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Abstract 

The efficacy of combined near-infrared (NIR) and immune therapies for inhibiting tumor growth and 
recurrence has gained increasing research attention. Regulatory T cells in the tumor microenvironment 
constitute a major obstacle in achieving robust CD8+ T cell antitumor immunotherapy. In the present 
study, we designed a photoimmunotherapy-based strategy involving a combination of photothermal and 
photodynamic therapies, followed by Treg cell suppression, for eliciting an immune response with IR-780- 
and imatinib-loaded layer-by-layer hybrid nanoparticles.  
Methods: The layer-by-layer hybrid nanoparticles were prepared through electrostatic interactions. 
Their photothermal effect, photodynamic effect as well as their effect on inhibiting Treg cells’ suppressive 
function were investigated in vitro and in vivo. Their antitumor effect was evaluated using B16/BL6 and 
MC-38 tumor-bearing mice. 
Results: The layer-by-layer hybrid nanoparticles, which were pH-sensitive, enabled the release of IR-780 
dye for NIR-induced photothermal and photodynamic effects, and the release of imatinib-loaded 
glucocorticoid-induced TNF receptor family-related protein/poly(lactic-co-glycolic acid) (GITR-PLGA) 
nanoparticles to initiate antitumor immunotherapy. The photothermal and photodynamic effects caused 
by IR-780 under NIR exposure resulted in direct tumor apoptosis/necrosis and the production of 
tumor-associated antigen, promoted dendritic cell maturation, and enhanced the presentation of 
tumor-associated antigen to T cells, while the imatinib-loaded GITR-PLGA cores reduced the 
suppressive function of Treg cells, and consequently activated effective CD8+ T cells towards tumors.  
Conclusion: With the significant photothermal, photodynamic and immunotherapies, the system 
successfully eradicated tumor growth, diminished tumor recurrence, and improved survival in vivo. The 
proposed nanoparticles provide a novel and versatile approach to boost antitumor 
photoimmunotherapy. 
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Introduction 
Photo-induced cancer therapy, which exploits 

non-toxic photosensitizers to efficiently generate 
photodynamic therapy (PDT) and photothermal 
therapy (PTT), has emerged as an attractive strategy 

for in vivo tumor ablation [1]. Upon exposure to 
near-infrared (NIR) irradiation, the photosensitizer 
converts the absorbed light energy into thermal 
energy and generates singlet oxygen (1O2) from tissue 
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oxygen, ultimately resulting in local hyperthermia 
and tumor damage (necrosis and/or apoptosis) [2]. 
NIR-triggered tumor ablation has particular 
advantages over conventional therapeutic methods, 
including high and precise local temperature, 
preservation of surrounding tissues, short recovery 
time, destruction of tumor vessels, induction of acute 
inflammatory responses, and deprivation of oxygen 
and nutrients in tumor areas [3, 4]. However, their 
limited accumulation in tumor, water-insoluble 
characteristics, and instability restrict the application 
of photosensitizers. To overcome these drawbacks, 
chemical modifications of photosensitizer dye [5], 
polymer-conjugated photosensitizers [6], or 
photosensitizer-loaded nano-delivery systems have 
been developed to enhance the accumulation of 
photosensitizers in tumor [7].  

During NIR exposure, molecular oxygen can be 
catalyzed to a range of reactive oxygen species (ROS). 
The ROS can directly induce tumor necrosis or 
apoptosis and the accumulation of dendritic cells 
(DCs) and neutrophils, which promote an antitumor 
immune response [8, 9]. It was demonstrated that 
PEGylated copper nanowires significantly elevated 
high-mobility group box 1 (HMGB1) protein release 
when used in combination with NIR irradiation [10] 
and play a crucial role in initializing the subsequent 
immune response against tumor [11]. HMGB1 
belongs to the damage-associated molecular patterns 
(DAMPs), which can activate DCs to present the 
tumor-antigen to T cells. However, it has been 

suggested that the tumor microenvironment becomes 
so immunosuppressive that NIR exposure treatment 
alone may not be sufficient for tumor ablation and 
even has some immunosuppressive effects [12]. The 
recruitment and expansion of CD4+ CD25+ Foxp3+ 
Treg cells in the tumor microenvironment mostly 
contribute to the severe immunosuppression [13]. In 
this light, the integration of NIR irradiation and the 
inhibition of intratumoral Treg cells might induce 
tumor eradication and facilitate durable antitumor 
immunity. Imatinib (IMT), initially developed as an 
inhibitor of tyrosine kinase, has been widely used for 
treating leukemia and gastrointestinal stromal tumors 
[14]. Studies have shown that IMT reduces the 
activation of transcription factors STAT3 and STAT5 
in Treg cells, inhibits Foxp3 expression, and impairs 
Treg immunosuppressive functions in vitro and in vivo 
[14-16]. However, its strong cytotoxicity to normal 
cells, and poor targeting effect and solubility restrict 
its further use. 

In this study, we report the incorporation of 
IR-780 and IMT in layer-by-layer hybrid nanoparticles 
(LBL hNPs) to achieve PTT and PDT antitumor 
efficacy as well as intratumoral Treg cell 
downregulation function (Scheme 1). In this system, 
the hydrophobic drug IMT was loaded inside 
glucocorticoid-induced TNF receptor family-related 
protein (GITR) antibody-modified poly(lactic-co- 
glycolic acid) (PLGA) core, in which the GITR 
antibody functioned to target Treg cells [17]. IR-780 
iodide, a lipophilic cationic NIR dye used as the 

 

 
Scheme 1. Schematic illustration of NIR therapy and regulatory T cell modulation using layer-by-layer hybrid nanoparticles (LBL hNPs) with mutual 
PTT, PDT, and immune-anticancer therapeutic effects. 
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photosensitizer was incorporated on the outside of 
GITR-PLGA core via electrostatic interactions. To 
protect the photosensitizer and GITR-PLGA core from 
degradation and to achieve pH sensitivity, 
poly-L-histidine (PLH) and poly(ethylene glycol)- 
block-poly(L-glutamic acid) (PEG-b-PLG) were used 
as polycationic and polyanionic coating layers. The 
PLH and PEG-b-PLG layers not only provide 
stimulus-responsive behavior triggered by the acidic 
tumor microenvironment, but also enable extended 
blood circulation and improved biocompatibility of 
the delivered payloads [18]. Particularly, owing to the 
amphoteric nature of the outside coating layers, after 
accumulating in the tumor area via the enhanced 
permeability and retention (EPR) effect [19], the LBL 
hNPs underwent protonation in the acidic tumor 
microenvironment, which would result in release of 
the IR-780 photosensitizer and the GITR-PLGA core. 
Subsequently, the released IMT-loaded GITR-PLGA 
core can be successfully targeted to the Treg cells 
within the tumor microenvironment to abrogate their 
immunosuppressive function. Furthermore, NIR- 
induced PTT and PDT can initiate rapid and 
irreversible damage to the cancer cell membrane, 
resulting in swelling and bursting, and release of 
intracellular components due to influx of water inside 
the cell. This process also induces relocation of 
calreticulin, Hsp70, and Hsp90 to the cell surface, 
along with the extracellular release of HMGB1 and 
ATP, which provides immunogenic signals to active 
dendritic cells [11]. Therefore, the interaction of NIR 
therapy and Treg cell modulation using LBL hNPs 
was expected to improve tumor ablation efficacy.  

Methods 
Materials 

Poly(D,L-lactide-co-glycolide) (PLGA; La:Ga= 
50:50, MW 7,000-17,000 Da), polyvinyl alcohol (PVA, 
MW 89,000-98,000), 1,3-diphenyl-2-benzofuran, 
2,5-diphenyl-3,4-benzofuran (DPBF), IR-780 iodide, 
lipopolysaccharide (LPS), 2-(N-Morpholino) 
ethanesulfonic acid hydrate (MES) and 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 
bromide (MTT) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Poly(D,L-lactide-co-glycolide)- 
N-hydroxysuccinimide endcap (PLGA-NHS; 
La:Ga=50:50, MW 20,000-45,000 Da) was purchased 
from PolySciTech (Akina, Inc. USA). Poly-L-histidine 
(PLH) (MW: 5,000-25,000) and poly (ethylene 
glycol)-block-poly(L-glutamic acid) (PEG-b-PLG) 
(PEG repeating units: 22 (MW=1,000 Da), PLG 
repeating units: 50, (MW=7,500 Da)) were obtained 
from Alamanda Polymers (Huntsville, AL, USA). 
Imatinib base (IMT) was acquired from LC 

Laboratories (Woburn, MA, USA). PerCP/Cy5.5 
anti-mouse CD8a antibody, FITC-conjugated 
anti-mouse CD4, APC anti-mouse IFN-γ antibody, 
PE-conjugated anti-mouse CD25, APC-conjugated 
anti-mouse Foxp3, PE-cyanine7-conjugated anti- 
mouse B220, anti-mouse CD3 antibody, anti-mouse 
IL-4 antibody, anti-mouse CD28 antibody, Rat IgG2a 
isotype control antibody, TGF-β, IFN-γ, and IL-2 were 
purchased from Biolegend (San Diego, CA, USA). DiD 
solid dye, PE-granzyme B monoclonal antibody 
(NGZB), TGFβ-1 mouse ELISA kit and IFN-γ mouse 
ELISA kit were purchased from Thermo Fisher 
Scientific (Waltham, MA, USA). All other chemicals 
were of reagent grade and used directly as received. 

B16/BL6 cells were obtained from the Korean 
Cell Line Bank (Seoul, South Korea). Cells were 
cultured in DMEM (Hyclone, Logan, UT) supple-
mented with 10% (v/v) fetal bovine serum (Hyclone, 
Logan, UT) and 1% (v/v) penicillin-streptomycin 
solution (Hyclone) in a humidified incubator (Thermo 
Fisher Scientific, USA) at 37 °C, under 5% CO2 

condition. Animal care and use were in accordance 
with the guidelines for care and use of laboratory 
animals at the animal center of Yeungnam University, 
Republic of Korea. 

Fabrication of LBL hNPs 
PLGA NPs were prepared using a modified o/w 

single emulsion method [20]. Briefly, 5 mg 
PLGA/PLGA-NHS (at 25 % w/w) and 1 mg IMT 
were dissolved in 1 mL of acetonitrile (ACN). The 
solution was added dropwise into 1 mL of deionized 
water with 0.5% PVP under magnetic stirring at a 
speed of 360 rpm. The mixture was then added 
dropwise into 4 mL of deionized water (containing 
0.5% PVP) to adjust a final concentration of 1 mg/mL, 
and stirred for 6 h at room temperature to remove the 
organic solvent. For the covalent attachment of GITR 
antibody onto the PLGA NP surface, 2.0 mg/mL 
GITR antibody (molar excess) was mixed with the 
PLGA NPs under 0.1 M MES buffer (pH=7.0) and 
stirred at room temperature for 4 h [21, 22]. Excess 
MES was removed by dialysis (MWCO 3500-Da 
dialysis bag, Spectrum Chemical, USA) against 
distilled water for 72 h. After centrifugation at 13,000 
×g, 4 °C for 10 min and washing with PBS, the 
resulting pellets was re-dispersed in 1 mL PBS and 
keep at 4 °C. The successful synthesis and graft ratio 
of antibody were analyzed by BCA Kit (Thermo 
Fisher Scientific, USA), where BSA was used as a 
standard protein. 

Before LBL self-assembly, IR-780 with increasing 
input from 3% to 11% was encapsulated outside the 
PLGA NP cores by electrostatic interactions. Then, a 
saturating amount of polymer (1 mg/mL PLH and 
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PEG-b-PLG) solution of opposite charge was added 
dropwise under continuous stirring. Typically, after 
adding each layer, mixing was facilitated by 
immediate sonication for 5 min [23]. The exact amount 
of polymer required for each layer was determined by 
titration [24]. Free reagents in the solution were 
removed by dialysis as described above.  

Characterization of LBL hNPs 
Hydrodynamic diameter, PDI, and ζ-potential of 

LBL hNPs were measured by dynamic light scattering 
(DLS) using a Nano-S90 ZetaSizer (Malvern 
Instruments, UK). After each drop (20 µL) (layer) of 
polymer titrated, the ζ-potential of the media was 
checked. LBL hNP morphology was determined by 
transmission electron microscopy (TEM, H7600; 
Hitachi, Tokyo, Japan), with 2% w/v 
phospho-tungstic acid prestaining treatment. 

IMT was isolated from NPs by centrifugation 
using Amicon® Ultra Centrifugal Filters (MWCO 
3500 Da, Merck Millipore, USA) at 3000 ×g for 30 min. 
IMT content in the supernatant was analyzed by 
HPLC using a C18 column (250 × 4.6 mm, 5 µm; GL 
Science, USA). The absorbance of IMT at 266 nm was 
detected under a 1 mL/min flow rate using a 60/40 
ratio of 0.02 M KH2PO4/acetonitrile mobile phase. 
Drug EE and drug LC were calculated as follows: EE 
= (total weight of IMT-weight of IMT in supernatant 
/total weight of IMT) × 100%; LC = (total weight of 
IMT – weight of IMT in supernatant /total weight of 
NP) × 100%. IR-780 was isolated from LBL hNPs in 
the same way as IMT. For analysis, IR-780 was 
determined by using a UV/visible spectrophotometer 
(PerkinElmer U-2800; Hitachi, Tokyo, Japan). 

The stability of LBL hNPs in complete medium 
and PBS solution was measured at a constant 
temperature of 37 °C under gentle shaking (100 rpm). 
Changes in hydrodynamic diameter and PDI were 
identified in triplicate by DLS at predetermined time 
intervals. The photostability of free IR-780 and IR-780 
hNPs exposed to daylight at different time points 
were determined by analyzing the absorbance using a 
UV/visible spectrophotometer.  

Drug release profiles of IR-780 and IMT from 
LBL hNPs were generated by dialysis. Briefly, 1 mL of 
LBL hNP solution was dialyzed against 50 mL PBS 
buffer (pH 5.0, 6.5 or pH 7.4) in a dialysis bag 
(MW=3500 Da, Spectrum, USA) under gentle shaking 
(100 rpm) at 37 °C. At predetermined time intervals, 
50 μL sample was taken out and analyzed by HPLC as 
described above. The interference of IR-780 on this 
HPLC-based method was excluded by comparing the 
HPLC peaks of baseline, IMT standard sample (50.0 
µg/mL), IR-780 standard sample (50.0 µg/mL), and 
the sample from drug release study (Figure S1). 

Photothermal effect and singlet oxygen 
generation capacity 

To investigate the photothermal effect of LBL 
hNPs, 1 mL of LBL hNP solution with IR-780 at 
concentrations of 1, 5, 10, and 20 µg/mL were exposed 
to 808 nm NIR irradiation at 1.0 W/cm2 for 3 min. 
During the irradiation period, a thermos-camera 
(Therm-app, Opgal Optronic Industries, Israel) was 
utilized to monitor and record the temperature 
variation. The absorbance of IR-780 at 780 nm was 
detected using a UV/visible spectrophotometer. The 
photothermal effect was compared with that of free 
IR-780 at concentrations of 1, 5, 10, 20 µg/mL.  

Singlet oxygen generation after treatments with 
2.0, 5.0, 10.0 µg/mL free IR-780 or IR-780-loaded LBL 
hNPs for various times under NIR irradiation (808 
nm, 1.0 W/cm2) was determined by photooxidation of 
DPBF[25], and the variation in absorbance at 415 nm 
was measured using a UV/visible spectrophotometer 
(PerkinElmer U-2800; Hitachi, Tokyo, Japan). 

In vitro cytotoxicity and uptake of LBL hNPs 
In vitro cell toxicity of blank LBL hNPs, IR-780, 

and IR-780-loaded LBL hNPs (with and without NIR 
irradiation) was determined by MTT assay. Briefly, 
3×104 B16 cells were seeded in a 96-well plate and 
after 24 h, they were incubated with free IMT, free 
IR-780, IMT plus IR-780 or LBL hNPs at different 
concentrations for 24 h. Then, 20 µL of MTT solution 
(5 mg/mL) was added into each well, and the cells 
incubated for another 4 h. After the addition of 100 µL 
of DMSO into each well, the absorbance at 570 nm 
was measured using a microreader (Thermo Fisher 
Scientific, USA). Cell viability was calculated using 
the following formula: Cell viability (%) = (A570(treated 

group) – A0) / (A570(without treatment) – A0) × 100%. A570(treated 

group) represents cells treated with blank hNPs, free 
IR-780, IMT, free IR-780, IMT plus IR-780 and 
IR-780-loaded LBL hNPs (with or without NIR 
irradiation), A570(without treatment) refers to the untreated 
group, while A0 refers to medium only. For NIR 
irradiation, after 6-h incubation with LBL hNPs, the 
medium was replaced with fresh medium and the 
cells were subjected to 808 nm NIR irradiation at 1.0 
W/cm2 for 1 min per well, followed by incubation for 
a predetermined time.  

In vitro cytotoxicity of different concentrations of 
IMT, IMT-loaded GITR-PLGA cores and LBL hNPs on 
CD8+ T and Treg cells were also evaluated using 
Annexin V and PI Kit (BD Biosciences, USA). The 
detailed method has been described in 
Supplementary Material.  

The intracellular uptake of IR-780 and GITR-NPs 
in B16 cells was analyzed by flow cytometry 
(FACSCalibur; BD Biosciences, USA). To measure 
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dose-dependent uptake, the media were replaced 
with 1, 3, and 5 µg/mL of IR-780-loaded LBL hNPs. 
After incubation for 3 h, uptake of IR-780 was 
measured by flow cytometry. Similarly, 
time-dependent cellular uptake of IR-780 and 
APC-GITR-PLGA core in B16 cells was analyzed by 
incubating cells with 3 µg/mL of IR-780-loaded LBL 
hNPs. After 3, 6, 9 h, cells were harvested and 
analyzed by flow cytometry. 

To visualize the intracellular distribution of 
IR-780, 3 µg/mL of free IR-780 or IR-780-loaded LBL 
hNPs was added to B16 cells seeded on a glass slide. 
After 3 h, the cells were washed with PBS and fixed 
with 4% paraformaldehyde. After staining with 
LysoTracker Green and DAPI, cells were observed by 
confocal laser scanning microscopy (CLSM, K1-Fluo; 
Nanoscope, South Korea). The quantitative 
intracellular uptake of free IR-780 and IR-780-loaded 
LBL hNPs was further quantitatively confirmed using 
flow cytometry. 

In vitro assay of apoptosis, necrosis and 
photothermal effect induced by LBL hNPs 
with NIR irradiation  

To observe apoptosis and necrosis induction by 
IR-780-loaded hNPs plus NIR irradiation, B16 cells 
were incubated with 3 µg/mL of free IR-780 or 
IR-780-loaded hNPs and exposed to NIR irradiation at 
1.0 W/cm2 for 1 min per well, and then incubated for 
24 h. Then, the cells were stained with FITC-Annexin 
V and PI (BD Biosciences, USA) according to the 
manufacturer’s protocol and analyzed by flow 
cytometry. Furthermore, temperature changes of cells 
after following NIR irradiation were measured using 
a thermal camera. Additionally, live and dead cells 
were evaluated by live and dead staining using AO (1 
mg/mL) and PI (0.1 mg/mL) for 30 min and 
fluorescence microscopy (Eclipse Ti, Nikon 
Instruments, Melville, NY, USA). 

In vitro assay of ROS generation  
To examine intracellular ROS generation by LBL 

hNPs plus NIR irradiation, B16 cells were stained 
with DCFDA (1 µM) for 30 min. Then, the cells were 
treated with free IR-780 (3 µg/mL) or IR-780-loaded 
hNPs for 6 h. After NIR irradiation at 1.0 W/cm2 for 1 
min per well, the cells were harvested and analyzed 
by flow cytometry.  

In vitro assay of DC maturation and antigen 
presentation 

Tumor antigen derived from LBL hNP-treated 
cells (with or without NIR irradiation) was collected 
from the growth media [26]. For the identification of 
enhancing DAMPs generation after NIR irradiation, 
western blotting with GAPDH and HMGB1 antibody 

was used to demonstrate higher expression of 
HMBG1 [27].  

DCs were isolated from femurs of C57BL/6 mice 
and stimulated with 20 ng/mL GM-CSF and 10 
ng/mL IL-4 for 7 days [28]. The harvested immature 
DCs were seeded in a 96-well plate (U bottom) at a 
density of 4×104 cells/mL and treated with PBS, LPS 
(positive control, 100 ng/mL), and tumor antigen 
with or without NIR irradiation. After 24 h, the cells 
were harvested and stained with PE-antimouse 
CD11c (Biolegend), PerCP/Cy5.5-antimouse CD40 
(Biolegend), APC-antimouse CD80 (Biolegend) and 
FITC-CD86 (Biolegend). DC maturation was 
evaluated by flow cytometry using FlowJo software 
for analysis.  

To confirm the enhancement of antigen 
presentation by DCs, tumor antigen (with or without 
NIR irradiation)- or LPS-treated DCs were cocultured 
with CD8+ T cells at the ratio of 1:20 [29]. After 3 days, 
the cells were collected and labeled with APC-CD69, 
FITC-CD8, and PE-IFN-γ. Effect on CD8+ T cells was 
analyzed using flow cytometry. 

In vitro assay of downregulation of Treg cell 
differentiation 

To generate Treg cells, single-cell suspensions 
were isolated from spleen and lymph nodes of 
6-week-old C57BL/6 mice. CD4+ T cells were purified 
with CD4 MicroBeads (Miltenyi Biotec) and seeded at 
the density of 2×105 in a flat-bottom 96-well plate 
coated with anti-CD28 (1 μg/mL; eBioscience) and 
anti-CD3 (5 μg/mL; Biolegend), together with 
anti-IL-4 (5 μg/mL; Biolegend), anti- IFN-γ (5 μg/mL; 
Biolegend), IL-2 (10 ng/mL; Biolegend), TGF-β1 (10 
ng/mL; Biolegend), and IMT-loaded LBL hNPs. The 
targeting effect of LBL hNPs on Treg cells was 
assessed by using APC-labeled GITR and the effect on 
Treg cell differentiation was identified by treatment 
with 2.5, 5, 10, 20 µM IMT-loaded LBL hNPs. After 4 
days, Treg cells were characterized by surface staining 
using the following antibodies: FITC-conjugated 
anti-CD4 (Biolegend), PE-cyanine 7-conjugated 
anti-B220 (Biolegend), PE-anti-CD25 (Biolegend), and 
intracellular staining using APC-anti-Foxp3 
(eBioscience). During the staining procedure, fixation 
and permeabilization buffer (eBioscience) were used 
according to the manufacturer’s instructions. Finally, 
the percentage of differentiated Treg cells was 
determined by flow cytometry using FlowJo software 
for analysis. 

A coculture system was further used to identify 
the effect of LBL hNPs on Treg cells in a tumor 
environment. In this experiment, 2×105 Treg cells 
were cocultured with 3×104 B16 tumor cells and 
incubated with LBL hNPs (IR-780: 5 µg/mL; IMT: 5 
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µM). Competitive cellular uptake between these two 
cell lines was assessed. Similarly, Treg cell 
differentiation under tumor condition was also 
verified by flow cytometry as described above. The 
detailed method has been described in 
Supplementary Material.  

For the determination of STAT3, p-STAT3, 
STAT5, and p-STAT5, Treg cells were purified and 
induced with PBS, free IMT, LBL hNPs, and LBL 
hNPs with GITR antibody pretreatment. At day 3, 
protein samples were collected and the expression of 
the above proteins was visualized by western 
blotting.  

Proliferation of Treg cells after treatment with 
LBL hNPs at different IMT concentrations was 
confirmed using CFSE (Thermo Fisher Scientific, 
USA) according to the manufacturer’s 
recommendations. The effects of free IMT, 
GITR-PLGA cores from LBL hNPs, and GITR 
pretreatment on Treg cell proliferation were 
determined using the same procedure. 

In vivo biodistribution of LBL hNPs  
The biodistribution of LBL hNPs in vivo was 

assessed in mice bearing B16/BL6 tumors of ≥200 
mm3. IR-780 (8 mg/kg)-loaded LBL hNPs were 
intravenously administered to the tumor-bearing 
mice. The distribution of IR-780 fluorescence was 
recorded at 0, 8, and 24 h using an in vivo animal 
imaging system (FOBI, NeoScience, Korea). After the 
last time point, the accumulation of IR-780 
fluorescence in the heart, liver, spleen, lungs, and 
kidneys was measured in the sacrificed mice. 

In vivo evaluation of antitumor efficacy  
To assess the in vivo therapeutic effect, 

5-week-old C57BL/6 mice were transplanted with 
B16/BL6 cancer cells (1×106 per mice). When the 
tumor volume reached 100 mm3 in size, mice were 
randomly assigned into 5 treatment groups (n=6), 
including: PBS, NIR irradiation, free IMT (10.0 
mg/kg), free IR-780 (8.0 mg/kg, with NIR 
irradiation), LBL hNPs (with NIR irradiation). The 
corresponding doses were injected intravenously into 
the mice. Eight hours later, the tumor sites were 
exposed to 808 nm, 1.0 W/cm2 NIR irradiation for 3 
min. Temperature elevation during NIR treatment 
was detected using the Thermos-app camera. The 
injections were administered every two days and 
during this period, body weight and tumor volume 
were recorded every other day. The tumor volume 
was defined as Volume (mm3) = length (mm) × width2 
(mm2)/2.  

Throughout the treatment, blood was taken from 
the eyes of the mice every two days and the TGF-β 
level in the blood was identified by ELISA (Thermo 

Fisher Scientific, USA). At day 20, heart, liver, lungs, 
kidneys, and tumors were isolated from sacrificed 
mice and stained with hematoxylin and eosin (H&E). 
Additionally, in vivo intra-tumoral CD4+ (helper T), 
CD8+ (cytotoxic T) infiltrations, cell proliferation 
marker (Ki-67) expression, and tumor angiogenesis 
marker (CD31) expression were evaluated using 
primary antisera. CD4+- and CD8+-immunolabeled 
cell numbers (cells/mm2 of tumor mass), mean 
percentages of Ki-67- and CD31-immunolabeled cells 
(%/mm2 of tumor mass), and tumor cell volumes 
(%/mm2 of mass) were analyzed on tumor 
histological specimens by histomorphometry.  

To evaluate the fate of Treg and CD8+ T cells 
during treatment, spleens and tumors were isolated at 
day 20 and were dissociated to generate single-cell 
suspensions using collagenase and DNase. 
Lymphocytes were enriched by Percoll gradient (GE 
Healthcare Life Sciences, Utah, USA) and stained with 
FITC-conjugated anti-CD4 (Biolegend), PE-cyanine 
7-conjugated anti-B220 (Biolegend), APC anti-mouse 
IFN-γ Antibody (Biolegend), PE-Granzyme B 
monoclonal antibody (NGZB) (eBioscience), 
PE-anti-CD25 (Biolegend), PerCP/Cy5.5 anti-mouse 
CD8a antibody (Biolegend), and APC-anti-Foxp3 
(eBioscience). The percentages of Treg cells, granzyme 
B+CD8+ T cells, and IFN-γ+ CD8+ T cells were 
determined by flow cytometry. 

Statistical analysis  
All experimental data are presented as the mean 

± SD. Differences among groups were determined 
using one-way ANOVA analysis followed by Tukey’s 
test. p* < 0.05 and p**<0.01 were considered statistically 
significant. 

Results and Discussion 
Preparation and determination of LBL hNPs 

To generate LBL hNPs consisting of a GITR 
antibody-modified PLGA core and outer polymer 
layers, nanoparticles of different PLGA 
concentrations were optimized according to 
hydrodynamic diameter, zeta potential, and 
polydispersity index (PDI) as shown in Figure S2. 
Then, the cores were loaded with IMT, and the 
maximum loading capacity (LC) was found to be 13% 
(Figure S3A). Subsequently, GITR antibody was 
successfully conjugated to the PLGA cores, with a 
conjugation efficiency of 78.2 ± 3.8% (GITR-PLGA). 
Next, IR-780 was incorporated at different 
percentages of the total weight in the surface of 
GITR-PLGA nanoparticles by electrostatic 
interactions. The maximum loading efficacy (LE) and 
loading capacity (LC) of IR-780 in LBL hNPs were 
85% and 10%, respectively (Figure S3B).  
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Figure 1. Characterization, NIR-induced photothermal effect, and in vitro drug release profile of LBL hNPs. (A) Changes in zeta potential after coating of 
GITR-PLGA cores with alternating PLH and PEG-b-PLG layers (n=3). (B) Comparison of hydrodynamic diameter before and after the addition of 4 coating layers. (C) TEM image 
of LBL hNPs. (D) Temperature elevation of LBL hNPs in the presence of NIR irradiation (808 nm, 1.0 W/cm2), with IR-780 concentrations ranging from 1 µg/mL to 20 µg/mL. 
(E) IR thermography of LBL hNPs within different IR-780 concentrations. (F) Temperature increase of PBS, free IR-780, and LBL hNPs under NIR exposure (808 nm, 1.0 W/cm2); 
the concentration of IR-780 was 5 µg/mL. (G) UV absorbance of free IR-780 and LBL hNPs at 780 nm during the treatment period. (H) In vitro release profile of LBL hNPs at pH 
5.0, 6.5 and pH 7.4. (I) Hydrodynamic diameter at pH 5.0, 6.5, and pH 7.4. 

 
To yield self-assembling LBL hNPs, alternate 

polymers (PLH and PEG-b-PLG) were coated on the 
surface of the GITR-PLGA core. The amounts of PLH 
and PEG-b-PLG polymers were determined by 
checking zeta potential changes. After the addition of 
six layers, LBL hNPs suffered from a slight increase in 
hydrodynamic diameter (Figure S4A), probably 
attributable to the strong ionic electrostatic interaction 
between PLH and PEG-b-PLG and the formation of a 
dense polymer mesh outside the PLGA core [30, 31]. 
Results showed that the addition of five or six layers 
significantly (p < 0.01) increased the hydrodynamic 
diameter, from 142.6 nm (four layers) to 183.0 nm (five 
layers). Furthermore, the PLGA cores coated with 
four or six layers successfully protected IR-780 from 
degradation during the study period. However, in the 
group coated with two layers, fluorescence of IR-780 
was stably maintained for 8 h, following which it 
started to decrease (Figure S4B). We selected four 

layers for further study to generate a stable drug 
delivery system with the potential to penetrate the 
tumor microenvironment via the EPR effect. 
Although the amount of polymers cannot be 
measured during the addition of alternate layers, the 
reversed surface charges can be used to determine 
successful formation of a layer-by-layer architecture 
(Figure 1A and Figure S4C). An increase in the PLGA 
surface charge (from –27.0 ± 1.2 to 7.9 ± 1.7 mV) was 
measured after the addition of PLH polymer. 
Similarly, reversal of charge appeared after the 
addition of the PEG-b-PLG second layer. LBL hNPs 
can be successfully generated via the reversed 
electrostatic interaction of different layers [24]. After 
the incorporation of IR-780 and outer four layers to 
IMT-loaded GITR-PLGA cores, the hydrodynamic 
diameter slightly increased from 134.8 ± 2.4 nm to 
144.9 ± 3.0 nm (Figure 1B). However, loss of IR-780 
was not observed before or after coating with outer 
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layers, (Figure S4D), suggesting that LBL hNPs had 
better drug loading capacity. The generation of a layer 
covering the GITR-PLGA core and the spherical shape 
of nanoparticles were further confirmed by TEM 
image (Figure 1C). The LBL hNPs kept stable in PBS 
at pH 7.4 and in RPMI complete media at least 24 h, 
with slight changes in size and PDI (Figure S5A). 
Additionally, compared with free IR-780 dye, the 
absorbance of IR-780 in LBL hNPs under daylight 
exposure remained unchanged within 24 h (Figure 
S5B), suggesting the excellent photostability of LBL 
hNPs. Consequently, LBL hNPs enhance the stability 
of IR-780 for achieving NIR effects. 

In vitro photothermal (PTT) effect 
Photothermal conversion capability was 

evaluated by measuring the temperature elevation of 
free IR-780 or IR-780-loaded LBL hNPs at various 
concentrations under 808 nm, 1.0 W/cm2 NIR 
irradiation. Both free IR-780 (Figure S6A) and LBL 
hNPs (Figure 1D-E) exhibited concentration- 
dependent temperature increases. However, in free 
IR-780, the temperature reached a plateau at 
approximately 53 °C in 80 s, whereas IR-780-loaded 
LBL hNPs heated up to 67 °C in 80 s (Figure 1F), 
primarily resulting from the protection from 
degradation and non-radiative relaxation of IR-780 in 
LBL hNPs [32]. Studies have shown occurrence of 
irreversible cell damage when the hyperthermia 
temperature generated from PTT exceeded 42°C [33]. 
Therefore, in this study, 5 µg/mL IR-780-loaded LBL 
hNPs were chosen for later experiments. In addition, 
compared with free IR-780 (5 µg/mL) with NIR 
irradiation treatment, LBL hNPs exhibited a high 
increase in temperature and protection from 
degradation under NIR exposure (Figure 1G), 
suggesting a strengthened PTT effect when using LBL 
hNPs. 

To further explore the capacity of singlet oxygen 
generation in LBL hNPs, 1.3-diphenyliso-benzofuran 
(DPBF) probe was utilized to investigate the singlet 
oxygen production. Remarkably, compared to free 
IR-780, which generated very little singlet oxygen, 
concentration-dependent singlet oxygen production 
was detected in IR-780-loaded LBL hNPs at increasing 
concentrations of 2.0, 5.0, 10.0 µg/mL within the NIR 
irradiation period (Figure S6B), probably owing to 
the protective photostability and reduced 
self-quenching of singlet oxygen in LBL hNPs [34]. 

In vitro cumulative release 
In vitro drug release of IR-780 and IMT from LBL 

hNPs was evaluated at pH 5.0, 6.5 (mimicking tumor 
microenvironment pH) and pH 7.4. Remarkably, both 
IR-780 and IMT were more strongly released at pH 5.0 

and 6.5 than at pH 7.4 (Figure 1H). This can be 
explained by enhancement of the proton effect at 
lower pH, which promotes proton entry into the 
coating layer, thus accelerating the disruption of LBL 
hNPs. At pH 7.4, IR-780 and IMT release reached a 
plateau at 33.1% and 29.7% at 24 h, respectively. 
Furthermore, the hydrodynamic diameter increased 
from 151 nm at pH 7.4 to 187 nm at pH 6.5, and to 882 
nm at pH 5.0 (Figure 1I), indicating accelerated 
collapse of LBL hNPs at lower pH, suggesting 
accelerated drug release in the acidic tumor 
microenvironment.  

In vitro cell cytotoxicity and cellular uptake of 
LBL hNPs 

The cytotoxicity of IMT, IMT-loaded 
GITR-PLGA core and LBL hNPs toward Treg and 
CD8+ T cells was investigated using Annexin V/PI 
staining. At concentrations ≤ 5.0 µM, both the 
GITR-PLGA core and LBL hNPs had no significant 
cytotoxic effect on CD8+ T or Treg cells, showing more 
than 90% viable cells (Figure S7A-B). Next, in vitro cell 
viability of B16BL/6 tumor cells after photothermal 
damage by LBL hNPs was investigated. After 24 h, 
NIR irradiation treatment with LBL hNPs induced 
stronger cytotoxicity than no-NIR treatment or free 
IR-780 (with or without NIR irradiation), with an IC50 
of 2.5 µg/mL, while blank LBL hNPs exhibited no 
cytotoxicity (Figure 2A). Consequently, the 
application of LBL hNPs might improve the 
therapeutic effect of IR-780 against B16BL/6 cancer 
cells.  

The cellular uptake of IR-780-loaded LBL hNPs 
was investigated in cell culture media adjusted to pH 
6.5 to mimic the tumor microenvironment. After 3-h 
incubation, IR-780-loaded LBL hNPs were taken up 
by B16BL/6 cells in a dose-dependent manner (Figure 
S8A). As quantitatively indicated by flow-cytometry, 
IR-780 from LBL hNP-treated B16BL/6 cells showed 
time-dependent uptake within 9 h (Figure 2B), 
whereas uptake of free IR-780 increased during the 
first 3 h, but then saturated, indicating high cellular 
internalization when LBL hNPs were used (Figure 
S8B). Notably, limited uptake of GITR-PLGA 
nanoparticles was observed in B16BL/6 cells, which 
was ascribed to low GITR receptor expression (Figure 
2C). Confocal laser microscopy of cellular 
internalization confirmed stronger IR-780 uptake in 
cells exposed to LBL hNPs than in those incubated in 
the presence of free IR-780 or PBS (Figure 2D), 
suggesting enhanced uptake of IR-780 encapsulated 
in LBL hNPs. Furthermore, flow cytometric analysis 
demonstrated higher intracellular uptake of IR-780 in 
the group treated with LBL hNPs than in those treated 
with free IR-780 (Figure S8C). Hence, these results 
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confirmed that loading of IR-780 dye in LBL hNPs 
could increase its cellular uptake in tumor cells. 

 

 
Figure 2. In vitro cytotoxicity and intracellular localization of IR-780. (A) In 
vitro cytotoxicity against B16BL/6 cancer cells of blank LBL hNPs, free IMT, 
IMT+IR-780, free IR-780, free IR-780 (NIR, 808 nm, 1.0 W/cm2, 1 min), LBL hNPs, and 
LBL hNPs (NIR) at indicated concentrations (n=6). (B) In vitro cellular uptake of 
IR-780 in B16BL/6 cells treated with IR-780-loaded LBL for 3, 6, or 9 h. The 
concentration of IR-780 was 3 µg/mL (n=3). (C) In vitro cellular uptake of GITR-PLGA 
cores from LBL hNPs in B16BL/6 cells exposed to IR-780-loaded LBL after incubation 
for 3, 6, or 9 h (n=3). (D) Confocal images of B16BL/6 cells exposed to PBS, free 
IR-780 or LBL hNPs. The concentration of IR-780 was 3 µg/mL. 

 
In addition, after incubation in the acidic 

pH-mimicking environment of tumors, in vitro 
specific binding of the GITR-PLGA cores from LBL 
hNPS to Treg cells showed that GITR-PLGA cores can 
be successfully incorporated by Treg cells in a 
dose-dependent manner; up to 97.7% Treg cells 
incorporated the GITR-PLGA NPs, whereas their IgG 
isotype-modified PLGA NPs without GITR antibody 
modification showed less Treg uptake (Figure 
S9A-B). However, after pretreatment with 1.0 µg/mL 
GITR antibody, the uptake of GITR-PLGA cores was 
reversed to low levels, indicating the importance of 
GITR antibody in guiding the specific uptake of 
GITR-PLGA cores.  

In vitro photodynamic effect and immune cell 
activation 

To investigate photo-induced apoptosis and 
necrosis, B16BL/6 cells were incubated with LBL 

hNPs for 9 h, followed by 1 min of NIR irradiation 
(808 nm, 1.0 W/cm2) and further incubation until 24 h. 
In the absence of NIR irradiation, both free IR-780- 
and LBL hNP-treated cells exhibited negligible 
apoptosis/necrosis compared with the control group 
(Figure 3A). However, under NIR irradiation, LBL 
hNPs induced more late apoptosis (48.87%) and 
necrosis (50.2%) than free IR-780 (p < 0.01). The high 
level of necrosis in the LBL hNPs plus NIR group may 
result from physical or chemical damage, especially 
the production of heat during NIR exposure [35], 
whereas the increase in cell apoptosis may result from 
the involvement of Bcl-2 family members or NF-κβ 
and release of cytochrome C after PDT [36]. As the 
same photosensitizer and irradiation conditions result 
in both photothermal and photodynamic effects, their 
outcomes cannot be distinguished to be direct, 
indirect, or working in conjunction with other factors 
without further investigation. Cytotoxicity was 
further demonstrated by live and dead staining using 
fluorescence microscopy. In the LBL hNP-treated 
group under NIR irradiation, most cells were stained 
with PI, indicating the dead cells after treatment 
(Figure 3B). Potentially, the photo-induced 
cytotoxicity originated from a synergy of the 
photothermal effect and ROS generation. The 
temperature changes of cells after NIR irradiation 
revealed that the temperature elevation in the LBL 
hNP group during 1 min NIR irradiation was 
approximately 45°C, whereas it was only 37°C in the 
free IR-780 group, suggesting that more cell damage 
occurred during the photothermal effect in the LBL 
hNP group (Figure S10). However, the temperature of 
the group with free NIR irradiation treatment did not 
increase. Furthermore, no significant ROS production 
was observed in groups without NIR irradiation 
(Figure 3C-D). However, after NIR treatment, 
significant ROS generation was detected in LBL 
hNP-treated B16/BL6 tumor cells (Figure 3E-F), 
confirming a strong photodynamic effect. 

After photothermal and photodynamic effects 
induced by NIR irradiation, necrotic cells generate a 
range of DAMP molecules, such as calreticulin, ATP, 
and HMGB1 [37, 38]. These molecules play crucial 
roles in cancer immunotherapy. Particularly, secretion 
of HMGB1 promotes immune cell recruitment and 
DC maturation [39]. LBL hNP-treated cells, with or 
without NIR irradiation, were evaluated for DAMP 
expression by western blotting. Remarkably, HMGB1 
protein content was markedly higher in the NIR 
treatment group than in the non-exposed group 
(Figure 3G). The maturation of bone-derived (BM-) 
DCs was investigated after incubation with 
tumor-specific antigen derived from LBL hNP-treated 
B16BL/6 cells. Up to 82.9% of DCs became mature 
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upon treatment with LBL hNPs in the presence of NIR 
irradiation (Figure 3H), a level close to that of 
LPS-treated cells, which acted as a positive control. In 
the groups treated with PBS or without NIR 
irradiation, only 24.2% or 25.4% of DCs were mature, 
respectively. This significant difference was further 
confirmed using other maturation-specific markers 
such as CD40 and CD80 (Figure S11), indicating that 

the specific tumor antigen induced by NIR exposure 
interacted with DCs and greatly promoted DC 
maturation. 

The interaction of immature DCs with 
tumor-associated antigen enables them to transform 
into mature DCs and to deliver the major 
histocompatibility complex to T cells, thus promoting 
the proliferation and differentiation of effective T cells 

 

 
Figure 3. In vitro apoptosis/necrosis, ROS generation, activation of BMDCs and CD8+ T cells induced by LBL hNPs plus NIR irradiation. (A) 
Apoptosis/necrosis levels of B16BL/6 cells exposed to PBS, free IR-780, or LBL hNPs without or with NIR exposure (808 nm, 1.0 W/cm2, 1 min) as assessed by flow cytometry 
using Annexin V-FITC/PI staining (n=3). (B) Live and dead cell assay of B16BL/6 cells exposed to PBS, free IR-780, or LBL hNPs without or with NIR exposure (808 nm, 1.0 
W/cm2, 1 min) using AO and PI staining. (C-D) In vitro ROS generation and statistical ROS levels in B16BL/6 cells exposed to PBS, free IR-780, or LBL hNPs without NIR 
irradiation (n=3). (E-F) In vitro ROS generation and ROS levels in B16BL/6 cells exposed to PBS, free IR-780, or LBL hNPs plus NIR irradiation (808 nm, 1.0 W/cm2, 1 min). n=3, 
**p < 0.01, one-way ANOVA. (G) HMGB1 content in B16BL/6 cells exposed to LBL hNPs in the presence or absence of NIR exposure. (H) In vitro maturation of non-matured 
BMDCs exposed to tumor-associated antigen derived from B16BL/6 cells treated with PBS or LBL hNPs (without or with NIR, 808 nm, 1.0 W/cm2, 1 min). The concentration 
of IR-780 was 3 µg/mL. LPS was used as a positive control. (I-J) CD69 and IFN-γ levels on CD8+ T cells after coculture with tumor-associated antigen-presenting BMDCs. The 
CD69 level was detected by flow cytometry while the IFN-γ level was measured by ELISA. **p < 0.01, one-way ANOVA. 
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[40]. To establish whether DCs that captured tumor 
antigen can present it to CD8+ T cells, we cocultured 
them with CD8+ T cells. After 3 days, CD69 and IFN-γ 
were highly detected in cells exposed to tumor 
antigen derived from LBL hNPs plus NIR irradiation, 
with 59.8% CD8+CD69+ T cells and 150 pg/mL IFN-γ 
(Figure 3I-J). Therefore, after exposure to NIR 
irradiation, LBL hNPs enhanced the exposure of 
tumor-associated antigen, promoted DC maturation 
and downstream activation of effective T cells. 

 

In vitro downregulation of Treg cells 
To evaluate the effect of IMT on Treg cell 

differentiation, CD4+ T cells from spleen and lymph 
nodes were cultured with IMT at various 
concentrations. Flow cytometry demonstrated a 
dose-dependent effect of IMT on Treg differentiation 
(Figure 4A). Notably, 5 µM IMT induced a more than 
2-fold reduction in Treg cell differentiation (23.2 ± 
2.3% vs. 50.2 ± 1.7% at 0 µM). Next, the Treg 
cell-suppressive effects of free IMT (5 µM), 
GITR-PLGA cores from IMT-loaded LBL hNPs and 

 

 
Figure 4. In vitro Treg cell-suppressive effect of GITR-PLGA cores from LBL hNPs. (A) Effect of IMT on Treg cell differentiation. The IMT concentration varied from 
2.5 to 20 μM. The Treg cell level in the cytokine-non-treated group was regarded as the normal level in healthy mice (n=3). (B) Effect of free IMT (5 µΜ), GITR-PLGA cores from 
LBL hNPs and LBL hNPs with excessive GITR antibody pretreatment on Treg cell differentiation, with the non-IMT-treated group used as a control (n=3). (C) Schematic 
illustration of in vitro Treg cell and B16BL/6 cell Transwell coculture system. (D-E) Competitive cellular uptake of GITR-PLGA cores from LBL hNPs between Treg cells (D) and 
B16BL6 cells (E) in the coculture system. (F) Effect of free IMT, GITR-PLGA cores from LBL hNPs and LBL hNPs with excessive GITR antibody pretreatment on Treg cell 
differentiation in the presence of Treg cells and B16BL/6 cells coculture system (n=3). **p < 0.01, one-way ANOVA. (G) Western blot assay of STAT3, p-STAT3, STAT5, and 
p-STAT5 expression in Treg cells exposed to free IMT, LBL hNPs, or LBL hNPs with excessive GITR antibody pretreatment. The concentration of IMT was 5 µM. (H) Effect of 
IMT-loaded GITR-PLGA cores from LBL hNPs on Treg cell proliferation. The concentration of IMT ranged from 0 to 20 μM (n=3). (I) In vitro determination of Treg cell 
proliferation using CellTraceTM CFSE probe after exposure to free IMT, LBL hNPs, and LBL hNPs with GITR pretreatment. The concentration of IMT was 5 μM. 
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IMT-loaded LBL hNPs with GITR antibody 
pretreatment were compared. The GITR-PLGA cores 
from LBL hNPs significantly reduced Treg cell 
differentiation to 12.0 ± 3.0%, while CD25+ Foxp3+ T 
cells in the free IMT group accounted for 25.1 ± 1.4%, 
suggesting an enhancement in Treg-inhibition 
function by applying LBL hNPs (Figure 4B). 
However, this inhibitory effect on Treg cells was 
reversed by GITR antibody pretreatment, confirming 
a successful targeting impact of GITR on Treg cells. 

Next, we aimed to clarify the Treg cell-inhibitory 
effect of GITR-PLGA cores from LBL hNPs under 
coculture of B16BL/6 and Treg cells. To identify 
whether the GITR-PLGA cores from LBL hNPs can 
successfully target Treg cells in the presence of 
B16BL/6 tumor cells, competitive cellular uptake was 
measured using the transwell coculture system 
(Figure 4C). Compared to the IgG isotype-modified 
GITR-PLGA cores, which exhibited lesser uptake by 
Treg and B16BL/6 cells (Figure S12), GITR-PLGA 
cores were clearly observed in CD25+ Treg cells (28.5 ± 
4.7%), whereas the percentage in B16BL/6 cells was 
only 3.3 ± 1.4% (Figure 4D-E). The accelerated cellular 
uptake of GITR-PLGA core in Treg cells was largely 
derived from the high expression of GITRs on Treg 
cells [17]. Subsequently, remarkable downregulation 
of Treg cells (19.7%, p<0.01) was detected in LBL hNP 
compared with free IMT (30.8%) treatment groups 
(Figure 4F). A reverse effect was also observed 
following GITR antibody pretreatment. Altogether, 
the application of LBL hNPs resulted in significant 
inhibition of Treg cell differentiation. 

To better understand the mechanism of 
IMT-induced Treg-suppressive function, STAT3, 
p-STAT3, STAT5, and p-STAT5 were quantified in 
Treg cells by western blotting. It has been 
demonstrated that the upregulation of Foxp3 in Treg 
cells may relate to binding of STAT3 and STAT5 to a 
highly conserved STAT-binding site located in the 
first intron of the Foxp3 gene [41, 42]. After incubation 
with LBL hNPs, STAT3 and STAT5 phosphorylation 
was decreased, while higher levels of p-STAT3 and 
p-STAT5 were maintained in free IMT or GITR 
antibody pretreatment groups (Figure 4G). Further 
evaluation of Treg cell proliferation proved that ≤10 
µM IMT-loaded LBL hNPs had nearly no effect on 
Treg cell proliferation (Figure 4H). Additionally, there 
was no remarkable difference in proliferation between 
the free IMT or GITR pretreatment group and the LBL 
hNP-treated group (Figure 4I). Therefore, the 
suppressive effect of LBL hNPs on Treg cells was 
excluded to be exerted via inhibition of proliferation; 
instead, the reduction in STAT3 and STAT5 
phosphorylation may account for the suppressive 
function of Treg cells.  

In vivo biodistribution of LBL hNPs 
To determine the in vivo distribution of 

IR-780-loaded LBL hNPs, C57BL/6 mice with 
B16BL/6 cell xenografted tumors (200 mm3) were 
intravenously injected with free IR-780 (8 mg/kg) or 
IR-780 loaded-LBL hNPs (8 mg/kg IR-780). After 8 h, 
strong fluorescence was observed throughout the 
liver and kidneys in the free IR-780 group (Figure 
5A-B). However, in the LBL hNP-treated group, clear 
fluorescence signal was observed specifically in the 
tumor and gradually attenuated during 24 h, 
indicating successful tumor targeting by the LBL 
hNPs. After the mice were killed, strong fluorescence 
accumulation in tumor was verified in LBL 
hNP-treated animals, while in the free IR-780 
treatment group, fluorescence was intensely 
accumulated in the liver and kidneys (Figure 5C-D). 
This accumulation and retention of nanoparticles in 
tumors is considered to be induced by the EPR effect 
[43]. 

The in vivo uptake of GITR-PLGA cores from 
LBL hNPs by intratumoral Treg cells was further 
confirmed using DiD-labeled LBL hNPs. At 
predetermined time points, single cells were obtained 
from the tumor and uptake of DiD-labeled GITR- 
PLGA cores were detected as CD3+CD4+Foxp3+DiD+ 
T cells (Figure S13A). LBL hNPs (GITR+) displayed 
significant (p < 0.01) time-dependent intratumoral 
Treg cell uptake of GITR-PLGA cores, whereas the 
uptake percentage was lower (p < 0.001) in the LBL 
hNPs (GITR-)-treated group (Figure S13B), 
confirming the successful uptake of GITR-PLGA core 
by intratumoral Treg cells in vivo. The relatively high 
cellular internalization of GITR-PLGA cores from LBL 
hNPs may result from the higher expression of GITR 
in Treg cells than in other T cells, as BioGPS data 
showed significantly higher (p < 0.0001) GITR 
expression in Treg cells than in CD8+ T cells or NK 
cells (Figure S13C). 

In vivo photothermal effect and antitumor 
immunotherapy 

In vivo generation of hyperthermia at the tumor 
site was investigated by intravenously injecting PBS, 
free IR-780, and IR-780-loaded LBL hNPs. After 8 h, 
the mice were exposed to NIR irradiation (808 nm, 1.0 
W/cm2) for 3 min. The temperature elevation was 
monitored throughout the treatment using an infrared 
thermograph. Within 60 s, LBL hNPs significantly 
elevated the temperature of the tumor up to 55 °C 
(Figure 5E-F), confirming the preferential tumor 
accumulation and good photothermal effect of LBL 
hNPs. Free IR-780 heated the tumor surface up to only 
44 °C during the first 60 s, and the temperature 
decreased thereafter. PBS as a control under NIR 
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irradiation resulted in a mild temperature elevation, 
suggesting that NIR irradiation alone failed to 

increase the tumor temperature.  

 

 
Figure 5. In vivo distribution, PTT effect, and immune-antitumor effect of LBL hNPs. (A) Fluorescence distribution in B16BL/6 tumor-bearing mice at 0, 8, and 24 
h after intravenous administration of PBS, free IR-780 and LBL hNPs. (B) Mean fluorescence intensity in tumors in PBS, free IR-780 (8 mg/kg) and LBL hNPs treatment groups 
(n=3). **p < 0.01, one-way ANOVA. (C) Fluorescence distribution in the heart, liver, spleen, lungs, kidneys, and tumors after 24-h treatment with PBS, free IR-780 or LBL hNPs. 
(D) Relative fluorescence intensity percentage of these tissues after treatment with PBS, free IR-780 or LBL hNPs (n=3). (E-F) In vivo IR thermography and corresponding 
temperature increase at the tumors of mice injected with PBS, free IR-780, or LBL hNPs plus 3 min NIR irradiation (808 nm, 1.0 W/cm2). (G) Mean serum TGF-β levels in mice 
treated with PBS, NIR, IMT, free IR-780 (NIR), or LBL hNPs (NIR), at different days (n=6). ***p < 0.001, one-way ANOVA. (H) Intratumoral Treg cell percentages in mice treated 
with PBS, free NIR, IMT, free IR-780 (NIR), or LBL hNPs (NIR) at day 20 (n=6). (I) Intratumoral maturation of DCs in the indicated treatment groups (n=6). **p < 0.01, one-way 
ANOVA. (J-K) Secretion of antitumor cytokine Granzyme B and IFN-γ from intratumoral CD8+ T cells in the indicated treatment groups (n=6). (L) In vivo tumor cell apoptosis 
and necrosis in mice treated with PBS, NIR, IMT, free IR-780 (NIR), or LBL hNPs (NIR) (n=6). 
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To examine the in vivo therapeutic effect, 
C57BL/6 mice bearing B16BL/6 cancer cells were 
intravenously administered the indicated 
formulations. During the treatment period, LBL hNPs 
plus NIR irradiation moderately increased serum 
TGF-β (Figure 5G), which finally reverted to the 
normal level (120 pg/mL), while in other treatment 
groups, the levels continued to increase. Increased 
serum TGF-β abrogates cancer immunotherapy by 
promoting Treg cell proliferation and differentiation 
[44, 45]. Thus, the reduced TGF-β level following LBL 
hNP treatment suggests successful targeting and 
suppression of Treg cells by IMT-loaded GITR-PLGA 
cores from LBL hNPs. To further evaluate the effect of 
IMT-loaded GITR-PLGA cores from LBL hNPs on 
Treg cells, the frequency of intratumoral Treg cells 
isolated from tumor after 3 dosages was analyzed by 
flow cytometry. The Treg-targeting IMT-loaded GITR 
cores inside the LBL hNPs resulted in a reduction of 
intratumoral Treg cells to 7.01% (Figure 5H), while 
other groups had more than 20% intratumoral Treg 
cells, suggesting Treg targeting and downregulation 
are successfully achieved by LBL hNPs in vivo. Thus, 
LBL hNPs are suitable to downregulate Treg cell 
function in vivo and pave the way for promoting 
antitumor immune cells. 

Substantial DC maturation was observed in LBL 
hNP-treated cells under NIR exposure, indicating 
successful generation and presentation of tumor 
antigen to DCs under LBL hNP treatment (Figure 5I). 
Subsequently, mature DCs were capable of presenting 
tumor antigen to CD8+ T cells, leading to the 
generation of tumor antigen-specific effective T cells. 
Notably, LBL hNP-treated cells showed a 3-fold 
increase in granzyme B and a 5-fold increase in IFN-γ 
secretion in intratumoral CD8+ T cells after 3 dosages, 
while CD8+ T cells in the other groups had less 
granzyme B and IFN-γ secretion (Figure 5J-K). These 
observations indicated an enhancement of the 
cytolytic effect on tumors by activated cytotoxic T 
cells in the LBL hNP-treated group under NIR 
exposure. Both IFN-γ and granzyme B secreted by 
effective CD8+ T cells exert key roles in eliminating 
tumors [46]. Our results demonstrate that 
tumor-specific antigen generated under the stimulus 
of LBL hNPs plus NIR treatment can be captured and 
presented by DCs, leading to the enhanced 
proliferation of cytotoxic T cells, which are effective 
against tumor in vivo. 

Free IMT or NIR treatment generated negligible 
amounts of ROS in vivo, whereas LBL hNPs plus NIR 
promoted ROS production at the tumor sites in vivo 
(Figure S14) as compared to free IR-780, free IMT, 
NIR alone, and PBS, confirming that LBL hNPs under 
NIR treatment induce adequate PDT against tumor in 

vivo. Approximately 59% of tumor cells were 
apoptotic in LBL hNP-treated animals, while only 
7.2%, 11.61%, 17.56%, and 30% were apoptotic in mice 
exposed to PBS, NIR alone, free IMT, and free IR-780 
(with NIR), respectively (Figure 5L). This tumor 
damage primarily resulted from enhanced effect of 
PTT and PDT after NIR irradiation. 

The antitumor study in vivo is illustrated in 
Figure 6A. After treatment for 18 days, PBS as well as 
NIR allowed severe tumor growth (up to 2000 mm3) 
(Figure 6B-C). Free IMT and free IR-780 plus NIR 
irradiation effectively inhibited tumor growth at the 
early stage, but tumor growth took off at a later stage, 
primarily due to the low drug concentration at the 
tumor sites. Thus, the effects of NIR on tumor and of 
IMT on immune cells are not sufficient. However, in 
mice treated with LBL hNPs plus NIR irradiation, 
total tumor ablation was observed, and no tumor 
regrowth occurred after 9 days of treatment. 
Crucially, this treatment had a superior capacity to 
extend survival (Figure 6D), while short survival was 
detected in other groups.  

Histopathological investigation of mice after 3 
dosages revealed remarkable levels of intratumoral 
CD4+ T cells (helper T cells), intratumoral CD8+ T cells, 
and more necrotic tumor cells in LBL hNP plus 
NIR-treated animals (Figure 6E) as compared to 
animals treated with PBS, NIR, and free IMT, which 
showed no significant differences in these features. In 
the free IR-780 (NIR) group, CD4+ T and CD8+ T cells 
were more abundant than in the PBS group, 
suggesting a subtle IR-780-induced NIR effect, but the 
levels were not near those in the LBL hNP (NIR) 
group. These results were in accordance with those of 
flow-cytometric analysis. Meanwhile, reductions in 
Ki-67 (a tumor proliferation marker) and CD31 (an 
angiogenesis marker) expression (Figure S15A) in 
LBL hNP plus NIR-treated animals confirmed the 
abrogation of tumor cell proliferation and 
intratumoral vessels. Immunohistochemical indexes 
exhibited significant differences between the LBL 
hNP plus NIR-treated and the other groups (Table 
S1). Moreover, treatment with LBL hNPs induced no 
pathological changes in main organs (Figure S15B).  

To further demonstrate the efficacy of LBL hNPs 
in tumor eradication, the MC-38 tumor model was 
used for in vivo antitumor experiments (Figure S16). 
Consistent with the results shown in Figure 6, LBL 
hNPs under NIR irradiation showed superior 
antitumor effect than any other treatment group 
(Figure S16A-B). Furthermore, the serum level of 
cytokine TGFβ, which is a measure of Treg cell 
function, was also measured. The groups treated with 
LBL hNPs plus NIR showed significant reduction in 
serum TGFβ levels compared to other treated groups 
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(Figure S16C). In addition, the serum levels of IFN-γ 
and TNF-α, which act as inflammatory factors 
associated with PDT-induced antitumor immunity, 
were also estimated. Significantly higher IFN-γ and 
TNF-α levels were observed in mice after LBL hNP 
plus NIR treatment (Figure S16D-E), indicating that 
our system successfully initiated the cellular immune 
response. The CD8+/Treg cell ratio acted as an 
important index for predicting in vivo antitumor 
immunity [47]. Further investigation of the 
intratumoral CD8+/Treg cell ratio demonstrated that 
the strategy of combining inhibition of Treg cells with 
NIR treatment (LBL hNPs plus NIR) generated higher 
CD8+ effector T cells against tumors compared to Treg 
cell inhibition or NIR treatment alone (Figure S16F). 

Currently, studies related to combination 
photoimmunotherapy use both NIR-induced PDT 
effect and immune-checkpoint blockade (anti-PD-L1 
and anti-CTLA4 antibody) to trigger anticancer 
photoimmunotherapy [48-50]. Similarly, our system 
also utilized the NIR dye IR-780 to achieve 

PDT/PTT-induced tumor eradication and promote 
maturation of dendritic cells, followed by induction of 
CD8 T cell-guided antitumor immunotherapy. 
However, instead of using the immune-checkpoint 
inhibitor, we utilized LBL hNPs, with IMT-loaded 
GITR-modified PLGA nanoparticles as the core, to 
specifically inhibit the suppressive function of Treg 
cells in the tumor microenvironment. The application 
of layer-by-layer coating on the nanoparticles 
facilitated the release of IR-780 and GITR-modified 
PLGA cores at lower pH in the tumor 
microenvironment. The modification of GITR 
antibody on the surface ensured accurate target effect 
of nanoparticles in the tumor microenvironment 
because of the high GITR receptor level on Treg cells. 
In the tumor microenvironment, Treg cells inhibit 
activation and proliferation of CD8+ effector T cells 
and promote tumor progression. In our system, NIR 
irradiation directly eradicated the tumor and 
facilitated the production of more tumor-associated 
antigens. The IMT-loaded nanoparticles inhibited the 

 
Figure 6. In vivo tumor ablation and histopathological investigation. (A) In vivo antitumor therapy schedule for LBL hNPs administration. (B) Images of B16BL/6 
tumor-bearing C57BL/6 mice taken at 28 days. (C) Average tumor growth curves for mice after indicated treatments. The intravenous injection began at day 10 after random 
group division (n=6). ***p < 0.001, one-way ANOVA. (D) Survival curves of mice after treatment with PBS, NIR, IMT, free IR-780 (NIR), or LBL hNPs (NIR) (n=5). Log-rank test. 
(E) Histopathological and immunohistochemical evaluation of intra-tumoral CD4+ T (Th) cells, CD8+ T cells, and tumor necrosis. Each tumor section was obtained from B16BL/6 
tumor-bearing mice treated with PBS, NIR, IMT, free IR-780 (NIR), or LBL hNPs (NIR). 
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suppressive function of Treg cells both in vitro and in 
vivo, contributing to the activation and proliferation of 
more antitumor effector T cells. In summary, the 
combination of NIR treatment and Treg cell inhibition 
by LBL hNPs can initiate potent antitumor activity. 

Conclusion 
In conclusion, a photothermal, photodynamic 

anticancer effect and concomitant immuno-anticancer 
effect can be achieved using IR-780 dye and 
IMT-loaded LBL hNPs. The LBL hNPs not only 
possess the capacity to enhance PTT and PDT effects 
under NIR irradiation, but are also capable of 
releasing IR-780 and Treg-targeting GITR-PLGA cores 
at tumor pH. This makes them suitable for inhibiting 
the Treg cell suppressive function, promoting DC 
maturation and triggering downstream CD8+ T cell 
activation against tumor. In vivo experiments in two 
different tumor models demonstrated that LBL hNPs 
under NIR exposure eradicate tumor growth and 
recurrence by hyperthermia, generation of ROS, 
inhibition of tumor proliferation, and shutdown of 
tumor vessels. Simultaneously, the downregulation of 
Treg cell suppressive function by IMT-loaded 
GITR-PLGA cores in vivo efficiently paved the way for 
DC maturation and presentation of tumor-associated 
antigen. This strongly promoted the activation of 
effective CD8+ T cells, which elicited higher granzyme 
B and IFN-γ levels that inhibit tumor growth. Thus, 
the proposed nanoparticles may provide a new 
strategy to eliminate tumors using photoimmuno-
therapy. 
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