (B) in vivo photothermal heating curve of 4T1 tumor-
bearing mice irradiated by 808 nm laser (1.5 W/cm3) for 5 min, after i.v. injection of saline and
IR820-RAPA/CUR NPs. (C) Body weight changes, (D) tumor volume changes of 4T1 tumor-bearing
mice within 12 days after i.v. injection of saline, RAPA + CUR, IR820-RAPA/CUR NPs, and IR820-
RAPA/CUR NPs + laser. (n = 3; * p < 0.05).

3.8. In Vivo Antitumor Activity Study of the IR820-RAPA/CUR NPs

The in vivo antitumor ability of the chemotherapy and PTT was evaluated. As shown
in Figure 8D, the tumors of the tumor-bearing mice in the saline group grew rapidly, while
the IR820-RAPA/CUR NPs with or without laser irradiation had a more obvious inhibitory
effect on tumor growth within 12 days after administration. Furthermore, the tumors grew
more slowly when the 4T1 tumor-bearing mice were treated by IR820-RAPA/CUR NPs
with 808 nm laser irradiation, showing superior tumor suppression. The results showed
that the introduction of PTT enhanced the antitumor effect of chemotherapy.

3.9. In Vivo Study of the Safety

As shown in Figure 8C, no significant weight loss occurred in any of the mice within
12 days after administration. The H&E staining results in each group are shown in Figure 9.
No significant cell damage or morphological changes were found, indicating that pho-
tothermal therapy did not cause significant side effects, while effectively improving the
anticancer efficacy of the chemotherapeutic drugs.
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Figure 9. The images of H&E staining in different organs (hearts, livers, spleens, lungs, and kidneys)
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3.10. Effect of the Nanoparticles’ Dosage on Tumors

To further investigate the therapeutic effect of different doses of IR820-RAPA/CUR
NPs on tumors, the treatment of 4T1 tumor-bearing mice with low, medium, and high
doses of nanoparticles, with or without NIR irradiation, was investigated. As shown in
Figure 10, the in vivo tumor inhibitory effect of the IR820-RAPA/CUR NPs increased with
the increase in the nanoparticle dose, and the tumor sites of the mice treated with the
near-infrared laser showed obvious ablation. When the doses of RAPA and CUR were
18 mg/kg and 12 mg/kg, respectively, the addition of NIR enhanced the antitumor effects
of the rapamycin and curcumin, and achieved tumor ablation (Figure 10A,C). However, the
tumor-bearing mice at this concentration experienced continuous weight loss after the laser
irradiation, compared with the group without the laser, indicating that the temperature
increase associated with high concentrations had adverse effects on the safety of the mice
(Figure 10B).
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4. Discussion

Photothermal therapy is often combined with other treatment patterns, and is widely
used in the treatment of various cancers [50–52]. In this study, IR80-RAPA/CUR NPs
were prepared via self-assembly, using the photothermal agent IR820, with the chemical
medicines, rapamycin and curcumin. During our preparation of the nanoparticles, rapid
agitation enhanced the physical interaction between the IR820, RAPA, and CUR, forming
~110 nm spherical nanoparticles (Figure 2A–C). The curcumin was not only a potential
chemotherapeutic agent, but also an excellent physical crosslinker that could connect
the hydrophobic segment with IR820 and rapamycin, due to its particular symmetrical
structure. Two hydrophobic phenyl domains of curcumin co-stacked with that of IR820,
to form nanoparticles [53], as confirmed by XRD (Figure 3A). Furthermore, hydrophobic
forces and hydrogen bonding might be the factors determining the nanoparticles’ formation
(Figure 3B) [54,55].

The UV–Vis–NIR spectrum of the free IR820 had a maximum absorption at ~692 nm
(Figure 3C). However, the IR820-RAPA/CUR NPs’ absorption spectrum underwent a
significant redshift, with absorption peaks appearing at 770 nm and 851 nm. It was
shown that the three small molecules, IR820, CUR, and RAPA, formed nanoparticles
by π–π stacking and hydrophobic interactions, causing molecular conformation changes
via co-assembly [56,57]. Studies have reported that the strong non-covalent interaction
between the aromatic ring in ICG and other hydrophobic drugs caused the red shift of
the UV characteristic absorption peak of ICG [58,59]. Therefore, the response of the IR820-
RAPA/CUR NPs to the near-infrared laser was more sensitive, resulting in a significant
temperature increase compared to the free IR820 under laser irradiation.

Compared with the nanoparticles and micelles, free C6 has a higher lipid solubility
and smaller molecular weight, so it can penetrate the cell membrane and enter into cells
more quickly. In addition, the hydrophilic groups outside the micelles not only maintain
the hydrophilicity of micelles, but also limit the fusion of micelles with the cell membranes.

In this work, the tumor suppression of IR820-RAPA/CUR NPs on 4T1 cells was proved.
In addition, we confirmed that PTT could induce mild hyperthermia (46.0 ◦C) in the 4T1
tumor-bearing mice, after the tail vein injection of IR820-RAPA/CUR NPs with NIR irradia-
tion (Figure 8A,B). The nanoparticles inhibited tumor growth in a dose-dependent manner,
which could be due to the synthetic effect of the hyperthermia-based cell necrosis and
chemotherapy. In the central region, the tumor tissue underwent thermal ablation, while
the incomplete apoptosis in the peripheral region could be cured by the cytotoxic effects
of the RAPA and CUR. According to previous reports, mild hyperthermia, at 41–48 ◦C,
could increase the blood flow and permeability of tumor tissues, which is conducive to the
enrichment of nanoparticles. In addition, the PTT increased the level of DNA alkylation
in cancer cells, and induced apoptosis by increasing the sensitivity of the tumor cells to
chemotherapy [60]. In these studies, the biodistribution of the IR820-RAPA/CUR NPs in
mice should also be evaluated, to explore the targeting of the nanoparticles. Furthermore,
the mechanism of the combined action of rapamycin and curcumin needs to be further
explored, by performing immunohistochemistry or real-time-PCR.

5. Conclusions

In this study, a self-assembled nanoparticle delivery system, that achieved co-delivery
of RAPA and CUR to treat breast cancer, combining photothermal therapy and chemical
therapy, was successfully constructed. The particle size, PDI, and LE of the nanopar-
ticles were relatively ideal, with admirable stability, pH responsive ability, and good
photothermal performance. The IR820-RAPA/CUR NPs exhibited excellent tumor sup-
pression and suitable safety in vivo. In addition, photothermal therapy enhanced the
antitumor effect of chemotherapeutic agents, and achieved tumor ablation at a high dose.
In short, IR820-RAPA/CUR NPs might be a promising candidate for breast cancer, via
photo-chemotherapy.
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