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Purpose: With the advance of screening techniques, there is a growing number of low-risk 
or intermediate-risk prostate cancer (PCa) cases, remaining a serious threat to men’s health. 
To obtain better efficacy, a growing interest has been attracted to develop such emerging 
treatments as immunotherapy and focal therapy. However, few studies offer guidance on 
whether and how to combine these modalities against PCa. This study was designed to 
develop dual-functional nanoparticles (NPs) which combined photothermal therapy (PTT) 
with immunotherapy and determine the anti-tumor efficacy for PCa treatment.
Methods: By a double emulsion technique, the drug nanocarrier, poly(lactic-co-glycolic 
acid) or PLGA, was applied for co-loading of a fluorescent dye, indocyanine green (ICG) and 
a toll-like receptor 7/8 (TLR7/8) agonist resiquimod (R848) to synthesize PLGA-ICG-R848 
NPs. Next, we determined their characteristic features and evaluated whether they inhibited 
the cell viability in multiple PCa cell lines. After treatment with PLGA-ICG-R848, the 
maturation markers of bone marrow-derived dendritic cells (BMDCs) were detected by 
flow cytometry. By establishing a subcutaneous xenograft model of mouse PCa, we explored 
both the anti-tumor effect and immune response following the NPs-based laser ablation.
Results: With a mean diameter of 157.7 nm, PLGA-ICG-R848 exhibited no cytotoxic effect 
in PCa cells, but they significantly decreased RM9 cell viability to (3.9±1.0)% after laser 
irradiation. Moreover, PLGA-ICG-R848 promoted BMDCs maturation with the significantly 
elevated proportions of CD11c+CD86+ and CD11c+CD80+ cells. Following PLGA-ICG- 
R848-based laser ablation in vivo, the decreased bioluminescent signals indicated 
a significant inhibition of PCa growth, while the ratio of splenic natural killer (NK) cells 
in PLGA-ICG-R848 was (3.96±1.88)% compared with (0.99±0.10)% in PBS group, reveal-
ing the enhanced immune response against PCa.
Conclusion: The dual-functional PLGA-ICG-R848 NPs under laser irradiation exhibit the 
anti-tumor efficacy for PCa treatment by combining PTT with immunotherapy.
Keywords: prostate cancer, PLGA, indocyanine green, resiquimod, photothermal therapy, 
immunotherapy

Introduction
Prostate cancer (PCa) poses a serious threat to men’s health with the second highest 
incidence of all malignant tumors in men worldwide.1 According to the Cancer 
Statistics 2020, it has been estimated that there would be 191,930 new cases of PCa, 
accounting for 21% of all male malignancies, and that 33,330 patients would die of 
this disease in the United States.2 Therapeutic strategies for PCa consist of 
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surveillance, localized therapy and systemic therapy. 
Localized therapy includes surgery, radiation therapy and 
focal therapy while systemic therapy includes hormonal 
therapy, chemotherapy and immunotherapy.3,4 Generally, 
treatment options depend partly on whether PCa is loca-
lized, high-risk, advanced or recurrent. Due to the limited 
efficacy and side effects of monotherapy, effective combi-
nation therapies or novel treatment regimens still need to 
be developed to obtain better efficacy outcomes.5 

Recently, a growing interest has been attracted to such 
novel treatments as immunotherapy6 and PTT therapy.7 

However, few available studies can offer guidance to 
whether and how to combine these modalities, and their 
synergistic applications may give another perspective in 
the treatment of PCa.

Accumulating evidence suggests that human PCa does 
not respond well to mono-immunotherapy due to the low 
infiltration of effective immune cell types, which is also 
known as immunologically “cold”.8 Cancer vaccines are 
considered as promising strategies to modify the tumor 
microenvironment (TME) from “cold” to “hot” type.9 

Relative to conventional cancer vaccines, in situ cancer 
vaccines and effective adjuvants recently show great 
potential to overcome the limitations of poor immunogeni-
city, high cost and safety concerns.10 In situ vaccination 
aims to produce tumor-associated antigens (TAAs) at the 
tumor site without prior identification and isolation, which 
will further trigger a TAA-specific adaptive immune 
response.11 The application of immune adjuvants can 
effectively improve the immunogenicity of vaccines and 
enhance the specific immune response. Based on small- 
molecule agonists at toll-like receptor 7/8 (TLR7/8), 
a growing number of clinical trials have been conducted 
to assess the anti-tumor immunity in multiple cancers.12 

As a TLR7/8 agonist approved by Food and Drug 
Administration (FDA), resiquimod (R848) may be an 
immune adjuvant or a single immunomodulatory drug 
with important application prospects in cancer treatment, 
but very few studies have been conducted on the potential 
impacts of R848 used to treat PCa. It must be noted that 
free R848 rapidly induces a systemic production of inflam-
matory cytokines, leading to potential adverse events and 
safety risks,13 which can be reduced by its encapsulation 
in NPs.

The emerging treatment modality, focal therapy, 
mainly consists of cryotherapy, high-intensity focused 
ultrasound (HIFU), laser ablation, photodynamic therapy 
(PDT), irreversible electroporation, radiofrequency 

ablation and focal brachytherapy.14 With Prostate 
Specific Antigen (PSA) screening being widely used, an 
increasing number of PCa cases are diagnosed as low-risk 
or intermediate-risk.15 Therefore, focal therapy will play 
a more critical role due to both the ablation of prostate 
cancer lesions similar to surgical removal and the protec-
tive effects of urinary and sexual functions.16 However, 
further clinical and basic research data are still needed to 
confirm its therapeutic effects. As an amphiphilic near- 
infrared (NIR) fluorescent dye, indocyanine green (ICG) 
can not only efficiently convert the absorbed light energy 
to heat for photothermal therapy (PTT) but also induce 
reactive oxygen species (ROS) production for PDT,17 

which may serve as a promising anticancer reagent by 
laser ablation. However, it should be noted that both the 
instability of ICG in water, light, heat and the rapid clear-
ance in vivo pose serious obstacles to its practical use. 
Increasing evidence suggests that ICG encapsulated in 
nanoparticles (NPs) can overcome the above deficiencies 
and exhibit the enhanced effects of cancer therapy.18

As one of the most widely applied drug nanocarriers, 
poly(lactic-co-glycolic acid) or PLGA exhibits the favor-
able properties such as sustained drug release, biocompat-
ibility, non-toxicity, non-immunogenicity and 
biodegradability.19,20 The present research aimed to 
develop a dual-functional PLGA NPs co-loaded with 
ICG and R848 (PLGA-ICG-R848 NPs), and then deter-
mined their in vitro and in vivo anticancer efficacy for PCa 
treatment when irradiated with 808 nm laser. Our findings 
could give another perspective in the development of 
potential therapeutics against PCa by combining PTT 
with immunotherapy.

Materials and Methods
Materials and Reagents
Poly(lactic-co-glycolic acid) (PLGA, #719889), resiqui-
mod (R848, #SML0196) and indocyanine green (ICG, 
#I2633) were purchased from Sigma-Aldrich. 
Dichloromethane (DCM, #270997), dimethyl sulfoxide 
(DMSO, #472301) and polyvinyl alcohol (PVA, 
#363170) were also provided by Sigma-Aldrich. 
Recombinant mouse GM-CSF (BioLegend, #576304), 
recombinant mouse IL-4 (BioLegend, #574304), lipopoly-
saccharides (LPS, Sigma-Aldrich, L4391), 1X RBC Lysis 
Buffer (Invitrogen, #00-4333) and 100-mm ultra-low 
attachment culture dish (Corning®, #3262) were obtained 
for BMDCs culture.
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Cell Lines and Cell Culture
The human prostate cancer cell lines PC-3, LNCaP and 
DU-145 were purchased from American Type Culture 
Collection (ATCC). The mouse prostate cancer cell line 
RM9 was a gift from Professor T.C. Thompson of 
University of Texas, USA. RM9 and DU-145 cells were 
cultured in Dulbecco’s modified eagle medium (DMEM; 
Gibco, Invitrogen, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco, Invitrogen, USA), 1% penicil-
lin-streptomycin (Gibco, Invitrogen, USA), and main-
tained at 37°C in a humidified atmosphere containing 5% 
CO2. PC-3 and LNCaP cells were cultured in the same 
environment, but in F-12 and RMPI-1640 media, respec-
tively, containing 10% FBS and 1% penicillin- 
streptomycin.

Preparation of PLGA-ICG-R848 NPs
PLGA-ICG-R848 was synthesized using a double emul-
sion/solvent evaporation technique.21 Briefly, 60 mg 
PLGA was co-dissolved in 2 mL DCM with 0.8 mg 
R848. Then, 0.2 mL of 3 mg/mL ICG solution was 
added to the mixture above, which was emulsified for 2 
min using ultrasonicator (Bioruptor UCD-250, Diagenode, 
Belgium). The primary emulsion was next ultrasonicated 
with 5 mL of 2.5% (w/v) PVA aqueous solution for 6 min 
to produce the w/o/w double emulsion. Transferred the w/ 
o/w emulsion to 5 mL of 0.25% (w/v) PVA aqueous 
solution and facilitated organic solvent evaporation under 
magnetic stirring for 4 h. The prepared PLGA-ICG-R848 
NPs were collected by centrifugation at 23,000 g for 20 
min, and washed twice with Milli-Q water. Finally, the 
freeze-dried powder of PLGA-ICG-R848 NPs was 
obtained after lyophilized for 24 h and stored at 4°C in 
the dark before use.

Characterization of PLGA-ICG-R848 NPs
The PLGA-ICG-R848 NPs were firstly dispersed in 
Milli-Q water and then presented to a dynamic light 
scattering (DLS) device named Zetasizer Nano ZSP 
(Malvern Panalytical, UK) for the determination of their 
particle sizes, polydispersity index (PDI) and zeta poten-
tial. The morphology and surface structure of NPs were 
characterized by scanning electron microscope (SEM; 
S-4800, Hitachi, Japan). The UV-VIS-NIR absorption 
spectra of free ICG, PLGA-ICG and PLGA-ICG-R848 
was confirmed by a microvolume spectrophotometer 
(DeNovix Inc., DS-11, USA). The FlexStation® 3 Multi- 

Mode Microplate Reader (Molecular Devices, USA) was 
used to measure the concentration of ICG with absor-
bance at 780 nm wavelength. High performance liquid 
chromatography (HPLC, LC-20AT, Shimadzu, Japan) 
coupled with an ultraviolet-visible detector (SPD-20A, 
Shimadzu, Japan), together with XTerra RP18 column 
(3.0 mm × 150 mm, 5.0 µm, Waters, USA) were applied 
to detect the concentration of R848 at 250 nm 
(Supplementary Figure 1A). HPLC analysis was per-
formed using mobile phase A (0.1% trifluoroacetic acid 
in acetonitrile) and mobile phase B (0.1% trifluoroacetic 
acid in water). The standard curve and linear regression 
equation of R848 are shown in Supplementary Figure 1B 
and C. For ICG measurement, we firstly collected the 
supernatant after centrifugation, and determined the con-
centration of free ICG in supernatant. Then, we calcu-
lated the weight of entrapped ICG by subtracting the 
weight of free ICG in supernatant from overall feeding 
weight. Encapsulation efficiency (EE%) and loading 
capacity (LC%) were calculated using the following 
formulation:

EE% ¼
Weight of entrapped drug

Over all feeding weight
� 100%

LC% ¼
Weight of entrapped drug

Weight of NPs
� 100%

Cellular Uptake Experiments
RM9 cells were seeded on the coverslips in 24-well plates 
at a density of 3 × 104 cells per well and allowed to adhere 
overnight. Then the cells were treated for 2 h or 12 h with 
PLGA, PLGA-ICG, PLGA-R848 and PLGA-ICG-R848 at 
the same concentration of ICG (40 μM) or R848 (6.6 μg/ 
mL) in the absence of serum. The treated cells were fixed 
for 15 min in 4% formaldehyde at room temperature and 
rinsed three times with PBS for 5 min each. The intracel-
lular distribution of ICG was observed at different time 
points using an ICG filter equipped fluorescence micro-
scope (BZ-X700, Keyence, Japan). The software of Image 
J was used to quantify the mean fluorescence intensity 
(MFI) of ICG fluorescence from ten random fields of view.

Cell Viability Assay
Cells were seeded in 24-well plates and allowed to adhere 
for 24 h. After replacing with serum-free media, the cells 
were maintained overnight. For cytotoxicity test, RM9 
cells were incubated with PLGA-ICG-R848 with different 
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concentrations of ICG for 4 h and irradiated without or 
with 808 nm laser (1W/cm2) for 10 min. After 24 h, the 
cell viability was detected using cell proliferation kit 
(Roche, Germany). For cell proliferation assay, RM9, 
PC-3, LNCaP and DU-145 cells were firstly treated for 4 
h with PBS, PLGA, PLGA-R848, PLGA-ICG and PLGA- 
ICG-R848, containing the same concentration of ICG or 
R848 and next irradiated without or with 808nm laser 
(1W/cm2) for 10 min. After 24 h, the cell viability was 
detected using cell proliferation kit (Roche, Germany).

Generation and Maturation of BMDCs
Immature BMDCs were generated according to a standard 
protocol (BMDC isolation protocol, Abcam, USA). Bone 
marrow cells were isolated from the femurs and tibias of 
C57BL/6 mice (male, 8–10 weeks old) on day 0. After 
filtration on a 40 μm cell strainer and red blood cell lysis, 
bone marrow cells were then seeded in 100-mm Ultra-Low 
Attachment Culture Dish containing 10 mL RPMI-1640 
medium supplemented with 10% FBS, 20 ng/mL GM-CSF 
and 10 ng/mL IL-4. The cells were cultured at 37°C in an 
incubator containing 5% CO2. On day 3, an additional 
10 mL of RPMI-1640 medium was added, and then half 
of the culture medium was changed on day 6. During 
cultivation, the same concentrations of GM-CSF and IL- 
4 were maintained as above.

On day 8, both the semi-suspended cells and loosely 
attached cells were gently collected and plated into 6-well 
plates. The cells were treated for 48h with (1) PBS, (2) 
PLGA, (3) PLGA-ICG, (4) PLGA-R848, (5) PLGA-ICG- 
R848, (6) R848 (5 μg/mL) and (7) LPS (0.1 μg/mL). LPS 
at 100ng/mL was used as the positive control.

On day 10, BMDCs were stained with anti-CD11c PE 
(BD Pharmingen™, #557401), anti-CD86 FITC (BD 
Pharmingen™, #553691) and anti-CD80 APC (BD 
Pharmingen™, #560016), and then analysed by flow cyto-
metry (Miltenyi Biotec, Germany).

PLGA-ICG-R848 Treatment for 
Subcutaneous Xenograft Model of 
RM9-Luc PCa Cells
Six-week-old male C57BL/6J mice were provided by 
Japan SLC, Inc. (Shizuoka, Japan) and were acclimated 
for 2 weeks. Animal experimental protocols were 
approved by the Ethics Review Committee for Animal 
Experimentation of Okayama University (No. OKU- 
2018003). The welfare and treatment of the laboratory 

animals followed the Guideline of Animal Experiment in 
Okayama University. The use of RM9 cell line was 
approved by the Okayama University Animal Research 
Committee. RM9 cells were infected with plasmids con-
taining luciferase and named RM9-Luc cells, which was 
also reported in our previous studies.22,23

For the tumor inoculation, RM9-Luc cells (2×105) 
resuspended in 100 µL PBS were subcutaneously inocu-
lated into the left flank of each mouse. Ten days later, the 
tumor volume reached approximately 150 mm3 and the 
mice were randomized into the following groups: (1) PBS, 
(2) PBS+laser, (3)PLGA-ICG+laser, (4)PLGA-ICG-R848 
+laser. Nanoparticle suspension in 100 μL (1.6 mg/kg 
ICG, 0.33 mg/kg R848 per mouse) was injected intratu-
morally. According to the results of cellular uptake experi-
ment and cell viability assay, 808nm laser (0.8 W/cm2) 
was used to irradiate the tumor for 10 min after 4 
h injection. During laser irradiation, the subcutaneous 
temperature was monitored at 2 min, 4 min, 6 min, 8 
min and 10 min by FLIR thermal imager (FLIR Systems 
Inc., USA). The IVIS-200 Imaging System (Xenogen, 
Alameda, CA, USA) was applied to acquire biolumines-
cence images and analyze tumor growth.

Two weeks after treatment, spleens were collected to 
make single cell splenocyte suspensions. Splenocytes were 
stained with anti-CD3 PE (BD Pharmingen™, #553064), 
anti-NK1.1 FITC (BD Pharmingen™, #553164). The 
MACSQuant Analyzer 10 (Miltenyi Biotec, Germany) 
was used to detect and analyze the proportion of natural 
killer (NK) cells.

Statistical Analysis
Data are presented as mean ± standard error (mean ± SD) 
unless otherwise indicated. Statistical analyses were per-
formed using GraphPad Prism 8.3. Statistical significance 
was determined by analysis of variance (ANOVA). 
Differences were regarded as significant at P < 0.05.

Results
Preparation and Characterization of 
PLGA-ICG-R848 NPs
PLGA-ICG-R848 NPs prepared from a double emulsion 
assay were characterized by DLS device and SEM. 
Consistent with the nanoparticle size and shape characteriza-
tion observed by SEM analysis, a mean diameter of 157.7 nm 
was determined by DLS device (Figure 1A and B). DLS 
device also revealed that the PDI of PLGA-ICG-R848 was 
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0.071 and the zeta potential was −35.1 mV, indicating a good 
stability of NPs in water solution. Then the prepared solution 
was observed under IVIS-200 Imaging System equipped 
with ICG filter. Fluorescence could be detected in the solu-
tion containing ICG ingredient such as free ICG, PLGA-ICG 
and PLGA-ICG-R848, but was not observed in PLGA, 
PLGA-R848, PBS solution (Figure 1C). The characteristic 
absorption peaks of ICG and R848 were identified by DS-11 
microvolume spectrophotometer, demonstrating the success-
ful encapsulation of ICG and R848 in the PLGA core (Figure 
1D). ICG concentration was calculated by subtracting the 
residual weight from feeding weight. The encapsulation effi-
ciency and loading capacity were (65.61±2.09)% and (0.82 
±0.03)%, respectively, for ICG, while they were (8.363 
±0.325)% and (0.131±0.004)%, respectively, for R848.

Successful Cellular Uptake of PLGA-ICG- 
R848 NPs and They Inhibit the Cell 
Viability of PCa Cells After Laser 
Irradiation
To confirm the successful cellular uptake of NPs, RM9 
cells were treated with PLGA, PLGA-ICG, PLGA-R848 
and PLGA-ICG-R848 for 2 h or 12 h. After incubation 
with NPs containing ICG ingredient for 2 h, fluorescence 
of ICG appeared in RM9 cells, and stronger fluorescence 
was observed when the incubation time was longer. But 
the groups without ICG ingredient presented no ICG fluor-
escence (Figure 2A). As shown in Figure 2B, there was no 
significant difference in the MFI of ICG fluorescence 
between PLGA-R848 (2h) and PLGA-ICG-R848 (2h), or 
between PLGA-R848 (12h) and PLGA-ICG-R848 (12h).

For cytotoxicity test, RM9 cells were incubated with 
PLGA-ICG-R848 with different concentrations of ICG. 
The cell viability exhibited no significant difference 
regardless of different ICG concentrations in the group 
of PLGA-ICG-R848. But after exposing the treated RM9 
cells to 808 nm laser irradiation, the viability rate sig-
nificantly decreased in a concentration-dependent manner 
(Figure 2C). For cell proliferation assay, RM9 cells and 
human prostate cancer cell lines including PC-3, LNCaP 
and DU-145 were treated for 4 h with PBS, PLGA, 
PLGA-R848, PLGA-ICG and PLGA-ICG-R848 and 
next irradiated without or with laser. The cell viability 
of PLGA-ICG+laser and PLGA-ICG-R848+laser was 
significantly inhibited after 24 h culture. But no signifi-
cant inhibition was found in groups of PBS, PBS+laser, 
PLGA+laser and PLGA-R848+laser (Figure 2D).

PLGA-ICG-R848 NPs Promote BMDCs 
Maturation
On day 10 when BMDCs were stimulated for 48 h, more 
cells with enlarged volume and dendritic structure were 
observed by microscopy in groups of PLGA-R848, PLGA- 
ICG-R848, R848 (5 μg/mL) and LPS (0.1 μg/mL) than in 
other groups. Both the non-adherent and loosely adherent 
cells were gently collected, and flow cytometry was per-
formed to detect CD11c marker (a specific surface marker 
of murine dendritic cells), CD86 and CD80 markers (cost-
imulatory factors to provide the second signal of T cell 
activation). The representative results of CD11c+CD86+ 
cells and CD11c+CD80+ cells are shown in Figure 3A and 
B, respectively. The ratios of CD11c+ cells were more 
than 91% in all groups and were not significantly different 
between any two groups, indicating a relatively high purity 
of BMDCs.

The ratios of CD11c+CD86+ cells were (38.54 
±1.30)%, (41.41±6.92)%, (44.04±3.24)%, (62.84 
±1.76)%, (63.70±2.08)%, (65.71±9.14)% and (90.96 
±4.31)%, in the groups of Control, PLGA, PLGA-ICG, 
PLGA-R848, PLGA-ICG-R848, R848 (5μg/mL) and 
LPS (0.1 μg/mL), respectively (Figure 3C). Similar to 
the proportional change of CD11c+CD86+ cells, the 
ratios of CD11c+CD80+ cells were (40.43±1.22)%, 
(47.16±6.66)%, (44.62±6.23)%, (68.56±1.86)%, (70.61 
±3.70)%, (71.54±3.77)% and (91.59±0.57)%, in the 
groups of Control, PLGA, PLGA-ICG, PLGA-R848, 
PLGA-ICG-R848, R848 (5μg/mL) and LPS (0.1 μg/ 
mL), respectively (Figure 3C). The percentage of 
CD11c+CD86+ cells in any group of PLGA-R848, 
PLGA-ICG-R848 and R848 (5μg/mL) was significantly 
higher than that in any group of Control, PLGA and 
PLGA-ICG, and it was the same as CD11c+CD80+ cells.

PLGA-ICG-R848 NPs Plus NIR Laser 
Exhibit the Anti-Tumor Effect on PCa 
Mouse Model
To assess the anti-tumor effect of PLGA-ICG-R848 NPs, 
we established the RM9-Luc subcutaneous tumor xeno-
graft model. During laser irradiation (0.8 W/cm2, 10 min), 
the subcutaneous temperatures at 2, 4, 6, 8 and 10 min 
were controlled around 50°C in the groups of PLGA-ICG 
+laser, PLGA-ICG-R848+laser and below 40°C in the 
group of PBS+laser (Figure 4A and B).

Two weeks after treatment, in vivo bioluminescence 
imaging was performed to monitor tumor growth and 
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bioluminescent images were quantified using Living 
Image 3.2 software. The luminescent signals in the groups 
of (3)PLGA-ICG+laser and (4)PLGA-ICG-R848+laser 
were significantly lower than those in the groups of (1) 
PBS and (2) PBS+laser (Figure 4C and D).

To evaluate the immune response after PLGA-ICG- 
R848 treatment, spleens were collected for flow cytometry. 
In splenocytes, the ratio of CD3-NK1.1+ cells in (4) 
PLGA-ICG-R848+laser was (3.96±1.88)%, which was 
significantly higher than (0.99±0.10)% in (1) PBS 
(Figure 4E and F).

Discussion
To obtain better efficacy against PCa, a growing interest has 
been attracted to develop multi-functional nanoparticles, such 
as chemotherapy, gene therapy and immunotherapy.24–26 In 

this study, we successfully synthesized dual-functional PLGA- 
ICG-R848 NPs with three clinically proven ingredients 
(PLGA, ICG and R848), and demonstrated the in vitro and 
in vivo anticancer efficacy of PLGA-ICG-R848 NPs when 
irradiated with 808 nm NIR laser (Figure 5A). The data of 
particle size, zeta potential and PDI revealed a good stability of 
PLGA-ICG-R848 NPs. We measured the mean particle size of 
157.7 nm (>100 nm). According to the related studies,27,28 the 
mean particle size and our results of cellular uptake experi-
ment, PLGA-ICG-R848 NPs may be internalized mainly by 
clathrin-mediated endocytic pathway, and the results of cell 
viability assay indicate that PLGA-ICG-R848 NPs without 
laser irradiation had a low toxicity to prostate cancer cells. 
The cellular uptake of NPs containing ICG was demonstrated 
by our observation of stronger ICG fluorescence in RM9 cells 
with longer incubation time.

Figure 1 Preparation and characterization of PLGA-ICG-R848 NPs. (A) The mean diameter of PLGA-ICG-R848 NPs was determined by DLS device. (B) SEM analysis was 
applied to identify the nanoparticle size and shape characterization. Scale bar = 100nm. (C) Under IVIS-200 Imaging System, ICG fluorescence could be detected in groups of 
free ICG, PLGA-ICG and PLGA-ICG-R848, but was not observed in PLGA, PLGA-R848 and PBS. (D) The characteristic absorption peaks of ICG and R848 were identified 
by DS-11 microvolume spectrophotometer, demonstrating the successful encapsulation of ICG and R848 in the PLGA core.
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A growing number of low-risk or intermediate-risk PCa 
cases are diagnosed with the advance of screening 
techniques.29 Focal therapy may play an increasingly 

important role in PCa treatment for its efficient removal of 
prostate cancer lesions without damaging healthy tissues and 
nearby organs.16 In recent years, PTT activated by NIR light is 

Figure 2 PLGA-ICG-R848 NPs plus laser irradiation inhibited PCa cell viability. (A) ICG fluorescence was observed in RM9 cells after 2 h treatment, and stronger fluorescence was 
observed with the longer incubation time in groups of PLGA-ICG and PLGA-ICG-R848. (B) Mean fluorescence intensity (MFI) of ICG fluorescence was quantified in groups of PLGA- 
ICG and PLGA-ICG-R848. (***P < 0.001, n = 10). (C) After RM9 cells were treated with PLGA-ICG-R848 containing different ICG concentrations, the cell viability exhibited no 
significant difference in the group of PLGA-ICG-R848 without laser irradiation. But the viability rate significantly decreased in a dose-dependent manner in the group of PLGA-ICG-R848 
+laser. (*P < 0.05, n = 6). (D) After 4 h treatment, prostate cancer cells of RM9, PC-3, LNCaP and DU-145 were irradiated without or with 808 nm laser. The cell viability of PLGA-ICG 
+laser and PLGA-ICG-R848+laser was significantly inhibited, but there was no significant inhibition in groups of PBS, PBS+laser, PLGA+laser and PLGA-R848+laser (*P < 0.05, n = 5).
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preferred for cancer therapy due to such advantages as easy 
operation, accurate positioning, noninvasive penetrating tissue 
to a certain depth and low toxicity.30 The FDA-approved NIR 
cyanine dye, ICG, can not only cause singlet oxygen genera-
tion for PDT, but also convert absorbed light energy into heat 
for PTT.31,32 In our study, ICG was encapsulated into PLGA 
NPs to improve ICG stability and enhance PTT against PCa, 
which is mainly discussed here. In the cell viability assay, we 
found PLGA-ICG and PLGA-ICG-R848 under laser irradia-
tion significantly inhibited the cell viability of RM9 cells and 
human prostate cancer cell lines, but the NIR light itself caused 
no cytotoxic effect in the absence of photosensitizers including 
ICG. Accumulating evidence indicates that a temperature of 
over 43°C caused by PTT can exert an irreversible damage to 
cancer cells.33,34 During laser irradiation, the subcutaneous 
temperatures in the groups of PLGA-ICG+laser and PLGA- 
ICG-R848+laser were controlled around 50°C, which could 
irreversibly damage PCa cells. Moreover, the groups of 
PLGA-ICG+laser and PLGA-ICG-R848+laser had lower 
luminescent signals of RM9-Luc cells than the control groups, 
revealing the ICG-induced PTT to kill PCa cells. We also 
detected the residual ICG under IVIS-200 Imaging System at 
one week and two weeks after treatment with PLGA-ICG- 
R848 NPs plus laser irradiation (data not shown), indicating 
the sustained release of ICG as well as R848, and a second 
treatment with laser irradiation for better efficacy.

Although focal therapy is an attractive option for well- 
selected patients, it should be noted that both uncertain early 
recurrence risk and a lack of long-term clinical outcome pose 
obstacles to its routine use recommended by most urologic 
associations.7 Therefore, close monitoring after focal therapy 
and its combination with systemic therapy are required to 
ensure a reduced risk of recurrence and the enhanced anti- 
PCa effects. However, there are still few reports studying the 
synergistic effects of focal therapy combined with immu-
notherapy against PCa. Previous studies have reported that 
NIR PTT-based in situ vaccination has the potential to 
enhance immune response and immunological memory 
against tumor recurrence and metastasis with lower toxicity 
but less expensive, less ethic and safety concerns than con-
ventional cancer vaccines, even for such immunologically 
cold tumors as breast cancer.35–38 Similarly, intratumoral 
injection of PLGA-ICG-R848 followed by 808 nm laser 
ablation promoted the release of TAAs in situ to trigger 
specific immune response against PCa and the release of 
R848 as an immunopotentiator to enhance the immune 
response of in situ vaccination and produce longer-lasting 
immunity. Chen et al reported that PLGA NPs co-loaded 

with ICG and imiquimod (R837, TLR7 agonist) using o/w 
single-emulsion method contribute to an elevated secretion of 
such pro-inflammatory cytokines as interleukin-6 (IL-6), 
tumor necrosis factor alpha (TNF-α) and interleukin-12p70 
(IL-12p70) by mature DCs in mice bearing either 4T1 or 
CT26 tumors.37 The immune adjuvant R848 used in our 
study has been reported to enhance antitumor immunity in 
multiple cancers by the differentiation of myeloid-derived 
suppressor cells (MDSCs) into M1-like macrophages,39 the 
polarization of macrophages,40 the maturation of DCs,41 and 
the elevated secretion of pro-inflammatory cytokines. 
Interestingly, according to the recent findings by Kim et al, 
mature DCs stimulated by TLR7/8-agonist-loaded NPs 
increase the secretion of pro-inflammatory cytokines and 
the expression of costimulatory molecules, both of which 
can promote splenic NK cell activation.42 There was no 
significant difference in promoting BMDCs maturation 
between free R848 and PLGA-ICG-R848 NPs. For PLGA- 
ICG-R848 NPs, the release of R848 at 48 h was demon-
strated to cause a similar result of BMDCs maturation com-
pared with free R848. However, compared with free R848, 
R848 encapsulated in PLGA NPs has been proven to aug-
ment the immune response and exhibit strong local immune 
activation without inducing systemic cytokine release and 
immune tolerance.13,43 Correspondingly, PLGA-ICG-R848 
NPs treatment was found to increase the maturation markers 
of BMDCs and contribute to an elevated ratio of splenic NK 
cells in mice bearing RM9-Luc tumor (Figure 5B). NK cells 
may kill RM9 PCa cells through the release of such cytotoxic 
molecules as perforin and granzyme, and the secretion of 
cytokines such as interferon-gamma (IFN-γ) to promote the 
differentiation of T helper type 1 (Th1) cells.44,45 Compared 
with a single injection of R848, cycles of repeated injections 
were developed to circumvent immune tolerance and 
improve the efficacy of cancer immunotherapy.46 To avoid 
repeated injections, R848 encapsulated in NPs can slowly 
release, and subsequently reduce potential adverse events and 
safety risks initiated by cytokine storm.40–42 To date, 
although a growing number of R848 preclinical and clinical 
trials have been performed to verify its efficacy on multiple 
cancers, there are a lack of studies about PCa treatment. 
Recently, Islam et al demonstrated that mRNA vaccine 
pulsed with R848 adjuvant exhibits the anti-tumor efficacy 
in syngeneic mouse models of prostate cancer.47 Our data 
prove that PLGA-ICG-R848 induced the significant matura-
tion of BMDCs, and its combination with laser ablation 
increased the proportion of splenic NK cells, which may 
further contribute to a stronger anticancer efficacy against 
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Figure 3 PLGA-ICG-R848 increases the maturation markers of BMDCs. (A and B) On day 8, the BMDCs were collected and then treated with (1) PBS, (2) PLGA, (3) 
PLGA-ICG, (4) PLGA-R848, (5) PLGA-ICG-R848, (6) R848 (5 μg/mL) and (7) LPS (0.1 μg/mL). After 48h treatment, flow cytometry was performed to analyze the 
percentage of CD11c+CD86+ cells and CD11c+CD80+ cells. (C) The percentage of CD11c+CD86+ cells in any group of PLGA-R848, PLGA-ICG-R848 and R848 (5μg/mL) 
was significantly higher than that in any group of Control, PLGA and PLGA-ICG, and it was the same as CD11c+CD80+ cells (*P < 0.05, n = 3). Data are expressed as the 
mean ± SD from three independent experiments.
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PCa. Further studies to evaluate the anti-metastasis effect and 
long-term maintenance of immunological memory against 
PCa are also required to better understand the therapeutic 
potential of PLGA-ICG-R848 NPs with NIR laser.

This is the first report to assess the antineoplastic 
effect of PLGA-ICG-R848 NPs with NIR laser on 
a mouse subcutaneous PCa model. However, this 
model could not well mimic the cancer cells growing 

Figure 4 Anti-tumor effect of PLGA-ICG-R848 NPs plus NIR laser in vivo. (A and B) During laser irradiation, the subcutaneous temperatures in groups of PBS+laser and 
PLGA-ICG-R848+laser were monitored at 2 min, 4 min, 6 min, 8 min and 10 min by FLIR thermal imager. (C) Two weeks after photothermal therapy, in vivo 
bioluminescence imaging was performed to monitor tumor growth and (D) bioluminescent images were quantified (*P < 0.05, n = 3). (E and F) Spleens were collected 
after two-week treatment and flow cytometry was used to detect the proportion of NK cells in splenocytes (*P < 0.05, n = 3).
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in their natural location, so the orthotopic mouse model 
of PCa should be introduced for future research. 
Meanwhile, multiparametric magnetic resonance ima-
ging (mpMRI) can provide anatomical, functional, and 
physiological parameters of prostate diseases,48 which 
will be of great help to real-time localization and intra-
tumoral injection of PLGA-ICG-R848 NPs when com-
bining PTT with immunotherapy against PCa.49

Conclusion
Here we reported a dual-functional PLGA-ICG-R848 NPs 
which combined PTT with immunotherapy against PCa. 

PLGA-ICG-R848 NPs under NIR laser irradiation signifi-
cantly inhibited the growth of human and mouse prostate 
cancer cell lines. Furthermore, PLGA-ICG-R848 NPs could 
significantly increase the maturation markers of BMDCs. In 
the subcutaneous xenograft model of mouse PCa cell line, 
both the anti-tumor effect and immune response were 
enhanced by PLGA-ICG-R848 NPs-based laser irradiation. 
To sum up, the dual-functional PLGA-ICG-R848 NPs under 
NIR laser irradiation exhibit the anti-tumor efficacy for PCa 
treatment in vitro and in vivo. Therefore, these findings 
could have significant implications in the development of 
therapeutic strategies against low- or intermediate-risk PCa 
by combining PTT with immunotherapy.

Figure 5 The mechanism of anti-tumor efficacy induced by PLGA-ICG-R848 NPs plus NIR laser. (A) The preparation of PLGA-ICG-R848 NPs and their application in vivo. 
(B) Schematic illustration of PLGA-ICG-R848 NPs for PTT and anti-tumor immune response against PCa. 
Abbreviations: NK cells, natural killer cells; mDCs, mature dendritic cells; imDCs, immature dendritic cells.
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Abbreviations
PCa, prostate cancer; NPs, nanoparticles; PTT, photother-
mal therapy; PLGA, poly(lactic-co-glycolic acid); ICG, 
indocyanine green; TLR7/8, toll-like receptor 7/8; 
BMDCs, bone marrow-derived dendritic cells; TME, 
tumor microenvironment; TAAs, tumor-associated anti-
gens; FDA, Food and Drug Administration; R848, resiqui-
mod; HIFU, high-intensity focused ultrasound; PDT, 
photodynamic therapy; PSA, Prostate Specific Antigen; 
NIR, near-infrared; ROS, reactive oxygen species; w/o/w, 
water-in-oil-in-water; DLS, dynamic light scattering; PDI, 
polydispersity index; EE%, encapsulation efficiency; LC 
%, loading capacity; SEM, scanning electron microscope; 
HPLC, high performance liquid chromatography; NK 
cells, natural killer cells; SD, standard error; ANOVA, 
analysis of variance; IL-6, interleukin-6; TNF-α, tumor 
necrosis factor alpha; IL-12p70, interleukin-12p70; 
MDSCs, myeloid-derived suppressor cells; IFN-γ, inter-
feron-gamma; Th1 cells, T helper type 1 cells; mpMRI, 
multiparametric magnetic resonance imaging; mDCs, 
mature dendritic cells; imDCs, immature dendritic cells.
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