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Introduction: Combined multimodal therapy for breast cancer is a promising i crease treatment efficacy and
reduce systemic toxicity. The present study aimed to develop a novel mu i drug releaSe nanoplatform based on RGD-
conjugated hyaluronic acid (HA)-functionalized copper sulfide (CuS) ) eted synergetic therapy against cancer.

ing and release of the drug were measured at
Ilular uptake of the platform specifically by the
tumor cells treated with different formulations was investig imaging. The in vitro and in vivo biosafety levels
were assessed systematically. Finally, the antitumor efR §oai reast cancer were assessed via in vitro and in vivo
experiments.

Results: The spheroid CuS:Ce6@HA:DOX @}

CusS and Ce6 could simultaneously absorb

arkable stability and monodispersity in solution. The photosensitive
cfficiently to convert NIR light to fatal heat and to generate reactive

CD44/avB; receptor-mediated ba i ich led to improved therapeutic efficacy. The tumor growth was effectively
inhibited using synergetic ph ®f/chemo therapy. No evident systemic toxicity was noted during treatment.
HA:DOX@RGD has great potential as an activatable theranostic nanoplatform for

st breast cancer.

Brms for multimodal therapy have advanced greatly in recent years, which has improved the
iciency against malignant tumors.

pral therapeutic nanoplatforms have been approved for cancer therapy, including liposomes, polymeric
micelles, and albumin nanoparticles.'* However, it is important to develop an efficient multifunctional nanoplatform that
exhibits high drug-loading efficiency, enhanced targeting and multiple therapeutic modalities. The nanoplatform could
realize effective delivery of drugs into the site of interest and specific targeting of tumors or other disease sites with an
optimized therapeutic strategy and low side effect.’’ In this regard, a variety of stimuli-activatable nanoplatforms
capable of overcoming the above-stated issues have been developed.® ! An activatable nanoplatform maintains an intact
state and, therefore, does not affect the normal and healthy cells until its delivery to its target. However, with specific
recognition or stimuli, these nanoplatforms are activated. Moreover, the activatable nanoplatform as drug delivery can
induce controlled drug-release while being stimuli-responsive.'>'> For instance, the near-infrared (NIR)-responsive

International Journal of Nanomedicine 2023:18 6349-6365 6349
Received: 30 June 2023 © 2023 Li et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 13 October 2023
Published: 6 November 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Li et al Dove

Graphical Abstract

s e, NCU* NHA 7
S v ;‘q\—;/ _

- FL imaging

CD44 A 7 D — s

. g 35

2 &

FL (OFF)

/»*"»“”-‘:

motherapeutic efficacy by triggering drug release.'®'®

So far, several nanoplatforms with infrared absorption, such as carbon-b

cost, good biodegradability, low cytotoxicity, and excellent photoe 252 The modification of bovine serum
albumin (BSA) on CusS results in ultrasmall biosafe CuS-BSA nan

Moreover, CuS-BSA may be loaded with a photosensitivi

exhibit promoted drug loading capacity.
), generating a multifunctional nanoplat-
PTT). Importantly, the surface decoration of
CuS:Ce6 is highly desirable for the construction of tumor-tal uli-responsive drug delivery systems. Hyaluronic

responsive switch.>*>? HA shell is ablg e v ronidase to trigger drug release in cells.>’ Moreover, HA as
a powerful targeting moiety binds 1 e cluster determinant 44 (CD44) receptor, which is overexpressed on
cancer cells.?>* In addition, H
loaded with chemotherapeutj icin, DOX). In order to enhance interaction with the surface receptors on cancer
cells, the surface of an
systems. According t owledge, few studies have reported the construction of HA-coated CuS for multimodal
therapy against cagger. i

In this co ; Itifunctional therapeutic system based on CuS:Ce6@HA:DOX@RGD nanoplatform was
constructed to cS@mcapsulate chemo-drug doxorubicin (DOX) and photosensitizer (Ce6) for multimodality treatment.
The physicochemic®properties of the established nanoplatform were investigated. The results revealed that the CuS:
Ce6@HA:DOX@RGD could specifically target CD44 and bind to the alpha v beta 3 (avp3) integrin receptors,”> which
are overexpressed in tumor cells and tumor stroma, thus achieving enhanced tumor-targeted drug delivery. The cellular
uptake and targeting ability of CuS:Ce6@HA:DOX@RGD were evaluated in MCF-7 cells. Upon irradiation with NIR
laser, the Ce6 and CuS in the CuS:Ce6@HA:DOX@RGD generated substantial ROS and heat, respectively, to fully
release DOX for suppressing tumor growth in combination with PDT/PTT/Chemo. The in vitro/vivo biosafety levels and

therapeutic effects were then evaluated systematically.
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Materials and Methods
Copper(Il) chloride dihydrate (CuCl,-2H,0), sodium sulfide nonahydrate (Na,S-9H,0) and Sodium hyaluronic acid
(HA) were obtained from Beijing lark technology co., Ltd. (Beijing, China). Bovine Serum Albumin (BSA) was
purchased from Sigma Aldrich (St. Louis, MO, USA). Chlorin e6 (Ce6), Doxorubicin (DOX), 4, 6-diamidino-2-pheny-
lindole (DAPI) and Calcein-AM were obtained from Beijing lark technology co., Ltd. (Beijing, China). RGD was bought
from China Peptides Co., Ltd. (Shanghai, China). 1-ethyl-3(3-(dimethylamino)propyl)carbodiimide (EDC), N-Hydroxy-
sulfosuccin-imide (Sulfo-NHS), 2,7-dichlorofluorescein diacetate (DCFH-DA), 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphe-
nyl-2H-tetrazolium bromide (MTT) and Dulbecco’s Modified Eagle’s Medium (DMEM) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Human breast cancer MCF-7 cells were acquired by Fuzhou University. Female mice
(Balb/c, weighing ~20 g, 4 weeks old) were obtained from the Laboratory Animal Center of Wuhan Servicebio Biology
Technology Co., Ltd. Ultrapure water (18.2 MQ-cm) was used throughout the entire experi

The Preparation of CuS and CuS:Ce6

According to previous reports, CuS was prepared with slightly modification.?

procedure as above.

The Synthesis of CuS:Ce6@HA:DOX@R
First, a mixture of CuS:Ce6 (1.0 mg) and HA (10.0gag) i

the obtained CuS:Ce6@HA@RGD
by mixing equal amounts of DO

. Ce6@HA@RGD, and the mixture was then stirred for 24 h at
ixture was dialyzed for 24 h and centrifuged. The products were designated

infrared the
Olympus FV3000
a Nicolet Evolution 300 ultraviolet-visible (UV-vis) spectrometer at 395 and 480 nm.

amera. The FL images were obtained on Nikon inverted DM4000 M fluorescence microscope and
confocal laser scanning microscope. The amount of Ce6 and DOX was respectively measured with

Stability

The CuS:Ce6@HA:DOX@RGD were dispersed into serum, cell culture medium, and PBS (pH 7.4) at 37 °C within
a week. At preset time points, the particle sizes of CuS:Ce6@HA:DOX@RGD were monitored by DLS to investigate the
stability. Meantime, the suspension was exposed to NIR irradiation (1.5 W/cm?) to investigate its photostability.
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Detection of Photodynamic and Photothermal Ability

DCFH-DA was used as a chemical probe to detect the generation of ROS.?® The DCFH-DA was respectively added into
2 mL of PBS, Ce6 and CuS:Ce6@HA:DOX@RGD solution in the dark. Then, the mixture was irradiated with 663 nm
laser (1.5 W/cmz) for different times (0, 1, 3, 6, 10, and 15 min), respectively. After irradiation, the fluorescence spectra
of DCF at 522 nm were tested to evaluate the generation of ROS. The CuS:Ce6@HA:DOX@RGD were incubated cells
and then washed with PBS. DCFH-DA was added and then washed after incubation for 30 min. After laser radiation, the
fluorescence intensity at 522 nm was determined using a fluorescence spectrophotometer. Control group was not treated,
and the CuS:Ce6@HA:DOX@RGD group was not illuminated with a laser. The aqueous solutions of CuS and CuS:
Ce6@HA:DOX@RGD were irradiated with a 980 nm laser at 1.5 W/cm? for 6 min. During the irradiation, the
temperature was recorded at 0, 1, 2, 3, 4, 5, and 6 min. The corresponding thermal images at 0, 1, 2, 3, 4, 5, and 6
min were acquired by an infrared thermal camera. The CuS:Ce6@HA:DOX@RGD solution at a sg
(25, 50, 100, 150, and 200 pg/mL) were exposed to 980 nm laser at 1.5W/cm?® for 6 1
DOX@RGD solution under 980 nm irradiation with various power densities (0.5, 0.75, 1,
monitored. The photothermal stability of CuS:Ce6@HA:DOX@RGD was evalug girradiation

experiment.

oncentrations

In vitro pH/NIR-Responsive Evaluation
To investigate the pH/NIR-responsive DOX release, the CuS:Ce6@HA:
dialysis bag, which were dialyzed in different pH conditions (pH .0, and

solutiof®were transferred into the
in the presence and absence of
e release behavior of DOX. At

selected time points, 1 mL of the release medium was collecte@and replacqwith the same fresh buffered solution.

hyaluronidase (HY), respectively. Also, we assessed the effect offRIR irradiation on

reover, the fluorescence recovery was

In vitro Thegpeutic Effect with Laser

The synergistic effc® of PDT/PTT/Chemo in MCF-7 cells was assessed by MTT assay and calcein AM/PI staining.
MCF-7 cells were incubated 4 h with PBS (pH=7.4) and CuS:Ce6@HA:DOX@RGD, respectively. The cells were
divided into seven groups: (a) control (treated with PBS) without laser; (b) control (PBS) + NIR; (¢) CuS:Ce6@HA:
DOX@RGD; (d) CuS:Ce6@HA:DOX@RGD+663 nm; (e) CuS:Ce6@HA:DOX@RGD+980 nm; (f) CuS:
Ce6@HA@RGD+663 nm+980 nm; (g) CuS:Ce6@HA:DOX@RGD+663 nm+980 nm. After 12 h, the cells were rinsed
with PBS. The cell viability was tested by MTT assay. The dead/live cells were also stained with calcein-AM/PI and
imaged by fluorescence microscope. MCF-7 cells were incubated with different concentrations of CuS:Ce6@HA:
DOX@RGD for 4 h and then divided into four groups: (a) without laser; (b) with 663 nm; (c) with 980 nm; (d) with
663 and 980 nm. The cells were incubated for another 12 h. The MTT assay was performed to test cell viability.
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In vivo Antitumor Evaluation
The tumor-bearing mice were randomly divided into six groups as follow (n =5 in each group): (a) control (treated with
PBS) without laser; (b) control (PBS) + NIR; (c) CuS:Ce6@HA:DOX@RGD (1.5 mg/kg); (d) CuS:Ce6@HA:
DOX@RGD (1.5 mg/kg)+663 nm; (e) CuS:Ce6@HA:DOX@RGD (1.5 mg/kg)+980 nm; (f) CuS:Ce6@HA:
DOX@RGD (1.5 mg/kg)+663 nm+980 nm. All groups of mice were intravenously injected with the same volume
(200 pL). The tumors sites in irradiation groups were irradiated with 1.5 W/em?. The tumor size and body weight of each
mice were measured every two days. All mice were sacrificed after 14 days. The tumors were harvested for weighting,
photo imaging, hematoxylin and eosin (H&E) staining. The tumor growth inhibition rate was estimated using the
following formula: Inhibition %= (1-Myecated group/ Meontrol group) * 100%, where Mireated group @0d Meonirol group WETE
the average tumor weights. Ultimately, major organs (liver, kidney, spleen, heart, and lung) of mice from the six groups
were harvested for histological examination.

Biosafety Assessment
For in vitro toxicity assessment, various concentrations of CuS:Ce6@HA:DOX@

compatibility of CuS:Ce6@HA:DOX@RGD. Briefly, the collected b¥®od w saline and centrifuged. The
RGD with various concentration.
Deionized H,O and PBS were used as a positive or negativgontrol, respectively. The absorbance of each group was
then measured at 540 nm. The hemolysis percentage was ¢ ollowing formula: Hemolysis% = (Sample
absorbance-negative control absorbance) / (positive control a tive control absorbance) x 100%.

intravenously injected with PBS or Ce6@HA:
DOX@RGD (1.5 mg/kg). The body weights of mictvere ared for 14 days after treatment. At the desired time

The morphologies of CuS:Ce6 : HA:DOX@RGD were characterized through TEM, and the results are
presented in Figure 1A aj ivelyS\@hhe TEM images revealed that the nanoparticles displayed excellent

dispersity and The me e6@HA:DOX@RGD (~ 20 nm) was much larger than that of CuS:Ce6 (~ 8
nm) due to the co rage hydrodynamic diameters were measured using DLS. As depicted in
Figure 1C, there increase in the hydrodynamic diameter was observed compared to the diameter in the
TEM image, which to the adequate number of carboxyl groups in CuS:Ce6 and the adorned RGD
molecule 4 : @RGD. The zeta potential change (Figure 1D) of the nanoparticles was within the

, which might be attributed to a dynamic self-assembly process of the nanoparticles. The
s depicted in Figure 1E revealed that CuS:Ce6@HA:DOX@RGD was composed of Cu, S, C,
N,and O e nts. Moreover, the elemental mapping images (Figure 1F) showed that the signals of Cu, S, C, N, and
O were disperS@f homogeneously across the selected areca of the CuS:Ce6@HA:DOX@RGD sample. The optical
properties were then studied using UV-vis-NIR spectroscopy. As illustrated in Figure 1G, the CuS:Ce6@HA:
DOX@RGD exhibited a significant characteristic absorption peak of CuS at 980 nm. Subsequently, the drug-loading
efficiency of the nanoparticles was determined using ultraviolet spectroscopy. The CuS:Ce6@HA:DOX@RGD exhibited
a high drug-loading efficiency (13.6 wt % for Ce6 and 14.5 wt % for DOX), which enabled adequate co-delivery of the
photosensitizer and the chemotherapeutic agent. In addition, the negligible changes were observed in HD, which
indicated that CuS:Ce6@HA:DOX@RGD had excellent colloidal stability after one week of storage even under laser
irradiation (Figure 1H and I). Collectively, these results demonstrated that CuS:Ce6@HA:DOX@RGD nanoparticles

with excellent stability had been prepared successfully and could be used in subsequent experiments.
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Figure | TEM images of CuS:Ce6@BSA (A) and CuS:Ce6@HA:DOX@RGD (B). (C) Size distribution of CuS:Ce6@BSA and CuS:Ce6@HA:DOX@RGD. (D) Zeta
potentials of CuS:Ce6@BSA, CuS:Ce6@HA, CuS:Ce6@HA@RGD, and CuS:Ce6@HA:DOX@RGD. (E) EDS of the CuS:Ce6@HA:DOX@RGD. (F) Elemental mapping
images of the CuS:Ce6@HA:DOX@RGD. (G) UV-vis-NIR absorbance spectra of CuS and CuS:Ce6@HA:DOX@RGD. (H) Hydrodynamic diameters (HD) measurement
of the CuS:Ce6@HA:DOX@RGD in PBS and DMEM. (I) Hydrodynamic diameters (HD) measurement of the CuS:Ce6@HA:DOX@RGD in PBS and DMEM with laser
irradiation.

To assess photodynamic performance of CuS:Ce6@HA:DOX@RGD, the ROS levels were investigated with a probe
(DCFH-DA), an indicator that ROS can rapidly oxidize it to emit fluorescence at 522 nm. The generated ROS levels were
assessed based on the changes of the fluorescence at 522 nm. The fluorescence signal was observed, as depicted in

Figure 2A and B, upon laser irradiation. Moreover, the fluorescence intensity changes were recorded at 522 nm, and the
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results are presented in Figure 2C. No significant change was detected in PBS (control group) with 15 min of laser
irradiation. However, the intensity of the fluorescence emitted from the Ce6 and CuS:Ce6@HA:DOX@RGD solutions
apparently increased with the increase in the duration of irradiation. As shown in Figure 2D, a high amount of ROS was
generated according to the strong fluorescent intensity at 522 nm in CuS:Ce6@HA:DOX@RGD-treated cells after laser
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Figure 2 DFC fluorescence spectra of Ce6 (A), and CuS:Ce6@HA:DOX@RGD (B) upon 663 nm laser irradiation. (C) The DFC fluorescence intensity at 522 nm in PBS,
Ceb and CuS:Ce6@HA:DOX@RGD as a function of irradiation time. (D) The intracellular DFC fluorescence intensity at 522 nm after different treatments. (E)
Temperature change curve of CuS:Ce6@HA:DOX@RGD, CuS, and PBS with 980 nm laser irradiation. (F) Photothermal stability of CuS:Ce6@HA:DOX@RGD. (G) Real-
time thermal imaging of CuS (a), and CuS:Ce6@HA:DOX@RGD (b) solution upon laser irradiation. (H) Temperature increase curves of CuS:Ce6@HA:DOX@RGD at
various concentrations during NIR irradiation. (I) Temperature increase curves of CuS:Ce6@HA:DOX@RGD under various power densities.
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irradiation. These results illuminated that CuS:Ce6@HA:DOX@RGD could produce enough ROS to result in cellular
toxicity. In view of the broad absorbance in the near-infrared region of CuS, the photothermal conversion of CuS:
Ce6@HA:DOX@RGD in aqueous solution was evaluated under continuous laser irradiation at 980 nm and 1.5 W/cm?
for 6 min. As depicted in Figure 2E, the temperature of both CuS and CuS:Ce6@HA:DOX@RGD respectively increased
by approximately 30°C within 6 min, while no evident temperature change was observed for the PBS solution (control
group). These results demonstrated that when using laser irradiation at 1.5 W/em? for 6 min, the temperature was
sufficiently high to kill cancer cells. The temperature elevation curve after four cycles of heating and natural cooling is
depicted in Figure 2F, which illustrates that the excellent photothermal stability of the CuS:Ce6@HA:DOX@RGD. The
real-time thermal images captured during the NIR laser irradiation are presented in Figure 2G. Furthermore, CuS:
Ce6@HA:DOX@RGD exhibited remarkable photothermal performance that was dependent on concentration and laser

irradiation power density-dependent photothermal performance (Figure 2H and I). These res mated that the

hyaluronidase and without NIR laser. The produced photothermal e
the viscosity of local HA,***° thereby accelerating the release of DOX
NIR laser and a mildly acidic environment could induced g

nvironment. As expected, irradiation with
"Ce6@HA:DOX@RGD and the release of

DOX. It is noteworthy that the fluorescent signals of DOXCTS ost entirely quenched after DOX was loaded onto CuS:
Ce6@HA@RGD, resulting in a fluorescence switch-off, due e ability of CuS based on Forster resonance energy
transfer (FRET).*""** As illustrated in Figure 3B, T irradiation, the fluorescence intensity increased. The pH/NIR-

efficiency of antitumor therapy.

We then studied the tumor ‘Q@P@HA:DOX@RGD in MCF-7 cells. The ability of CuS:Ce6@HA:
DOX@RGD to target tumorgys ted using fluorescence imaging. As illustrated in Figure 4A, the MCF-7 cells
exhibited an extremely we; the DOX group, due to nonspecific uptake. The MCF-7 cells treated with CuS:
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Figure 3 (A) In vitro cumulative release profile of DOX from CuS:Ce6@HA:DOX@RGD without NIR laser irradiation in different pH (a: pH 5.0, b: pH 6.0, c: pH 7.4) and

with hyaluronidase in different pH (d: pH 5.0, e: pH 6.0, f: pH 7.4) and in different pH (g: pH 5.0, h: pH 6.0, it pH 7.4) with NIR laser irradiation and hyaluronidase. (B)
Fluorescence signal recovery of CuS:Ce6@HA:DOX@RGD at pH 5.0 without or with irradiation at indicated time points.
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fluorescencq@gnals of CuS:Ce6@HA:DOX@RGD in normal cells presented low cellular uptake. These findings indicated
that the specifi&§pd strong target-binding ability was due to synergic CD44/avp3 receptor-mediated bimodal targeting. In
addition, the competitive binding of HA/RGD was studied to investigate the binding specificity of CuS:Ce6@HA:DOX@RGD
(Figure 4A). Free HA/RGD was incubated with MCF-7 cells followed by the addition of CuS:Ce6@HA:DOX@RGD, allowing
the receptors on the cells to be blocked by free HA/RGD. Indeed, the cellular uptake of CuS:Ce6@HA:DOX@RGD decreased
evidently, confirming that the HA and RGD components in CuS:Ce6@HA:DOX@RGD conferred it with the dual-targeting.
Meanwhile, the mean fluorescence intensity of the cells incubated with CuS:Ce6@HA:DOX@RGD was the highest among the
different treatment groups (Figure 4B), which further confirmed the dual-mode tumor-targeting ability. In order to determine
whether the local hyperthermia produced upon laser irradiation would accelerate the release of the loaded DOX specifically into
the tumor tissue, the MCF-7 cells were respectively incubated with CuS:Ce6@HA:DOX@RGD with or without laser irradiation.
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As depicted in Figure 4C, the fluorescence signals of DOX were enhanced upon laser treatment as compared to the signals from
non-irradiated cells. The accelerated DOX release after internalization was also confirmed based on the quantified fluorescence
intensity (Figure 4D). These findings highlighted that the CuS:Ce6@HA:DOX@RGD was efficiently internalized by cancer cells
and enhanced the intracellular release of DOX.

Cytotoxicity assay was employed to reveal the synergistic antitumour effects of CuS:Ce6@HA:DOX@RGD in MCF-
7 cells by the detection of MTT test and live/dead cells staining assays. As depicted in Figure 5A, the CuS:Ce6@HA:
DOX@RGD group with two rounds of irradiation exhibited a further powerful cancer cell-killing efficacy compared to
the CuS:Ce6@HA:DOX@RGD group with one just round of irradiation and the CuS:Ce6@HA@RGD group with two
rounds of irradiation, suggesting a good synergistic therapeutic effect. The cell viability decreased slightly in the CusS:
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Figure 5 (A) Viabilities of MCF-7 cells after different treatments: control(a), 663 nm+980 nm laser(b), CuS:Ce6@HA:DOX@RGD(c), CuS:Ce6@HA:DOX@RGD+663
nm(d), CuS:Ce6@HA:DOX@RGD+980 nm(e), CuS:Ce6@HA@RGD+663 nm+980 nm(f), and CuS:Ce6@HA:DOX@RGD+663 nm+980 nm(g). (B) Live/dead images of
MCF-7 cells stained with calcein AM/PI under different conditions. (C) Viabilities of MCF-7 cells incubated with different concentrations of CuS:Ce6@HA:DOX@RGD
without laser irradiation(a), with 663 nm(b), with 980 nm(c), and with 663 nm+980 nm(d) laser irradiation.
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Ce6@HA:DOX@RGD group, while the control and only laser treatment groups exhibited negligible toxicity in MCF-7
cells. The results of the subsequent live/dead cell-staining experiments (Figure 5B) revealed the MCF-7 cells stained with
PI (dead cells) and calcein-AM (live cells) in different groups. The MCF-7 cells in the CuS:Ce6@HA:DOX@RGD
group with two rounds of irradiation exhibited evidently higher killing rates compared to the other five groups. The
overall variation trend of the fluorescence pattern was consistent with the MTT results. In addition, the viability of MCF-
7 cells decreased greatly as the concentration of CuS:Ce6@HA:DOX@RGD increased (Figure 5C), demonstrating dose-
dependent apoptosis upon laser irradiation. Collectively, these results demonstrated that the CuS:Ce6@HA:DOX@RGD
group with two rounds of irradiation exhibited a synergistic PDT/PTT/Chemo effect that enhanced the efficiency of
killing cancer cells.

Encouraged by the high cytotoxicity of CuS:Ce6@HA:DOX@RGD in vitro, we further evaluated the PDT/PTT/

Chemo therapeutic efficiency in tumor-bearing mice model. The tumor-bearing mice were dividmsminto six groups and

then treated followed by an assessment of the variation trend of tumor volume in the ng @ addition, the

relative tumor growth curve was obtained for each group and is depicted in Figure 6A. No¥ orowth in the
CuS:Ce6@HA:DOX@RGD group with rounds of irradiation presented the greatestg e synergetic
PDT/PTT/Chemo effect. The CuS:Ce6@HA:DOX@RGD groups with just one ented moderate
tumor inhibition due to PDT/Chemo and PTT/Chemo effects. The CuS:Ce6@, without irradiation
presented limited tumor inhibition due to the single Chemo effect. In ume in groups a and
b increased significantly over the course of treatment. Meanwhile, t mice in each group was
recorded (Figure 6B) during the therapeutic process, and insigni weight changes were observed. After
treatments for 14 days, the mice were sacrificed (following d practices), and the tumors were

excised, imaged, weighed, and subjected to further analysis u H&E staining. As depicted in Figure 6C-E, the smallest
:DOX@RGD group with two rounds of
which was much higher than that noted in
at the CuS:Ce6@HA:DOX@RGD group with
~ hanges and necrosis (Figure 6F). Collectively, these
v inhibited through the synergetic PDT/PTT/Chemo effect.
afety is essential for the application of the prepared CusS:

tumors and the lowest tumor mass were observed in th

the other five groups. Furthermore, the H&E stain
two rounds of irradiation presented the most severe
results indicated that the tumor growth co

atically using normal cell culture, the hemolysis assay, and whole animal
after co-incubation with normal cells at increasing concentrations for 12

decrease (Figur®®/E) was observed compared to the mice in PBS group. Subsequently, a blood routine analysis was
conducted (including RBC, HGB, WBC, and PLT) to investigate the potential toxicity of CuS:Ce6@HA:DOX@RGD in
blood cells and the hematopoietic system. As depicted in Figure 8, no significant abnormalities were observed between
the treatment and control groups after administration for 1 days,7 days, and 14 days. In addition, the blood biochemistry
evaluations, including ALB, AST, and ALT, CR and UREA, revealed no evident abnormal changes were observed after
administration for 1 days, 7 days, and 14 days (Figure 8). Furthermore, the H&E staining images of the major organs
(liver, kidney, spleen, heart, and lung) of the mice in the treated groups were obtained and are presented in Figure 9. No
evident tissue abnormalities were observed after administration for 14 days. These results collectively demonstrated the
safety of CuS:Ce6@HA:DOX@RGD for application in anticancer.
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Figure 6 (A) Relative tumor growth curves and (B) the variations of body weight in different groups: (a) control (treated with PBS), (b)control (PBS) + NIR, (c)CuS:
Ce6@HA:DOX@RGD, (d)CuS:Ce6@HA:DOX@RGD+663nm,  (e)CuS:Ce6@HA:DOX@RGD+980nm;  (f) CuS:Ce6@HA:DOX@RGD+663nm+980nm.  (C)
Photographs of tumors collected from various mice groups after 14 day treatment. (D) Average tumor weight of each group. (E) Tumor inhibition rate of each group.
(F) H&E-stained images of tumor tissues section from different groups. **P < 0.01; ***P < 0.001; ***P < 0.0001.
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a negative and positive control, respectively. (E) The body weights curves of mice after different treatments.
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dtine blood analysis: white blood cell (WBC), red blood cell (RBC), hematocrit (HCT), hemoglobin (HGB), platelet (PLT),
cular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC); the blood biochemistry test: alanine
(AST), albumin (ALB), lactic dehydrogenase (LDH), total protein (TP), total bilirubin (TBIL), urea (UA), and creatinine (CREA).

Conclusion
In the present study, a novel biodegradable nanoplatform named CuS:Ce6@HA:DOX@RGD was fabricated successfully
using a facile and green approach. We have demonstrated that the cellular uptake of the CuS:Ce6@HA:DOX@RGD can
be improved by CD44/avB3-mediated endocytosis. The dual-targeting CuS:Ce6@HA:DOX@RGD possessed excellent
biocompatibility and exhibited dual-responsive pH and NIR irradiation DOX release and high photodynamic and
photothermal effects. As the result of high cellular internalization and pH/NIR response capability, the CuS:Ce6@HA:
DOX@RGD exhibited high cytotoxicity against MCF-7 cancer cells and significant antitumor effect in vivo. Our results
demonstrate that CuS:Ce6@HA:DOX@RGD possess great potential for dual-targeting and dual-responsive synergistic
therapy and the nanoplatform is expected to serve as a good platform for carrying other therapeutic agents to the micro-
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Figure 9 H&E-stained images of tissues (liver, kidney, spleen, heart, and lung) of the mice harvested from various mice groups (a: control, b: 663nm+980nm, c: CuS:
Ce6@HA:DOX@RGD, d: CuS:Ce6@HA:DOX@RGD+663nm, e: CuS:Ce6@HA:DOX@RGD+980nm; f: CuS:Ce6@HA:DOX@RGD+663nm+980nm) after 14 day

treatment.
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environment of tumour. The findings of the present study provided a novel strategy to design an effective and
multifunctional nanoplatform exhibiting enhanced therapeutic efficacy against cancer.
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