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uced IR780-loaded PLGA
nanoparticles for photothermal therapy to treat
breast cancer metastasis in bones
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Nanodrug-based cancer therapy, especially when treating bone metastases, faces the problem of limited

therapeutic efficacy. In this work, we reported a photothermally triggered nanomaterial based on IR780-

entrapped poly-lactide-co-glycolide (PLGA) nanoparticles (IR780@PLGA NPs) for the photothermal

therapy of bone metastases of breast cancer, in which IR780 converted light into heat to play a role in

“burning” the tumors. Anti-tumor therapy studies showed the impressive effectiveness of IR780@PLGA

NPs in the photothermal therapy (PTT) of bone metastases. As a result, the IR780@PLGA NPs show

a great potential for controlling the bone metastases of breast cancer.
Introduction

Breast cancer, which has a high probability of bone metastasis,
is a malignant disease with the highest incidence among
women worldwide; it is the leading cause of cancer death
among women worldwide and accounts for an estimated 11.6%
of the total number of cancers diagnosed in 2018.1 Bone
metastasis, which occurs in the middle and late stages of breast
cancer,2,3 is reported in more than 70% of patients with breast
cancer4 and is responsible for substantial skeletal disease
morbidity,5,6 including bone loss,5,6 hypercalcaemia, neurolog-
ical compression, pathological fracture, and severe pain,
leading to mortality in many individuals.2,7–9 Therapies exist for
breast cancer metastasis to bone, such as surgery and chemo-
therapy; however, these therapies have distinct disadvan-
tages.10–12 Surgery is only suitable for removing primary lesion
tumours that are well-dened; it is not an ideal approach for the
treatment of small and poorly dened metastases.11 Also, the
problem of the poor weight-bearing of the remaining bones still
remains.13 Chemotherapy, which is the most widely applied
therapy for bone metastases, possesses the advantages of less
injury than surgery and greater suitability for the middle and
late stages of breast cancer; however, it is still substantially
limited by high visceral toxicity and drug resistance,11 and the
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high risk of cancer relapse also remains.14 Moreover, the bone
marrow has a rich microenvironment that serves as a reservoir
for dormant tumour cells,3,15 facilitates the survival of cancer
cells and mediates drug resistance.2,6,16,17 For patients with bone
metastases, traditional therapy is associated with substantial
side effects and unsatisfactory treatment effects.12,15 As a result,
it is necessary to develop a way to inhibit breast tumour growth
and the progression of bone metastases.

Nanomedicines, which have been used in therapy, including
gene therapy, radiotherapy, chemotherapy and photothermal
therapy (PTT), are a considerable innovation for cancer
therapy.11,18 Recently, due to its minimized invasiveness,
improved preservation of the surrounding tissues and high
anti-tumour efficiency compared with traditional treat-
ments,19,20 near-infrared (NIR) laser-induced PTT has attracted
increasing attention as an emerging strategy for the local
treatment of tumours by generating high temperatures in
tissues, thus leading to more precise damage to the targeted
regions.5,18,21 NIR laser-induced PTT uses photo-absorbance to
transform light energy into heat to “burn” cancer cells.11,22

Several nanomaterials have been developed as PTT agents due
to their excellent NIR light-absorption properties.11,12,19

However, some of these nanomaterials are potentially toxic due
to poor biodegradability and biocompatibility, inevitably
limiting their clinical applications.19,23 Thus, it is important to
develop a biodegradable photoabsorbent for biologically safe
NIR laser-induced PTT. More importantly, although PTT has
been widely used to treat supercial tumours, reports of its use
as a treatment for deep tumours are still uncommon, necessi-
tating the investigation of the effects of PTT for the treatment of
deep tumours, such as the bone metastases of breast cancer.

IR780 iodide, which converts NIR (750–1000 nm) laser
energy into heat aer irradiation, is a lipophilic heptamethine
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 A schematic of PTT using IR780@PLGA NPs with NIR laser-
controlled IR780 release.
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NIR absorber with a characteristic absorption peak at
780 nm.24–27 It was found to have extraordinary intrinsic tumor
targeting properties without further modication.28 However,
IR780 iodide has several limitations, including poor aqueous
stability and photostability, which may severely impede its
further clinical applications.24,29,30 Additionally, the toxicity of
IR780 cannot be ignored because of its maximum tolerable dose
of 1.5 mg kg�1 in mice.26,31 To overcome these limitations, some
investigators have encapsulated IR780 iodide in various nano-
particles (NPs).23,25,29,32 This approach capitalizes on the ability
of NPs to protect the loaded IR780.23,25,29,32,36,37 Moreover, some
investigators have demonstrated that IR780-loaded NPs effec-
tively suppress the metastasis of breast tumours to lungs under
an NIR laser.5,7,34 IR780 iodide encapsulated in poly(lactic-co-
glycolic acid) (PLGA) NPs as a PTT agent for cancer therapy has
interested investigators because of its outstanding performance
in photothermal conversion. PLGA has been reported to co-
encapsulate a variety of hydrophobic and hydrophilic mate-
rials, which enhances its therapeutic anti-tumour efficacy due
to its core–shell construction.11,22,35 Some researchers have used
PLGA NPs for PTT therapy in treating supercial tumors and
have reported satisfactory results.11,22,33,35 However, the effi-
ciency of IR780 iodide encapsulated in PLGA NPs for PTT
therapy of bone metastases induced by breast cancer requires
further study. In this study, we encapsulated IR780 into PLGA
NPs to improve the biocompatibility and stability of PTT.
Furthermore, we performed intra-tumoural injections to avoid
systemic toxicity. Therefore, the accumulation of heat at the
tumour site was achieved upon irradiation without injuring
healthy tissues.

In this study, we developed a photothermally triggered IR780
nanotheranostic system based on IR780-encapsulated PLGA
NPs (IR780@PLGA NPs) to treat bone metastases induced by
breast cancer. In the NPs, IR780 could absorb and convert NIR
light energy into heat.11 In particular, the IR780@PLGA NPs
could be exploited as an adjuvant therapy to treat cancer with
bone metastases. Because of their outstanding photothermal
conversion properties, the IR780@PLGA NPs exhibited excellent
PTT for bone metastases. Therefore, we hypothesized that PTT
via IR780@PLGA NPs combined with NIR irradiation is
a promising alternative therapy that is suitable for the treat-
ment of bone metastases induced by breast cancer. This study
was designed to explore the effectiveness of PTT using
IR780@PLGA NPs in an intraosseous model of breast cancer
metastasis to bone.

Experimental
Materials, cells and animals

IR-780 iodide, PLGA (lactide : glycolide ¼ 50 : 50,Mw ¼ 10 000),
and polyvinyl alcohol (PVA, Mw ¼ 30 000–70 000) were all ob-
tained from Sigma-Aldrich (USA). Other reagents were of
analytical grade and were used without further purication. 4T1
mouse breast cancer cells and human bladder epithelial cells
(SV-HUC-1) were obtained from Xiangya Hospital at Central
South University (China) and cultured according to
recommendations.
This journal is © The Royal Society of Chemistry 2019
All experiments involving the use of animals were performed
in accordance with the guidelines of the Department of Labo-
ratory Animals, Central South University, China, and approved
by the Ethics Committee of Central South University in China.
To obtain mice with bone metastases of 4T1 tumours, approx-
imately 1 � 105 4T1 cells (murine breast cancer cells) were
inoculated into the medullary cavity of the right tibia of female
BALB/c mice (6 weeks old with an average body weight of 20 g).
The widths and lengths of the tumours were measured, and
a formula was used to calculate the tumour volumes as follows:
tumour volume ¼ 0.5 � width2 � length.
Preparation of IR780@PLGA NPs

First, 3 mL of dichloromethane and 100 mg of PLGA were mixed
and thoroughly stirred. Aer 2 mg of IR780 and 15mL of 4% w/v
cold PVA solution were sequentially added, the solution was
emulsied with an ultrasonic processor for 2 min. The resulting
emulsion was mixed in 20 mL of deionized water and stirred in
order to fully volatilize the dichloromethane. Finally, aer
washing three times with deionized water (10 000 rpm, 7 min),
the resulting NPs were stored at 4 �C. All procedures were per-
formed in the dark in an ice bath (Fig. 1).
Characterization

The IR780@PLGA NPs were irradiated with an 808 nm NIR
laser (T808F2W, Minghui Optoelectronic Technology, China).
Before laser irradiation, the morphologies and structures of
the NPs were observed by a scanning electron microscope
(SEM, JEOL-7800F) and a transmission electron microscope
(TEM, Hitachi H-7600). The size distribution of the NPs was
measured by a Nano ZS dynamic light scattering analyser
(Malvern Instruments, UK). The UV-vis-NIR absorption
spectra of the PLGA NPs, free IR780 and IR780@PLGA NPs
(0.2 mL of each sample in 96-well plates, equivalent IR780
concentration of 60 mg mL�1) were obtained at room
temperature. A steady-state spectrophotometer (QuantaMas-
terTM 40, USA) was used to ensure high absorption in the NIR
region and to monitor the IR780 content. The encapsulation
RSC Adv., 2019, 9, 35976–35983 | 35977
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efficiency of IR780 in the IR780@PLGA NPs was calculated as
the weight ratio of encapsulated IR780 to the total added
amount of IR780. The amount of encapsulated IR780 was
calculated as the difference between the total added amount
of IR780 and the amount recovered in the washed supernatant
during preparation.

The IR780 loading and entrapment efficiency of the
IR780@PLGA NPs were calculated using the following
equations:

IR780 loading (%)

¼ Amount of IR780 encapsulated in NPs/Mass of NPs � 100%

and

Encapsulation efficiency (%)

¼ Amount of IR780 encapsulated in NPs/Total added

amount of IR780 � 100%

In vitro PTT effects

The temperature prole of the IR780@PLGA NPs wasmonitored
using an infrared thermal imaging camera (FLIR C2, USA)
under laser irradiation. IR780@PLGA NPs, free IR780, blank
PLGA NPs, and phosphate-buffered saline (PBS, serving as the
negative control) were placed in a 1.5 mL Eppendorf (EP) tube
(1 mL of each sample) and exposed to an 808 nm NIR laser at
2.0 W cm�2 for 10 min (T808F2W, Xi'anMinghui Optoelectronic
Technology, China). The amount of IR780 was equivalent in the
free IR780 and IR780@PLGA NP samples (60 mg mL�1 IR780),
and the amount of PLGA was equivalent in the blank PLGA NP
and IR780@PLGA NP samples (9 mg mL�1 PLGA). The
temperature of the solutions was recorded every 30 seconds.
Moreover, the effects on the photothermal efficiency of the
IR780@PLGA NPs were also investigated by studying different
IR780 concentrations (6, 12, 30 and 60 mgmL�1) and laser power
densities (1.0, 2.0 and 3.0 W cm�2).

Cell experiments

The biocompatibility of the IR780@PLGA NPs and their pho-
tothermal ablation of tumor cells in vitro were evaluated by the
Cell Counting Kit (CCK-8) assay. Incubation of 4T1 cells at
a density of 1 � 104 cells per well in 96-well plates was per-
formed with different IR780 concentrations. Then, the cells
were incubated for 6, 12, 24, and 48 h aer irradiation with an
NIR laser (808 nm, 2.0 W cm�2, 10 min). The cells were washed
twice with PBS. Then, the cell viability was evaluated using
a cell counting kit-8 (CCK-8) assay. The cell viability of SV-
HUC-1 incubated with IR780@PLGA NPs for 24 h with or
without NIR irradiation was set as a control. The cell viability
was dened as the percentage of surviving cells versus
untreated cells. In addition, 4T1 cell viability under different
intensities of laser irradiation was evaluated. SV-HUC-1 and
4T1 cell viabilities with different concentrations of doxoru-
bicin (DOX)5,38 were also evaluated in order to compare the
cytotoxicities of the chemotherapy drug and IR780@PLGA
NPs.
35978 | RSC Adv., 2019, 9, 35976–35983
Confocal laser scanning microscopy (CLSM, Zeiss LSM 510)
was employed to estimate the cell apoptosis aer NIR irradia-
tion. 4T1 cells were cultured on a confocal imaging dish at
a density of 1 � 106 cells per ml. Aer 24 h of incubation, the
cells were treated with 200 ml IR780@PLGA NPs for 3 h in an
incubator. Then, the cells were incubated with DAPI and
imaged to measure the photothermal ablation of the tumor
cells. The 4T1 cells were incubated in confocal imaging dishes
for 24 h, similar to the preceding steps, and the dishes were
divided into 8 groups according to the different IR780 concen-
trations (0.06, 0.3, 0.6 and 1.5 mg mL�1), with or without NIR
irradiation (n ¼ 3). The NIR groups were irradiated with the
808 nm NIR laser at 2 W cm�2 for 10 min. Finally, the cells were
stained with DAPI and the Calcein AM-PI double staining kit
and imaged to evaluate the cell killing efficiency.

In vivo anti-tumour therapy

Before therapy was performed, the tumour-bearing legs of the
mice were observed using a Siemens S3000 US scanner. All legs,
including tumour-bearing legs and normal legs, were imaged
using B-mode US and CEUS-mode US. When damage of the
bone caused by tumors was rst observed, as indicated by the
ultrasound, the mice were randomly divided into the following
ve groups (n ¼ 5): (1) PBS, (2) blank PLGA NPs, (3)
IR780@PLGA NPs, (4) blank PLGA NPs with laser irradiation,
and (5) IR780@PLGA NPs with laser irradiation. Saline (0.2 mL)
containing PLGA NPs or IR780@PLGA NPs was intra-tumourally
injected into the mice. All NPs containing IR780 were at an
IR780 concentration of 60 mg mL�1 (0.6 mg kg�1 per mouse). At
5 min aer injection, the tumours of the mice in groups 1–5
were irradiated with the 808 nm laser (2.0 W cm�2, 5 min).
During irradiation, temperature changes in the tumour tissue
were monitored by an infrared thermal imaging camera (FLIR
C2, USA). The body weights and tumour volumes were
measured before injection every other day for 8 days. One day
later, the mice in each group were sacriced by cervical dislo-
cation. Important organs and tumour-bearing legs were har-
vested, and staining of the organs was performed with
haematoxylin and eosin (H&E); meanwhile, the tumour-bearing
legs were observed using micro CT and stained with H&E.

Statistical analysis

All data are presented as the mean values� standard deviations
from at least three separate experiments. The data were ana-
lysed by one-way ANOVA and Student's t-test using SPSS 17.0
and GraphPad Prism 5 soware. *p < 0.05 was considered to be
statistically signicant for the differences.

Results and discussion
Characterization

The SEM and TEM images conrmed the spherical structure of
the IR780@PLGA NPs (Fig. 2A). As shown in Fig. 2A and B and
Table 1, the IR780@PLGA NPs were spherical in shape and
260.6� 4.8 nm in diameter with a narrow size distribution (PDI:
�2.35 � 0.02); this was also observed for PLGA-based core–shell
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) SEM (left) and TEM (right) images of the IR780@PLGA NPs.
(B) The size distribution of the IR780@PLGA NPs. (C) UV-vis-NIR
absorption spectra of PBS, blank PLGA NPs, free IR780 and
IR780@PLGA NPs.

Fig. 3 Temperature variation curves. (A) Temperature variation curves
(left) and infrared thermal images (right) of (1) PBS, (2) blank PLGA NPs,
(3) free IR780 and (4) IR780@PLGA NPs. (B) Temperature variation
curves of the IR780@PLGA NPs with varying NIR power density (1.0,
2.0 and 3.0 W cm�2 for 10 min). (C) Temperature variation curves of
the IR780@PLGA NPs at PBS concentrations of 6, 12, 30 and 60 mg
mL�1.
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micelles in many previous studies.11 Additionally, as shown in
Table 1, the zeta potential of the NPs was �0.17 � 0.06 mV.

As shown in Table 1, for the IR780@PLGA NPs at a concen-
tration of 60 mg mL�1, the IR780 encapsulation efficiency was
31.2 � 1.2% and the IR780 loading content was 6.6 � 1.8 mg
mg�1. As shown in the ultraviolet-visible (UV-vis)-NIR absorp-
tion spectra of the IR780@PLGA NPs and their components
(Fig. 2C), the absorption spectrum of free IR780 showed a peak
at approximately 780 to 790 nm, whereas the IR780@PLGA NPs
showed an absorption peak in approximately the same area. For
the blank PLGA NPs, absorption peaks were not observed from
400 nm to 900 nm, suggesting that PLGA itself does not have the
ability to absorb light and conrming that IR780-loaded NPs
can be used as a suitable photoabsorbent.
In vitro PTT effects

To investigate the PTT effects of the IR780@PLGA NPs,
IR780@PLGA NPs at different concentrations, free IR780, blank
PLGA NPs, and PBS were exposed to 808 nm NIR laser irradia-
tion with power densities of 1.0, 2.0 and 3.0 W cm�2 for 10 min.
As shown in Fig. 3A, no obvious change was observed in the
temperature of the PBS and blank PLGA NPs aer 10 min of NIR
irradiation. In contrast, due to the photothermal effects of
IR780, a signicant temperature increase was observed under
NIR irradiation. The maximum temperature achieved for the
free IR780 solutions was 47.4 �C. Similarly, obvious temperature
Table 1 Characteristics of the blank PLGA NPs and IR780@PLGA NPs (n

Sample Size (nm) PDI Zeta p

Blank PLGA NPs 218.3 � 5.5 �1.43 � 0.03 �0.05
IR780@PLGA NPs 260.6 � 4.8 �2.35 � 0.02 �0.17

This journal is © The Royal Society of Chemistry 2019
increases were observed for IR780@PLGA NP solutions aer
irradiation, and the temperature increased to 47.3 �C; this
allows the NPs to act as an effective photothermal nanoagent for
PTT because the temperature threshold that is supposed to
cause irreversible damage to cancer tissue is 43 �C.2,39 The
IR780@PLGA NPs showed nearly the same PTT efficiency as free
IR780, indicating that PLGA encapsulation has no impact on
the PTT effect of IR780. Moreover, the increase in the temper-
ature of the IR780@PLGA NP solution could be controlled by
varying the concentration of IR780 and the laser power density,
as expected (Fig. 3B and C). Therefore, due to the excellent PTT
performance of the IR780@PLGA NPs, they are promising PTT
agents for the treatment of tumours.
In vitro anti-tumour activity

To estimate the in vitro anti-tumour therapeutic efficacy of the
IR780@PLGA NPs, the viability of 4T1 cells was analysed by
CCK-8 assay. As shown in Fig. 4, with NIR irradiation, the cell
viability decreased with increasing concentration of NPs.
Moreover, the cell viability in the groups decreased with
increasing concentration of NPs, even in the absence of laser
irradiation; this indicates that the IR780@PLGA NPs are cyto-
toxic (p < 0.05). Aer the same concentration of NPs was
exposed to NIR irradiation, the cell viability was less than that
without irradiation. Aer 4T1 cells were incubated with the
¼ 3)

otential (mV) Loading (mg mg�1)
Entrapment efficiency
(%)

� 0.02 — —
� 0.06 6.6 � 1.8 31.2 � 1.2

RSC Adv., 2019, 9, 35976–35983 | 35979

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05813c


Fig. 4 The viability of 4T1 cells incubated with different concentra-
tions of IR780 (A) with andwithout laser irradiation (2.0W cm�2) (n¼ 5)
after 6, 12, 24 and 48 h. (B) Under different laser intensities (0.6, 0.8, 1, 2
and 3 W cm�2). (C) Viability of SV-HUC-1 and 4T1 cells incubated with
IR780@PLGANPs andDOX. (D) Cytotoxicity evaluated by fluorescence
microscopy using DAPI/PI double staining after different treatments:
incubated with different concentrations of IR780@PLGA NPs (a)
without NIR irradiation, (b) with NIR irradiation. Dead cells: red fluo-
rescence of PI; nucleus: blue fluorescence of DAPI.

Fig. 5 Ultrasound images of a normal leg (L) and tumour-bearing leg
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IR780@PLGA NPs under NIR irradiation (2.0 W cm�2, 10 min),
the cell viability decreased because of the photothermal effect of
IR780. The cell viability showed a marked decrease with
increasing concentration of the IR780@PLGA NPs. Effective
cellular growth inhibition of the IR780@PLGA NPs aer NIR
irradiation indicated that NIR-induced PTT enhanced the
cancer cell killing effect (p < 0.05). The dead cell viability assay
was further employed to visualize the cytotoxic effects of
hyperthermia-assisted chemotherapy against 4T1 cells. The
uorescence in DAPI/PI iodide double staining was applied to
identify dead/apoptotic cells aer different treatments. As
shown in Fig. 4D, when 4T1 cells were incubated with different
concentrations of IR780@PLGA NPs without NIR laser
35980 | RSC Adv., 2019, 9, 35976–35983
exposure, almost no red uorescence was observed, indicating
negligible lethal effects. When 4T1 cells were incubated with
IR780@PLGA NPs under NIR irradiation for 10 min, cell death
was observed, demonstrating the IR780-triggered photothermal
cytotoxicity. However, as shown in Fig. 4A, as the incubation
time increased, the cell viability also increased. Aer incubation
for more than 48 h, the cell viability increased to greater than
50%, indicating that the cells regrew rapidly enough for the
therapy to fail. Moreover, as shown in Fig. 4B, aer irradiation
under different intensities of NIR light, the cell viability mark-
edly decreased with increasing NIR light intensity. Interestingly,
when incubated with IR780@PLGA NPs, SV-HUC-1 cells
remained excellent vitality, indicating that normal human cells
may have stronger resistance to IR780 (Fig. 4C). However, when
irradiated with a NIR laser, the SV-HUC-1 cell viability
decreased, showing that the IR780-triggered photothermal
cytotoxicity could not be ignored even though normal human
cells possess stronger resistance than cancer cells. It is also
important that compared to DOX in a conventional therapeutic
dose,5,38,40 IR780@NPs showed lower cytotoxicity; this suggests
it to be an ideal material in cancer therapy with potential for
clinical therapy. Notably, the IR780@PLGA NPs combined with
PTT achieved exceptional cytotoxicity. These results indicate
that the IR780@PLGA NPs effectively induce cell death through
PTT therapy upon NIR laser irradiation.

In vivo anti-tumour therapy

To investigate the anti-tumour therapy in vivo, mice with 4T1
tumours in their legs were intra-tumourally injected with
different solutions every other day for 8 days aer rst observing
the bone damage caused by the tumour on the leg using
ultrasound (Fig. 5). At 5 min post-injection, the tumours of the
mice in each group were irradiated with the 808 nm laser (2.0 W
cm�2, 5 min). The temperature change during the irradiation of
tumour tissue was measured, as shown in Fig. 6. The temper-
ature of the tumour-bearing legs of the mice receiving the intra-
tumoural injection of the IR780@PLGA NPs rapidly increased to
49.4 �C, which was greater than the temperature observed in the
blank PLGA (37.4 �C) and PBS (34.7 �C) groups (Fig. 6B). The
tumour volume and body weight were measured, as shown in
Fig. 7C and D. In the PBS-injected group, the tumour volume
markedly increased on day 8 compared with day 0. Compared
with the original tumour volume on day 0, the tumour volumes
on day 8 increased by 197.1% for the PBS-injected group,
108.3% for the IR780@PLGA NP-injected group with NIR
(R). The arrow shows bone damage.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 In vivo PTT. Infrared thermal images of mice after irradiation (A)
injected with PBS, blank PLGA NPs and IR780@PLGA NPs. (B)
Temperature increases as a result of laser irradiation.

Fig. 7 In vivo anti-tumour therapy. (A) Images of tumour-bearing legs
after administration of different treatments: (1) PBS, (2) blank PLGA
NPs, (3) IR780@PLGA NPs, (4) blank PLGA NPs + NIR (808 nm), and (5)
IR780@PLGA NPs + NIR (808 nm). (B) Survival times, (C) tumour
growth curves and (D) body weight curves of the mice after admin-
istration of different treatments: (1) PBS, (2) blank PLGA NPs, (3)
IR780@PLGA NPs, (4) blank PLGA NPs + NIR (808 nm), and (5)
IR780@PLGA NPs + NIR (808 nm). The tumour volumes were
normalized to the corresponding initial tumour volumes, and the body
weights were normalized to the corresponding initial body weights.

Fig. 8 H&E staining of tumour tissue slices after administration of
different treatments: (1) PBS, (2) blank PLGA NPs, (3) IR780@PLGA NPs,
(4) blank PLGA NPs + NIR (808 nm), and (5) IR780@PLGA NPs + NIR
(808 nm).
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irradiation, and 151.1%, 152.2% and 176.8% for the
IR780@PLGA NP group without NIR irradiation, blank PLGA NP
group with NIR irradiation and blank PLGA NP group, respec-
tively. These results suggest that IR780 has an obvious anti-
tumour effect in vivo. For the blank PLGA NP group with NIR
irradiation, the tumour volume slowly increased to 152.2% of
the original tumour volume. Moreover, the tumour volume
remained at nearly the same volume as the original tumour
volume aer the IR780@PLGA NPs were injected and exposed
under laser irradiation. These results indicate that the
combined therapy effectively inhibits tumour growth, and the
combined anti-tumour effect was better than the anti-tumour
effect of the individual components.

On days 0, 4, and 8 post-injection, 5 mice from each group
were randomly selected, and the tumour-bearing legs were
excised for micro CT analysis. Histopathological examination of
the stained tissues was then conducted. Moreover, mice from
each group were randomly selected on day 8 post-injection, and
their organs were excised for histopathological examination.
This journal is © The Royal Society of Chemistry 2019
H&E staining of the tumour-bearing legs treated with the
IR780@PLGA NPs and NIR laser irradiation showed less bone
destruction and more normal tissues around the bone than the
mice in the other groups, indicating that a better inhibition
effect was induced by this treatment (Fig. 8). Micro CT analysis
indicated that the mice treated with the IR780@PLGA NPs and
NIR laser irradiation exhibited minimal bone destruction
(Fig. 10). These results demonstrate that further tumour cell
growth was efficiently inhibited, and more effective cell
apoptosis was observed as a result of the PTT therapy compared
with the other treatments. In addition, H&E staining analysis of
RSC Adv., 2019, 9, 35976–35983 | 35981
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Fig. 9 H&E staining images of different organ slices from the mice on
day 8 after administration of different treatments: (1) PBS, (2) blank
PLGA NPs, (3) IR780@PLGA NPs, (4) blank PLGA NPs + NIR (808 nm),
and (5) IR780@PLGA NPs + NIR (808 nm).
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the important organs indicated no obvious damage (Fig. 9).
Thus, it was demonstrated that PTT using the IR780@PLGA NPs
effectively suppresses the metastasis of breast cancer cells to
bone and does not cause damage to normal organs.
Fig. 10 Micro CT images (A) and data (B) for the following groups: (1)
PBS, (2) blank PLGANPs, (3) IR780@PLGANPs, (4) blank PLGANPs + NIR
(808 nm), and (5) IR780@PLGA NPs + NIR (808 nm). The data for each
group are representative of at least three independent assays. *p < 0.05.

35982 | RSC Adv., 2019, 9, 35976–35983
Based on the results discussed above, the IR780@PLGA NPs
and NIR laser irradiation showed outstanding PTT efficacy,
which inhibited the metastasis of breast cancer cells to bone.
We speculate that the excellent anti-tumour effects of the
IR780@PLGA NPs are due to the following factors: (1) intra-
tumoural injection of the IR780@PLGA NPs caused increased
accumulation of the IR780@PLGA NPs in tumours, avoiding
IR780 biodegradation in circulation in vivo; and (2) the effects of
PTT effectively inhibited breast cancer proliferation and
metastasis. Compared to traditional therapies such as surgery
and chemotherapy, the IR780@PLGA NPs combined with PTT
show pleasing therapeutic effects in inhibiting bone damage
and possess lower cytotoxicity. Therefore, all of these advan-
tages contribute to the excellent PTT effect of the IR780@PLGA
NPs.

Conclusions

In this study, photothermally triggered IR780 nanomaterials
based on PLGA NPs were fabricated to treat metastasized breast
cancer cells in bone. The IR780@PLGA NPs showed excellent
photothermal conversion properties in vitro and in vivo, and
tumour growth was markedly inhibited by PTT. Treatment with
the IR780@PLGA NPs combined with NIR laser irradiation
eliminated the 4T1 breast cancer cells in bone. Finally, the
IR780@PLGA NPs show great potential for the treatment of
bone metastases.
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