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a b s t r a c t 

Photothermal therapy (PTT) in combination with other treatment modalities has shown great potential 
to activate immunotherapy against tumor metastasis. However, the nanoparticles (NPs) that generate PTT 
have served as the photothermal agent only. Moreover, researchers have widely utilized highly immuno- 
genic tumor models to evaluate the immune response of these NPs thus giving over-optimistic results. 
In the present study black porous silicon (BPSi) NPs were developed to serve as both the photothermal 
agent and the adjuvant for PTT-based antitumor immunotherapy. We found that the poorly immunogenic 
tumor models such as B16 are more valid to evaluate NP-based immunotherapy than the widely used im- 
munogenic models such as CT26. Based on the B16 cancer model, a cocktail regimen was developed that 
combined BPSi-based PTT with doxorubicin (DOX) and cytosine-phosphate-guanosine (CpG). BPSi-based 
PTT was an important trigger to activate the speci�c immunotherapy to inhibit tumor growth by featuring 
the selective upregulation of TNF- �. Either by adding a low dose DOX or by prolonging the laser heating 
time, a similar e�cacy of immunotherapy was evoked to inhibit tumor growth. Moreover, BPSi acted as a 
co-adjuvant for CpG to signi�cantly boost the immunotherapy. The present study demonstrates that the 
BPSi-based regimen is a potent and safe antitumor immunotherapy modality. Moreover, our study high- 
lighted that tuning the laser heating parameters of PTT is an alternative to the toxic cytostatic to evoke 
immunotherapy, paving the way to optimize the PTT-based combination therapy for enhanced e�cacy 
and decreased side effects. 

Statement of signi�cance 

Tumor metastasis causes directly or indirectly more than 90% of cancer deaths. Combination of pho- 
tothermal therapy (PTT), chemotherapy and immunotherapy based on nanoparticles (NPs) has shown 
great potential to inhibit distant and metastatic tumors. However, these NPs typically act only as pho- 
tothermal agents and many of them have been evaluated with immunogenic tumor models. The present 
study developed black porous silicon working as both the photothermal conversion agent and the im- 
munoadjuvant to inhibit distant tumor. It was recognized that the poorly immunogenic tumor model B16 
is more appropriate to evaluate immunotherapy than the widely used immunogenic model CT26. The 
coordination mechanism of the PTT-based combination therapy regimen was discovered in detail, paving 
the way to optimize cancer immunotherapy for enhanced e�cacy and decreased side effects. 

' 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Tumor metastasis is the main cause of cancer deaths. Tradi- 
ional chemotherapy, radiotherapy, and surgical resection have low 

�cacy and severe side effects in the inhibition of tumor metasta- 
is. Immunotherapy can boost the patient�s natural defense ability 
o kill cancer cells and thus it is viewed as an effective approach 
o inhibit tumor metastasis [ 1 , 2 ]. However, both the systemic and
ocal administration of immunotherapeutic agents alone, such as 
mmune checkpoint blocker and adjuvants, are ine�cient to treat 
istant tumor metastasis [3] . 
Photothermal therapy (PTT) is a non-invasive and remote- 

ontrollable local cancer therapy approach [ 4 , 5 ]. Many types of in-
rganic nanoparticles (NPs), such as gold (Au) [5] , metal chalco- 
enide (e.g, CuS [6] and MoSe 2 [7] ), and carbon nanotubes (CNTs) 
 8 , 9 ], with a high optical absorbance and good photostability can 
onvert light into a local hyperthermia [ 9 , 10 ] and thus kill cancer
ells [11] . It was reported that 2D MoSe 2 nanosheet under laser 
eating generated tumor-associated antigens in situ to activate cy- 
otoxic T lymphocytes, and thus evoking antitumor immunother- 
py to treat distant CT26 tumors [7] . Moreover, PTT can be readily 
ombined with other therapeutic approaches such as chemother- 
py to further enhance the e�cacy of antitumor immunity [ 6 , 12 ].
or example, both the chemotherapy drug mitoxantrone and the 
ransforming growth factor beta inhibitor (SB-431542) were loaded 
nto reduced graphene oxide (rGO) [12] . Under laser illumination, 
he NPs provided a synergistic chemo-immuno-photothermal ef- 
ect against 4T1 tumors by inhibiting immunosuppressive microen- 
ironment. Despite promising progresses, there are still some is- 
ues related to the use of these inorganic NPs for cancer therapy 
n the future. First, the biocompatibility of the inorganic NPs, such 
s MoSe 2 and rGO, is a potential issue in biomedical application. 
hese NPs are non-biodegradable, and it may cause the accumula- 
ion of heavy metals; Second, these reported NPs only serve as the 
hotothermal conversion agent [ 13 , 14 ], which compromises their 
erformance in immunotherapy; Third, highly immunogenic tumor 
odels such as CT26 [ 5 , 7 ] and 4T1 [6] were widely used to evalu-
te these nanoparticles in cancer immunotherapy. 
Porous silicon (PSi) has been widely applied to deliver ther- 

peutic drugs and imaging agents in biomedical �elds due to 
ts high surface area, large pore volume and good biocompat- 
bility [ 15 , 16 ]. In this context, the PSi NPs are promising be-
ause they can be bio-degraded into non-toxic silicic acid, which 
s bioabsorbable and naturally found in numerous tissues. Any 
xcess of silicic acid is e�ciently excreted from the body via 
he kidneys. The PSi NPs are generally prepared by electrochem- 
cal etching and if not processed further, they have a yellow 

olor and a low e�cacy of photothermal conversion. Recently, 
e developed black PSi (BPSi) NPs with NaSi and NH 4 Br via 
 redox reaction [17] . The photothermal conversion e�ciency of 
he BPSi NPs was approx. 33.6%, which was higher than other 
idely studied agents such as CNTs, Fe 3 O 4 and Au NPs [ 17 , 18 ].
urthermore, the BPSi NPs have an outstanding biocompatibil- 
ty. No signi�cant cytotoxicity was observed even when the con- 
entration was as high as 1.0 mg/ml [17] . Based on these supe- 
ior properties, the BPSi NPs have been successfully used in PTT 
nd photoacoustic tomography [ 17 , 19 ]. However, the application 
f BPSi in the activation of cancer immunotherapy has not been 
xplored. 
Adjuvants are the key components to promote a high-level and 

ong-lasting immune response [ 20 , 21 ]. Aluminum salts and deriva- 
ives are the most common adjuvants used in vaccines so far. Yet 
ore and more studies have found that mesoporous silica (i.e., 
ilicon dioxide) can also serve as adjuvants in vaccines and im- 
unotherapy [22] . Silica is considered as the next generation of 
djuvants because it does not cause neurotoxicity as aluminum. 
474 
owever, both aluminum salts and mesoporous silica have poor 
hotothermal performance [17] , and thus their application in PTT- 
ased immunotherapy is limited. In the present study, BPSi NPs 
ossess good photothermal conversion property, and they consist 
f element silicon. Thus, we hypothesize that BPSi NPs both ac- 
ivate antitumor immunotherapy based on PTT and work as im- 
unoadjuvant to further boost the immune response. The BPSi 
as functionalized with PEG silanes to improve the colloidal sta- 
ility and biocompatibility of the NPs. The performance of BPSi- 
ased PTT in the activation of immunotherapy was studied with 
oth the highly immunogenic tumor model CT 26 and the poorly 
mmunogenic tumor model B16. Furthermore, the combination of 
PSi-based PTT with a sub-therapeutic dose of the drug doxoru- 
icin (DOX, 1.4 mg/kg) and cytosine-phosphate-guanosine (CpG) 
ligonucleotides was also studied to demonstrate its potential in 
ynergistic cancer therapy. The low dose DOX was chosen ac- 
ording to the following two hypotheses: (1) It is not necessary 
o use the widely applied high dose (5 mg/kg) of DOX because 
he NP mediated PTT can signi�cantly inhibit the growth of the 
rimary tumor. In this way the side effects of DOX can be re- 
uced. (2) The low dose of DOX may promote antitumor im- 
unity [23] . CpG has been widely used as an adjuvant for im- 
unotherapy and the combination of CpG with other co-adjuvants 
uch as aluminum salt has promoted the therapy e�cacy [24] . 
ccordingly, it was assumed in the present study that the com- 
ination of CpG with BPSi was to boost the antitumor immune 
esponse. 

. Experiments and methods 

.1. Preparation and characterizations of BPSi NPs 

The BPSi NPs were prepared according to our published method 
 17 , 19 ]. Brie�y, the NaSi reacted with NH 4 Br in an atmosphere
f N 2 at 250 °C for 4 h. Subsequently, the raw product was puri- 
ed by rinsing in HCl (2.0 M) and HF (5% mass percent) respec- 
ively. The obtained BPSi particles were ball-milled in ethanol for 
.5 h at a speed of 10 0 0 rpm. The NPs with a mean diameter
f over 200 nm were removed by centrifugation. The surfaces of 
PSi NPs were oxidized with H 2 O 2 /HCl/H 2 O at 90 °C for 30 min.
inally, the NPs were PEGylated with dual-PEGs (PEG-silanes, 0.5 
Da and 2.0 kDa) [25] . The prepared �nal product was denoted as 
EG-BPSi. 
The porous parameters of the NPs were measured with N 2 

d/desorption (Tristar II 3020, Micromeritics) at 77 K. The spe- 
i�c surface area and pore size were calculated using the multiple- 
oint Brunauer�Emmett�Teller (BET) method and the Barrett�
oyner�Halenda (BJH) theory. The morphology of the BPSi NPs 
as inspected in a transmission electron microscope (TEM, JEOL 

EM2100F, Japan). Elemental analysis (Vario MICRO cube CHNS an- 
lyzer, Elementar Analysensysteme GmbH) was implemented to 
nalyze the content of nitrogen on the NPs. The diameter of 
he BPSi NPs was measured with dynamic light scattering (DLS). 
he surface charge of the NPs was analyzed with zeta-potential 
easurements (Zetasizer, Malvern, UK). The functionalization of 

he NPs was veri�ed with Fourier-transform Infrared Spectroscopy 
FTIR, Thermo Nicolet iS50, Thermo Scienti�c). The colloidal stabil- 
ty of the NPs was monitored by measuring the diameter change of 
he NPs in phosphate buffer saline (PBS) and cell medium of RPMI- 
640 with 10% fetal bovine serum. The photothermal conversion of 
he BPSi was evaluated via illumination of the BPSi aqueous sus- 
ensions with an 808 nm laser (1.0 W/cm 2 ). The temperature of 
he suspension was measured with a thermocouple temperature 
eter. 
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.2. In vitro evaluations 

.2.1. Hemolysis assay 
The experiment was carried out according to the published pro- 

ocol [26] . Blood was taken from the tail of the BALB/c mouse, 
ixed with PBS, centrifuged at 1500 rpm for 15 min. The obtained 
rythrocyte pellets were washed with PBS three times and redis- 
ersed in PBS to get 2% erythrocyte suspension. The erythrocytes 
ere mixed with BPSi NPs (0.2 mg/mL). PBS and ddH 2 O were used 
s negative and positive control respectively. The samples were in- 
ubated at 37 °C for 4 h and centrifuged at 20 0 0 rpm for 5 min.
emolysis rate was calculated according to the light absorbance of 
he supernatants at 545 nm. 

.2.2. Viability test 
CT26 cells were cultured in RPMI-1640 (Biowest) with 10% fe- 

al bovine serum (Sigma), 1% antibiotics (Antibiotic-Antimycotic 
olution, Corning), and 1% L-glutamine (Sigma). CT26 cells (10 4 

er/well, 100 µl) were cultured on 96 well-plates for 20 h. Prior 
o their addition to the cells, the PEG-BPSi NPs were washed with 
 2 O and re-dispersed in cell medium at the pre-determined con- 
entration. The NPs suspension was incubated with the cells for 4 
r 24 h. The cells were rinsed with fresh medium to remove the 
ree NPs. The cells were cultured for an extra 24 h and then their 
iability was measured with the CellTiter Glofi (Promega Corp.) as- 
ay [17] . The non-PEGylated BPSi NPs were used as the reference 
ample in the viability test and 1% Triton X-100 was used as the 
ositive control. The viability of B16 cells was also evaluated after 
he incubation with PEG-BPSi NPs. The experiment was carried out 
ith the identical protocol to that for CT26 cells except B16 cells 
nd the corresponding cell medium of Dulbecco�s Modi�ed Eagle�s 
edium (DMEM) were used. 

.2.3. Photothermal therapy 
CT26 cells were cultured in RPMI-1640 medium in 96 well 

lates (2 × 10 4 cells/well) for 24 h and then washed with PBS and 
resh cell medium. Next, 100 µL/well BPSi dispersed in the RPMI- 
640 was added into each well with different concentrations (0.5, 
.2, 0.1, and 0.05 mg/ml). The use of different concentrations of 
Ps is to adjust the temperature in photothermal therapy in vitro . 
o balance the temperature of nanoparticle suspension, the cells 
nd NPs suspension were incubated at 37 °C for 0.5 h. Then, each 
ell was irradiated with the 808 nm laser (1.0 W/cm 2 ) for 10 min.
he fresh cell medium and the solution of 1% Triton X-100 were 
sed as the negative and positive control, respectively. The viability 
f the cells after the laser treatment was analyzed with CellTiter- 
lo [17] . 

.2.4. Release of ATP 
B16 cells were seeded into a 96-well plate and incubated 

vernight. The cells were washed with fresh medium and then 100 
L samples were added into each well. The tested groups were: (a) 
ell medium, (b) NPs 0.2 mg/ml, (c) DOX 0.4 µg/ml, (d) Laser, (e) 
Ps 0.2 mg/ml + Laser, and (f) NPs 0.2 mg/ml + DOX + Laser. Af-
er 0.5 h incubation, groups of (d)-(f) were illuminated with 808 
m NIR laser (1.0 W/cm2) for 10 min. Furthermore, the cells were 
ashed three times with PBS and fresh cell medium. The intracel- 

ular ATP contents was measured with the luminescent ATP assay 
CellTiter-Glofi, Promega) according to the protocol published in 
eference [27] . If a lower intracellular ATP was detected in treat- 
ent groups than the control group, it indicated the treatment 
aused the extracellular release of ATP [27] . 

.2.5. Dendritic cell (DC) maturation in vitro 
B16 cells were planted in the 96-well plate (5 × 10 4 /well, 6 

ells per group). The experiment groups were: 1) Control (cell 
475 
edium), 2) Laser (1 W/cm 2 10 min), 3) NPs (0.2 mg/mL), and 4) 
Ps + Laser (1 W/cm 2 10 min). The treated cells were co-cultured 
ith bone marrow-derived DCs for 12 h [28] . Lipopolysaccharide 
LPS) was used as a positive control. CpG (0.5 µg/mL) was added 
nto the groups of NPs and NPs + Laser. The maturation level of 
Cs after various treatments was measured with NovoCyte �ow 

ytometer (Agilent, US). 

.3. In vivo evaluations 

.3.1. In vivo PTT to inhibit primary tumor growth with CT26 tumor 
odel 
Animal experiments were approved by the Animal Experiment 

dministration Committee of the Air Force Medical University, 
haanxi, China. Mouse colonic cancer cells of CT 26 (5 × 10 6 

ells, 0.1 mL) were subcutaneously injected into female BALB/C (6- 
 weeks) to establish the CT 26 tumor model. The mice were di- 
ided into 8 groups when the tumor volume was 100 mm 3 (5 
ice/group): (1) Control (saline), (2) Laser (808 nm, 1.0 W/cm 2 ), 

3) 0.1 mg/mL PEG-BPSi, (4) 0.2 mg/mL PEG-BPSi, (5) 0.5 mg/mL 
EG-BPSi, (6) 0.1 mg/mL PEG-BPSi + Laser, (7) 0.2 mg/mL PEG- 
PSi + Laser, (8) 0.5 mg/mL PEG-BPSi + Laser. The PEG-BPSi was 
ispersed in saline and intratumorally injected. After 30 min, the 
umor was irradiated with the laser for 10 min in the following 
roups: (2) and (6)-(8). As a representative example, the temper- 
ture of tumor before and laser treatment with 0.2 mg/mL NPs 
as measured with a near-infrared camera. The tumor volumes 
nd body weights of the mice were monitored every two days. 
he animals were anaesthetized with an intraperitoneal injection 
f pentobarbital sodium (2.5 mg/mL, 0.1 mL/mouse) and sacri�ced 
fter 2 weeks. The main organs (including liver, heart, lung, spleen, 
idney) and tumor tissues were harvested for H&E staining and 
UNEL analysis [17] . 

.3.2. In vivo PTT and PTT-chemotherapy to inhibit primary and 
istant tumor with CT26 tumor model 
A bilateral murine tumor CT 26 model was utilized to in- 

ibit tumor metastasis with the BPSi mediated PTT and PTT- 
hemotherapy. The primary and the secondary tumors were 
lanted via subcutaneous injection of CT26 cells on the right 
nd left side of the BALB/C mice at day -10 and -4, respectively 
 Scheme 1 ). When the volume of the primary tumor reached 100 
m 3 at the day 0, the mice were divided into 5 groups (three 
ice/group): (a) Saline, (b) DOX, (c) DOX + laser (808 nm, 1 
/cm 2 ), (d) PEG-BPSi + Laser, (e) PEG-BPSi + DOX + Laser. The 
oses of PEG-BPSi and DOX were 1.0 and 1.4 mg/kg, respectively. 
OX was �rst mixed with the PEG-BPSi suspension and then 
ntratumorally injected. The tumor was irradiated with the 808 
m for 10 min if the treatment was required. 

.3.3. In vivo PTT, PTT-chemotherapy, and 
TT-chemotherapy-immunotherapy with B16 tumor model 
A bilateral B16 tumor model was utilized. A total of 50 

ice were divided into 10 groups after the primary tumor 
ad reached a size of 100 mm 3 which represented day 0 
�ve mice/group): (a) Saline, (b) PEG-BPSi (0.2 mg/mL), (c) CpG, 
d) DOX, (e) PEG-BPSi + DOX, (f) PEG-BPSi + CpG, (g) PEG- 
PSi + Laser (3 min), (h) PEG-BPSi + Laser (10 min), (i) PEG- 
PSi + DOX + Laser (3 min), (j) PEG-BPSi + DOX + Laser (10 
in), (k) PEG-BPSi + DOX + CpG + Laser (3 min), and (l) PEG- 
PSi + DOX + CpG + Laser (10 min). The doses of PEG-BPSi, DOX, 
nd CpG, were 1.0, 1.4, and 1.0 mg/kg, respectively. The DOX was 
ixed with the PEG-BPSi NPs and then intratumorally injected. 
tarting from day 1, the CpG was injected peritumorally in the 
roup of (c), (f), (k), and (l) every 3 days. 
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To prove that there had been an activation of immune cells 
fter different laser treatments, the spleens were collected from 

umor-bearing mice and then milled to prepare single-cell suspen- 
ions of splenocytes. The splenocytes were stimulated according 
o the method described in the literature [29] . Subsequently, the 
plenocytes were counted and co-cultured with B16 cancer cells 
ith the ratios of (Splenocytes/B16) 5:1, 10:1, 25:1, and 50:1. Ac- 
ording to the instructions from the manufacturer (Sigma), the cell 
iability was analyzed with the CCK-8 assay by measuring the ab- 
orbance at 450 nm using a microplate reader. 

Blood samples were collected from mice after the various treat- 
ents. Cytokine levels in serum, including tumor necrosis factor 

TNF- �), interferon gamma (IFN- � ), and interleukin-2 (IL-2), were 
easured with enzyme-linked immunosorbent assay (ELISA) kits 

Thermo Fisher Scienti�c). To evaluate speci�c tumor immunity, 
n enzyme-linked immunospot (Elispot) assay was used with iso- 
ated splenocytes.[ 30 , 31 ] The Elispot plates were incubated with 
ntibodies (5 µg/mL) at 4 °C overnight. The free antibodies were 
ashed away with PBS and then 200 µL cell media were added 
nd incubated at ambient temperature for 30 min. The splenocytes 
arvested from the mice were added into each well (2.5 × 10 7 

ells/well, 100 µL). The following groups were studied: (1) neg- 
tive control group (Splenocytes), (2) experiment group (Spleno- 
ytes + cell lysates B16 [40 µg/mL]), (3) positive control group 
Splenocytes + Non-speci�c stimulant [2 µg/mL PHA]), and (4) 
lain control (culture medium). After incubation at 37 °C for 24 h, 
he culture media were removed, and the cells were washed �ve 
imes with PBS. After adding 100 µL R4-6A2-biotin in each well, 
he plate was incubated at ambient temperature for 2 h, washed 
ve times with PBS, incubated for an extra 1 h at an ambient tem- 
erature, and then washed again with PBS. Peroxidase substrate 
100 µL/well) was added and incubated until there was the ap- 
earance of speci�c color spots. The plates were then thoroughly 
ashed with water to prevent a further color change and dried 
vernight. The numbers of spots in each well were counted with 
n Elispot reader. 

.4. Statistical analysis 

Statistical analysis was done with the SPSS15.0 software by 
sing a one-way analysis of variance (ANOVA) for independent 
roups. Homogeneity of variance was tested by Hartley analysis. 
f the variances were equal, the LSD-t method was employed as a 
ultiple comparisons test. In cases where the variances were not 
qual, Dunnett�s T3 was used to evaluate whether there were any 
ifferences between the means of each group. 

. Results 

.1. Physicochemical characterizations and in vitro evaluations 

The porous parameters of BPSi were measured with N 2 
d/desorption. The surface area, pore volume, and pore size of 
PSi NPs were 138 m 2 /g, 0.61 cm 3 /g, and 10.7 nm, respectively. 
he porosity of the BPSi was 58%. The BPSi NPs have an irregu- 
ar morphology (Fig. S1, Supplementary information) and a nega- 
ive surface charge (-25 mV) ( Fig. 1 a). After the PEG functional- 
zation with PEG-silanes, the surface charge was changed to + 5.9 
V. This weak positive charge is probably because of the presence 
f the amide group in the 2.0 kDa of PEG-silane. To further ver- 
fy the surface functionalization, the NPs were measured FTIR (Fig. 
2, Supplementary information). The BPSi NPs present the typical 
eaks of Si-O-Si at 1086 cm �1 and Si-OH groups at 3435 cm �1 . Af-
er PEGylation, the new peaks from �CH 3 bending, �CH 2 bending, 
C = O and �CH 2 stretching are observed at 1350, 1460, 1705, and 
871 cm �1 , respectively. The amount of PEG on the surface of the 
476 
EG-Bi NPs was 14.2% according to the mass loss in the TGA ex- 
eriment ( Fig. 1 b). After the PEGylation with both 2.0 kDa and 0.5 
Da PEG-silane, the content of N increased by 0.12% in PEG-BPSi 
Ps, in which 2.0 kDa PEG-silane has two N atoms per molecule. 
hus, the ratio of PEG (2.0 kDa)/PEG (0.5 kDa) was 16/9 on the NPs, 
alculated according to the results from the elemental analysis and 
GA (Supplementary information). 
The plain BPSi NPs aggregated quickly after mixing with the 

BS solution and cell medium. The diameter of the plain NPs in- 
reased from 180 nm to 620, 1260, 4430 nm within 0.5, 4, and 18 
 in PBS, respectively ( Fig. 1 c). In cell medium, the plain NPs ag-
regated heavily the mean particle being 1680 nm after 18 h incu- 
ation (Fig. S3, Supplementary information). The proteins absorbed 
n the NPs decelerated the aggregation of the NPs as compared to 
he incubated in PBS. However, due to the enhancement of col- 
oidal stability with the PEG coating, the PEG-BPSi NPs exhibited 
ood colloidal stability in both PBS and cell medium. No signi�cant 
hange in the diameter was found from the PEG-BPSi NPs (mean 
iameter = 187 nm, Fig. S4, Supplementary information) within 18 
. The hemolysis rate of the PEG-BPSi NPs with the concentration 
f 0.2 mg/mL was around 3.1% ( Fig. 1 d), which was well below
he permissible limit of 5% [32] . Moreover, the PEG-BPSi NPs did 
ot cause signi�cant cytotoxicity to both CT26 and B16 cells even 
hough the concentration was as high as 0.5 mg/mL, regardless of 
 or 24 h incubation with the cells ( Fig. 1 e, f). In contrast, the non-
EGylated BPSi NPs were toxic to the cells when their concentra- 
ion exceeded 0.5 mg/mL ( Fig. 1 e). The above results indicated that 
he PEG had been successfully coated on the surface of the BPSi 
Ps and the NPs possessed good biocompatibility in vitro . The pho- 
othermal conversion capacity of the PEG-BPSi NPs was measured 
y irradiating aqueous suspensions of the NPs with the 808 nm 

aser (1.0 W/cm 2 ). The temperature of the suspensions with the 
oncentration of 0.05, 0.1, 0.2 mg/mL increased by 10.2, 17.1, and 
2.4 °C within 10 min, respectively ( Fig. 1 g). The in vitro PTT per-
ormance of the PEG-BPSi NPs is shown in Fig. 1 h. The individual 
aser irradiation did not exert any toxic effect to inhibit the growth 
f cancer cells, as compared with the control group without any 
reatment. However, after the PEG-BPSi NPs were combined with 
he laser, the photothermal effect killed almost all of the cancer 
ells when the concentration of the NPs was up to 0.1 mg/mL. 

.2. BPSi-based PTT effectively inhibits primary tumor growth in vivo 

Fig. 2 a illustrates the use of the BPSi NPs-based PTT to inhibit 
he tumor growth in the CT26 tumor bearing mice. The tumor 
emperature before and after the laser treatment was measured 
ith the near-infrared camera (Fig. S5, Supplementary informa- 
ion). Compared to the control group, neither the group of Laser 
or NPs (0.2 mg/mL) presented signi�cant change of tumor tem- 
erature while the tumor temperature increased by around 15 °C 
n the group of NPs + Laser. Thus, the single use of the laser or the
EG-BPSi NPs did not cause a signi�cant therapeutic effect to in- 
ibit tumor growth ( Fig. 2 b, c). This also means that the PEG-BPSi 
Ps did not exert any major cytotoxic effect on the cancer cells in 
ivo . However, the tumor growth was effectively inhibited after the 
ombination of PEG-BPSi and the laser even though the concentra- 
ion of the NPs was as low as 0.1 mg/mL. No signi�cant change 
n the level of tumor growth was found when the concentration 
f the NPs was increased from 0.1 to 0.5 mg/mL. These observa- 
ions were consistent with the in vitro results shown in Fig. 1 h. 
hus, we conclude that BPSi NP-mediated PTT can effectively in- 
ibit the growth of the primary tumor. The results of the TUNEL 
xperiment con�rmed the antitumor e�cacy. The number of apop- 
otic cancer cells in the PTT-treated group was higher than those in 
he control group and the nanoparticle-treated group without laser 
rradiation ( Fig. 2 d, e). As compared to the control group, no sig- 
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Fig. 1. Physicochemical characterizations and in vitro evaluations: (a) Zeta potential measured in H 2 O, (b) TGA curves measured in an N 2 atmosphere, (c) Colloidal stability 
in PBS, (d) Hemolysis study (PBS and ddH 2 O were used as negative and positive control respectively), (e, f) In vitro viability of CT26 (e) and B16 (f) after incubated with the 
PEG-BPSi NPs. BPSi NPs were used reference samples in the viability test of CT26 to verify the function of PEG, (g) Laser heating of PEG-BPSi NPs aqueous suspensions at 
different concentrations (808 nm, 1.0 W/cm 2 ), and (h) in vitro PTT to kill CT26 cells with PEG-BPSi. 

Fig. 2. Inhibition of primary tumor with PEG-BPSi NPs mediated PTT in vivo : (a) Illustration of animal experiment, (b) Tumor growth curves of mice, (c) Photographs of 
CT26 tumors, and (d) Images of TUNEL analysis of tumors after different treatments (Scale bar 100 µm). (e) Percentage of TUNEL positive cells counted from (d) with Image 
J. (Signi�cance: P-value: ��� , P < 0.001). The percentage of TUNEL-positive cells = Number of TUNEL-positive cells/Number of all cells. 

477 
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Fig. 3. NPs mediated PTT and PTT-chemotherapy to inhibit primary and distant tumors with CT 26 (3 mice/group) and B16 tumor models (5 mice/group): (a) Scheme to 
illustrate animal experiment with the bilateral murine tumor model, Growth curves of CT 26 primary tumors (b), CT26 distant tumors (c), B16 primary tumor (d), and 
B16 distant tumor (e) on the BALB/c mice with different treatments. Only one distant tumor per group (3 mice/group) developed successfully in (c) due to the highly 
immunogenic property of CT26 tumor. The heating time was 10 min in the groups with laser illumination. 
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i�cant changes occurred in the animals� body weights, nor was 
here evidence of tissue damage in H&E staining after the differ- 
nt treatments, indicating that both the PEG-BPSi NPs and the PTT 
reatments have good biosafety (Fig. S6a, b, Supplementary infor- 
ation). 

.3. Inhibition of primary and distant tumors with NPs-based PTT 
nd PTT-chemotherapy on CT26 and B16 tumor models 

After proving the potential of PEG-BPSi NPs mediated PTT in 
he inhibition of primary tumor in Fig. 2 , a bilateral murine tumor 
odel (CT26 and B16) was utilized to study the performance of 
ombined PTT and chemotherapy against distant tumors ( Fig. 3 a). 
he NPs (0.2 mg/mL, 0.1 mL) were mixed with DOX at the dose of 
.4 mg/Kg and then intratumorally injected into the primary tumor 
f the BALB/c mice. 
The growth of the primary CT26 tumor is shown in Fig. 3 b. 

he BPSi-based PTT (NPs + Laser) e�ciently inhibited the growth of 
he primary tumor (Inhibition e�cacy [IE]: 78 –15%). Furthermore, 
he combined PTT-chemotherapy (NPs + DOX + Laser) enhanced the 
E to 85 – 12%. The tumor volume change of the CT26 distant tu- 
or was shown in Fig. 3 c. The use of low dose DOX, DOX + laser,
nd NPs + laser could not su�ciently inhibit the growth of the 
econdary tumor. Nevertheless, the group of NPs + DOX + Laser 
PTT + chemotherapy) did totally inhibit the distant secondary CT26 
478 
umor (IE, �100%). It should be noted that it was a challenge 
o bear the secondary tumor with the highly immunogenic CT26 
odel [33] . Only one distant tumor per group (3 mice/group) suc- 
essfully grew up. 

Another poorly immunogenic tumor model, B16, was chosen to 
urther verify the performance of BPSi-based PTT and its combi- 
ation with chemotherapy in the activation of immunotherapy. A 

inor amount of intracellular ATP was detected in the B16 cells 
fter the treatment with NPs + Laser and NPs + DOX + Laser (Fig. S7,
upplementary information) as compared to the control group, in- 
icating that the BPSi-based PTT caused a large release of ATP from 

he cells and adding DOX could further promote it. The released 
AMPs such as ATP can serve as a �danger signal� to recruit asso- 
iated immune cells for the activation of immunotherapy, demon- 
trating the potential of BPSi-based PTT to treat poorly immuno- 
enic tumor B16 [27] . 
The IEs of NPs + Laser (NPs-based PTT) and NPs + DOX + Laser

PTT + chemotherapy) in the primary B16 tumor are 64 –14% and 
4 –18% ( Fig. 3 d). The corresponding values of IEs in distant B16 
umor are 43 –20% and 49 – 26% ( Fig. 3 e). In general, the treat-
ents such as NPs + Laser and NPs + DOX + Laser presented similar 

herapeutic responses in the primary tumors of CT26 and B16. 
owever, the difference in the treatment of distant tumors be- 
ame signi�cant when immunotherapy was activated. The treat- 
ent NPs + DOX + Laser presented IE of 100% to totally inhibit the 
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istant tumor in the CT26 model while it only had IE of 49 – 26%
n B16 model, indicating that CT26 model could signi�cantly am- 
lify antitumor immune response when immunotherapy was acti- 
ated. Thus, this immune-sensitive tumor model such as CT26 may 
ot be good candidate to evaluate immunotherapy regarding the 
nhibition of distant tumor and metastasis even though it has been 
idely studied to evaluate the immunotherapy performance of dif- 

erent NPs [ 5 , 7 ]. The poorly immunogenic model such as B16 is
ore valuable than CT26 to evaluate the true power of NPs-based 

mmunotherapy. 

.4. An e�cient PTT-chemotherapy-immunotherapy cocktail regimen 
o inhibit both primary and distant B16 tumors 

CpG has been studied as an adjuvant to improve the e�cacy of 
mmunotherapy [ 28 , 34 ]. The feasibility of using CpG in BPSi-based 
herapy regimen was studied by evaluating the maturation of DCs 
n vitro (Fig. S8, supplementary information). Without the use of 
pG, the group of NPs + Laser gave enhanced expression of CD80 + 

hile no signi�cant change was found in the expression of CD40 + , 
s compared to the control group with cell medium. However, 
oth the expressions of CD40 + and CD80 + in DCs increased in the 
roups of NPs and NPs + Laser after adding CpG. These results indi- 
ate that CpG is an e�cient adjuvant to enhance the immunother- 
py e�cacy of BPSi-based PTT. Thus, CpG was added into the cock- 
ail regimen in the following animal experiments. Fig. 4 a illustrates 
he experiment process to treat both primary and distant B16 tu- 
ors with PEG-BPSi NPs-based cocktail regimen. Without the use 
f laser, the plain NPs, DOX, or CpG were unable to effectively in- 
ibit the growth of either the primary or distant tumors as com- 
ared to the control group ( Fig. 4 b, c), demonstrating that BPSi, 
OX and CpG have minor therapeutic response when they were 
sed alone. However, the therapeutic e�cacy was clearly boosted 
fter applying laser illumination on the primary tumor. With the 
reatment of NPs + DOX + CpG + Laser, the maximum tumor inhibi- 
ion reached to 73 –11% and 69 –12% on the primary and distant 
umors, respectively ( Fig. 4 d). The growth of the distant secondary 
umor was signi�cantly inhibited even though all treatments were 
nly targeted at the primary tumor, indicating that antitumor im- 
unity had been e�ciently triggered by the BPSi-based PTT in the 
ocktail therapeutic regimen. The analysis from the TUNEL assay 
as consistent with the tumor growth curves observed in Fig. 4 b, 
. The group treated with the cocktail regimen displayed the max- 
mum apoptotic ratio of cancer cells (Fig. S9, Supplementary in- 
ormation). Furthermore, the mice�s body weights were monitored 
uring the experiment period and no obvious weight change was 
bserved (Fig. S10, Supplementary information). The H&E staining 
esults of the major organs (Fig. S11, Supplementary information) 
urther veri�ed the good safety of the cocktail therapeutic regimen 
n vivo . 

The ELISA assay was utilized to discover the mechanism in 
he activation of immunity to combat the tumor. Three immune- 
elevant cytokines, IL-2, IFN- � and TNF- �, in serum were assayed 
y ELISA to examine the nonspeci�c immune response to the tu- 
or. As shown in Fig. 4 d, the experimental group with the cocktail 

egimen signi�cantly upregulated the level of all three cytokines 
IL-2, IFN- � and TNF- �) while the groups of BPSi, DOX, and CpG 

id not present signi�cant in�uences on these cytokine expres- 
ions. The cancer cell killing experiments with spleen cells were 
erformed to further verify the antitumor immunity at the cellular 
evel. The spleen cells from the group treated with the cocktail reg- 
men exhibited a superior ability to kill cancer cells. The cytokine 
ssay and the experiments examining the tumor cell killing prop- 
rties of spleen cells described above only demonstrated the pres- 
nce of a non-speci�c tumor immunity, which is a su�cient but 
ot necessary condition to demonstrate anticancer immunother- 
479 
py. Subsequently, we conducted Elispot experiments to verify the 
resence of a speci�c antitumor immunity after different treat- 
ents. If the number of spots is greater than 55 spots/10 6 cells 

n antigen-stimulated wells and 4 times greater than that in nega- 
ive control wells, then the speci�c tumor immunity has been ac- 
ivated after the antitumor treatment [ 35 , 36 ]. The results in Fig. 4 f
evealed that the numbers of spots due to IL-2 level in the cock- 
ail regimen treated group (NPs + DOX + CpG + Laser) was 170 – 20, 
hich was less than 4 times greater than that in the negative con- 
rol (Spots/well: 50 – 30). Thus, IL-2 secreting immune cells had 
ot been activated to evoke a speci�c anticancer immunity after 
he treatment with the cocktail regimen. However, the cocktail reg- 
men doses signi�cantly activated the speci�c antitumor immunity 
n IFN- � secreting immune cells ( Fig. 4 g). The number of spots at- 
ributable to the IFN- � level in the cocktail regimen treated group 
NPs + DOX + CpG + Laser 10 min) was 470, i.e., 16.8 times greater
han that in the control group (value = 28). Finally, we investigated 
he speci�c activation of immune cells secreting TNF- �. The group 
eceiving the cocktail regimen had the strong ability to activate 
he speci�c immune cells which were secreting TNF- � (Spots/well 
179 – 114), a value 4.8 times greater than that in control group 
Spots/well 247 – 135). These results shown in Fig. 4 demonstrated 
hat the BPSi-based cocktail therapeutic regimen could successfully 
ctivate speci�c antitumor immunity to treat a distant tumor. 

. Discussion 

.1. The BPSi is a safe and e�cient photothermal agent and adjuvant 

Safety is the most crucial factor when evaluating a novel ther- 
peutic modality. Many types of inorganic NPs such as gold, CuS, 
nd CNT have been explored for PTT because they deliver a bet- 
er performance than their organic counterparts, e.g., the inorganic 
hotothermal agents have good photothermal stability while the 
norganic dyes are easily photobleached. However, concerns about 
he safety of inorganic NPs represent a main challenge for their 
pplications in the biomedical �eld. As shown in Fig. 4 , the use of
PSi NPs alone did not induce signi�cant immune response. When 
ombined with the viability results in Fig. 1 e, f, we can conclude 
hat the BPSi NPs are safe and well biocompatible and thus suit- 
ble for cancer treatment. Therefore, the BPSi-based regimen has a 
ood compatibility for cancer treatment. 
By comparing the treatment e�cacies of the groups BPSi 

1 –27%), CpG (22 –24%), and BPSi + CpG (30 –26%) in the inhibition
f the distant tumors ( Fig. 4 c), we can conclude that BPSi acted 
s co-adjuvant with CpG to boost immunotherapy. The strong in- 
eraction between BPSi and CpG was further con�rmed with the 
nalysis of cytokines. Mixing CpG with BPSi signi�cantly upregu- 
ated the cytokine of IFN- � in blood serum, while a separate use of 
pG and BPSi did not have such an in�uence ( Fig. 4 d). The further
nalysis with splenocytes con�rmed that BPSi boosted the cellular 
mmune responses after combining with CpG, indicating that BPSi 
s a potent co-adjuvant of CpG ( Fig. 4 e�h). 

.2. The coordination mechanism of PTT-chemotherapy- 
mmunotherapy cocktail regimen in the inhibition of tumor growth 

PTT-based immunotherapy has been widely studied in the 
reatment of metastatic tumors. The PTT destroys the primary tu- 
or and also promotes a signi�cant production of cytokines to ac- 

ivate an antitumor immune response, indicating its major poten- 
ial in cancer treatment. Cytokines are important biomarkers for 
ifferent immune responses. For example, IL-2 is important in the 
timulation of innate immunity to activate natural killer cells. TNF- 
and IFN- � are also typical markers of cellular immunity and play 

ritical roles in tumor immunotherapy. These cytokines have been 
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Fig. 4. Inhibition of primary and distant B16 tumors with BPSi-based PTT-chemotherapy-immunotherapy cocktail regimen in vivo : (a) Illustration of the scheme of the 
antitumor experiments with B16 tumor model (BALB/C mice). (b) Primary tumor and (c) distant tumor growth curves in the BALB/c mice with different treatments. (d) 
Cytokine levels of IL-2, IFN- � , and TNF- � in the blood serum from the BALB/c mice with different treatments and (e) The ability of splenocytes to kill B16 cells of the BALB/c 
mice with different target ratios (Spleen cells/tumor cells) after different treatments. (f�h) Elispot tests to analyze the activation of speci�c antitumor immunity mediated 
by different treatments: The results of immune cells which are secreting IL-2 (f), IFN- � (g) and TNF- � (h) (Statistical signi�cance analysis P-value: � , P < 0.05; �� , P < 0.01; 
��� , P < 0.001). 
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Fig. 5. Comparison of different treatment methods and laser heating time in tumor therapy: (a) growth curves of primary (a) and distant (b) tumors. (c) TUNEL analysis 
of tumor tissues after different treatments (Scale bar 100 µm), and (d) The activation of speci�c tumor immunity using the splenocytes isolated from different treatments, 
which was evaluated by analyzing immune cells secreting IL-2, IFN- � and TNF- � with Elispot tests (Statistical signi�cance analysis P-value: ��� , P < 0.001). 
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idely used to study the mechanisms in PTT-triggered cancer im- 
unotherapies. It has been reported that these cytokine levels are 
levated after different treatments [ 6 , 37 ]. However, some speci�c 
uestions about their immunotherapy mechanisms remain to be 
lari�ed. For example, which cytokine is activated by PTT or by 
ome other therapeutic approaches? Do these cytokines work syn- 
rgistically together? 
As we can see from the results shown in Figs. 3 and 4 , laser-

ctivated PTT is the important trigger for an e�cient immunother- 
py. Thus, laser illumination time was tuned for 3 min and 10 
in in the treatments of PTT, PTT-DOX and PTT-DOX-CpG to dis- 
over the immunotherapy mechanism. The IE of the primary tu- 
or was 38 –28% and 64 –14% when the illumination lasted 3 and 
0 min with the BPSi-based PTT ( Fig. 5 a). However, BPSi-based PTT 
nhibited the growth of a distant tumor by 31 –18% and 43 –20% 
ith 3- and 10-min laser heating. Thus, BPSi-based PTT can e�- 
iently activate antitumor immunotherapy ( Fig. 5 b) which can be 
nhanced by prolonging the laser illumination time. Next, the ad- 
ition of DOX to form combined PTT-chemotherapy improved the 
nhibition e�cacy against both the primary tumor and the distant 
481 
umor ( Fig. 5 a, b). The IE was 40 –16% with 3 min of laser heat-
ng and 64 –18% with 10 min of laser heating in primary tumor. At 
he distant tumor, the corresponding values were 44 –35% with 3 
in laser heating and 49 –26% with 10 min laser heating. A similar 

rend affected by laser heating time was found in the cocktail reg- 
men of BPSi-based PTT + DOX + CpG. The IEs of distant tumor are 
2 –27% and 69 –12% for 3 min and 10 min laser heating ( Fig. 5 b).
he TUNEL assay was further conducted to detect cancer cell apop- 
osis after different treatments ( Fig. 5 c). The results of the TUNEL 
maging assay agreed with the tumor growth results. Severe cells 
poptosis was observed with the groups with prolonged laser il- 
umination and by adding CpG. As a short summary, we can get 
he order of different treatments to inhibit primary and distant tu- 
ors. The order of IEs to treat the primary tumor is PTT-3 min �
TT-DOX 3 min � PTT-DOX-CpG 3 min < PTT-10 min � PTT-DOX 

0 min < PTT-DOX-CpG 10 min. And the order of IEs to treat dis- 
ant tumor is PTT-3 min < PTT-DOX 3 min � PTT-DOX-CpG 3 min 
PTT-10 min � PTT-DOX 10 min < PTT-DOX-CpG 10 min. Thus, we 

an conclude the following: (1) Both the time length of PTT and 
se of CpG are the most important factors to affect the therapy ef- 
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Scheme 1. The mechanism of the cocktail therapeutic regimen to activate antitumor immunotherapy. The BPSi-based photothermal therapy (PTT) kills the cancer cells in 
the primary malignancy followed by the release tumor associated antigens, such as cancer cell membrane proteins, which signi�cantly enhances the level of TNF- � and is 
the base to activate antitumor immunity. The use of a low dose of DOX selectively upregulates the IFN- � concentration in serum. The coordination between BPSi and CpG 
further enhances the cytokine levels of TNF- �, IL-2 and IFN- � in mice. The crosstalk between cytokines activates robust antitumor immunity. 
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cacy of PTT-chemotherapy-immunotherapy; (2) Adding DOX does 
ot improve the therapy of primary tumor but it enhances the in- 
ibition of distant tumor a bit; (3) The therapy e�cacy is simi- 
ar for both primary tumor and distant tumor when either adding 
OX or prolonging the time of PTT. Thus, it would be wise to op- 
imize laser heating parameters such time length to enhance ther- 
py e�cacy and decrease side effect for combined cancer therapy 
n future. 

As shown in Fig. 5 d, the BPSi-based PTT signi�cantly triggered 
he expression of TNF- � though a short-duration laser irradiation 
f PTT was applied, while it did not e�ciently upregulate the other 
wo cytokines of IL-2 and IFN- � . The expression of TNF- � is en- 
anced when prolonging the laser heating time. The use of a low 

ose of DOX increased the level IFN- � a bit. Moreover, adding CpG 

nto the regimen signi�cantly enhanced the levels of IL-2, IFN- � , 
nd TNF- � in the mice due to the immunoadjuvant of BPSi, boost- 
ng the immunotherapy to treat distant tumors. Thus, we proposed 
he mechanism of the regimen as shown in Scheme 1 . The BPSi- 
ased PTT ablates cancer cells due to local hyperthermia, from 

hich tumor-associated antigens are released due to the apoptosis 
f cancer cells, signi�cantly enhancing the level of TNF- �. Because 
PSi-based PTT triggers immunotherapy, the upregulation of TNF- 
can be considered the base to activate immunotherapy. Further- 
ore, the use of DOX and CpG promotes the maturation of den- 
ritic cells (DCs) which upregulates the release of TNF- �, IL-2 and 
FN- � . The crosstalk between TNF- � with IL-2 and IFN- � activates 
oth innate immunity and adaptive immunity. Thus, the cocktail 
herapeutic regimen consisting of BPSi-based PTT, DOX, and CpG 

as able to trigger different immunotherapy pathways in a syn- 
rgistic manner to achieve a potent antitumor response to treat 
oth primary and distant secondary tumors. Moreover, the regi- 
en elevated higher levels of IFN- � and TNF- � in mice than those 

n recent reports (Table S1, Supplementary information), indicat- 
ng that the BPSi-based therapeutic regimen evoked a superior im- 
une response to inhibit tumor growth as compared to ICG [37] , 
uS [34] , and gold [38] -based therapy approaches. However, the 
igh cytokine levels did not cause serious side effects according to 
he monitoring of mouse weight and histological assessments (Figs. 
12 and S13, Supplementary information). 
482 
. Conclusions 

We have demonstrated BPSi is a safe and an e�cient photother- 
al agent and immunoadjuvant to evoke antitumor immunity in 

he inhibition of primary and distant tumors. Its performance was 
ompared between the highly immunogenic tumor model CT26 
nd the poorly immunogenic tumor model B16. We found that 
he widely used immunogenic tumor model of CT26 presented a 
elf-ampli�ed immune response. The poorly immunogenic tumor 
odel B16 is much more valuable than CT26 to evaluate the true 
�cacy of NPs-activated immunotherapy. Furthermore, a cocktail 
egimen was developed by combining BPSi-based PTT with DOX 

nd CpG and the coordination mechanism of the regimen was 
tudied with the B16 tumor model. BPSi based PTT was an impor- 
ant trigger to activate speci�c antitumor immunotherapy for in- 
ibiting the primary and distant tumors, featuring the selective up- 
egulation of TNF- �. Either prolonging laser heating time or adding 
 low dose of DOX presented similar effect in inhibiting primary 
nd distant tumors, indicating that tuning laser heating parameters 
f PTT is an alternative to using toxic chemotherapy drugs to evoke 
otent immunotherapy. Moreover, BPSi acted as an immunoadju- 
ant for CpG to signi�cantly boost a robust antitumor immunother- 
py. The present study demonstrates that the BPSi-based regimen 
s potent for antitumor immunotherapy with the advantages of 
igh e�cacy and good safety. 
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