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Abstract 

Background: Triple-negative breast cancer (TNBC) is a highly aggressive malignant disease with a high rate of recur-
rence and metastasis, few effective treatment options and poor prognosis. Here, we designed and constructed a com-
bined photothermal immunotherapy strategy based on cancer cell membrane-coated biomimetic black phosphorus 
quantum dots (BBPQDs) for tumor-targeted photothermal therapy and anti-PD-L1 mediated immunotherapy.

Results: BBPQDs have good photothermal conversion efficiency and can efficiently target tumor cells through 
homologous targeting and tumor homing. Under near infrared irradiation, we found that BBPQDs kill tumors directly 
through photothermal effects and induce dendritic cells maturation. In vivo studies have confirmed that the com-
bined photothermal immunotherapy strategy displays a stronger antitumor activity than anti-PD-L1 monotherapy. 
In addition, BBPQDs-mediated photothermal therapy in combination with anti-PD-L1 treatment inhibit tumor 
recurrence and metastasis by reprograming the immunosuppressive tumor microenvironment into an immune-
active microenvironment, and promoting the local and systemic antitumor immune response. We further found 
that the combined photothermal immunotherapy strategy can produce an immune memory effect against tumor 
rechallenge.

Conclusions: This study provides a novel therapeutic strategy for inhibiting the recurrence and metastasis of TNBC, 
with broad application prospects.
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Introduction
Triple-negative breast cancers (TNBC) are those that 
lack expression of estrogen receptor, progesterone recep-
tor, and human epidermal growth factor receptor 2 and 
account for ~ 15–20% of all breast cancers [1–3]. The 
most commonly used clinical treatments are surgery 
and chemotherapy. TNBC develops rapidly and is prone 
to recurrence and metastasis. The long-term efficacy of 
chemotherapy is poor [3–5]. The 5-year survival rate for 
patients with metastatic TNBC is less than 30% [6, 7]. 
Therefore, there is an urgent need for effective treatment 
strategies.

In recent years, immune checkpoint blockade (ICB) 
therapies have changed the paradigm of tumor treat-
ment, but only 10–30% of patients with TNBC can 
achieve long-term durable remission; most patients do 
not respond significantly to ICB or remain resistant to 
it [8–10]. Reasons for ineffective treatment with ICB 
include a lack of specific antigens on the surface of tumor 
cells that can be recognized by immune cells, a lack of 
tumor infiltrating lymphocytes, an immunosuppressive 
tumor microenvironment (TME), or other suppressive 
immune checkpoints and suppressive cytokines [11, 12]. 
Therefore, designing a combination therapeutic strategy 
that promotes immune response, overcomes the immu-
nosuppressive TME, and induces persistent immunity is 
expected to further improve the efficacy of ICB against 
TNBC and prevent tumor recurrence and metastasis 
[13–17].

Photothermal therapy (PTT) has become a novel and 
rapidly developing cancer treatment method, that offers 
low toxicity and high spatial selectivity compared to 
conventional cancer ablation methods [18–20]. PTT is 
a treatment method that kills cancer cells by injecting 
materials with a high photothermal conversion efficiency 
inside the organism, relying on targeted identification 
technology to gather near the tumor tissue, and convert-
ing light energy into heat energy by absorbing near-infra-
red (NIR) light [13, 21]. In addition to directly ablating 
tumor cells, PTT can also trigger antitumor immune 
response and inhibit tumor recurrence and metastasis 
[22, 23]. Because of the limited penetration depth of the 
NIR laser in the body, it is especially suitable for relatively 
superficial tumors such as breast cancer and head and 
neck tumors. Common photothermal converters include 
gold nanorods [24],  Ag2S nanoparticles [25], graphene 
oxide [26], gold nanoshells [27], and Prussian blue nano-
particles [28].

Black phosphorus is a novel two-dimensional lay-
ered inorganic material with excellent properties such 
as high light absorption and photothermal conversion 
efficiency and good biocompatibility. It is widely used 

in PTT for tumors [29, 30]. Black phosphorus quan-
tum dots (BPQDs) are prepared from black phosphorus 
and have efficient NIR photothermal effects for killing 
cancer cells and faster clearance [31]. However, BPQDs 
still have certain limitations, such as instability and 
poor targeting ability [32]. In recent years, cell mem-
brane camouflage technology has been widely used to 
construct nano-drug formulations for tumor diagnosis 
and treatment [33]. Extensive research confirmed that 
the adhesion molecules expressed on cancer cell mem-
branes can navigate and anchor cancer cells to each 
other through the formation of receptor-ligand binding 
[34, 35]. Inspired by this, coating BPQDs with a homol-
ogous cancer cell membrane can improve the stability, 
avoid the recognition and clearance of heterologous 
substances by immune cells, and make the BPQDs accu-
mulate and colonize efficiently at the tumor site through 
the dual effects of homologous targeting and tumor 
homing [33, 36, 37].

In this work, cancer cell membrane-coated biomi-
metic BPQDs (BBPQDs) were designed and constructed 
for tumor-targeted PTT (Scheme  1). We found that 
BBPQDs have good photothermal conversion efficiency, 
which can not only kill tumors directly through photo-
thermal effects, but also induce maturation of dendritic 
cells (DCs). In addition, anti-PD-L1(αPD-L1) treatment 
blocks PD-1/PD-L1 pathways and enhances the T-cell 
immune response. This enables T cells to recognize and 
kill tumor cells. BBPQDs-mediated PTT in combination 
with αPD-L1 immunotherapy inhibit tumor recurrence 
and metastasis by reprograming the immunosuppres-
sive TME into an immune-active microenvironment, 
thus promoting the local and systemic antitumor 
immune response. We also found that this combination 
therapy strategy has an immune memory effect against 
tumor rechallenge. This study shows that the combined 
photothermal immunotherapy strategy improves the 
efficacy of TNBC, effectively inhibits the recurrence and 
metastasis, and has a wide range of applications in can-
cer treatment.

Materials and methods
Synthesis of BBPQDs
The BPQDs were prepared from bulk BP by sonication 
assisted liquid-phase exfoliation [38]. Cancer cell mem-
branes were firstly prepared using a previous method 
[39]. To achieve cancer cell membrane encapsulation, 
BPQDs were mixed with cancer cell membranes at a 
weight ratio of 3:1, and the prepared cancer cell vesicles 
were mixed and resuspended in phosphate buffer solu-
tion (PBS). We then extruded the sample 11 times with 
an Avanti mini-extruder and centrifuged to remove the 
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excess cancer cell vesicles. Finally, the prepared BBPQDs 
were placed in 1 × PBS at 4 °C for further use.

In vitro photothermal imaging
The photothermal effects of PBS, BPQDs, and BBPQDs 
under 808 nm laser irradiation were investigated. Here, 
2  mL of solutions containing BBPQDs with various 
concentrations were irradiated under 808  nm laser 
(1.0 W/cm2) for 5 min. The BBPQDs were also exposed 
to an 808 nm laser with different powers. The tempera-
tures of these samples at different time points were 
measured every 30 s using an infrared thermal imaging 
camera.

To investigate the photothermal stability of BBPQDs 
solution (50  μg/mL), it was first irradiated under an 
808 nm laser (1.0 W/cm2) for 5 min. The laser was turned 
off, and the temperature was allowed to cool naturally to 
room temperature without irradiation. The process of 
warming and cooling was repeated five times, and the 
temperature was recorded every 30 s.

In vitro cytotoxicity
To exploit the photothermal cytotoxicity of BPQDs and 
BBPQDs, 4T1 cells (1 ×  104 cells per well) were seeded 
into 96-well plates and incubated at 37 °C for 24 h. Dif-
ferent concentrations of BPQDs and BBPQDs were then 
added into the wells, incubated with cells for 4  h, and 
then irradiated by the NIR laser (808 nm, 1.0 W/cm2) for 
5  min. The cells were then incubated for another 24  h. 
Cell viability was determined using a MTT assay accord-
ing to the manufacturer’s protocol.

Apoptosis assessment by flow cytometry
Briefly, 1 ×  105 4T1 cells were seeded in 6-well plates 
for 24 h. The cells were then incubated with BPQDs and 
BBPQDs for 4  h and then irradiated with a NIR laser 
(808 nm, 1.0 W/cm2) for 5 min. The cells were collected, 
stained with the Annexin V-FITC/PI Apoptosis Detec-
tion Kit for 15 min, and analyzed with flow cytometry.

In vivo biodistribution of BBPQDs
Cy5.5 labeled BPQDs and BBPQDs were injected into 
tumor-bearing mice via the tail vein at a dose of 10 mg/
kg. The in  vivo imaging was performed with an IVIS 
imaging system at predetermined time intervals post 
injection. Tumors and major organs such as heart, liver, 
spleen, lung, and kidneys were harvested and photo-
graphed 48 h after intravenous injection.

In vivo photothermal imaging
For in vivo photothermal imaging, BPQDs and BBPQDs 
were injected intravenously into tumor-bearing mice at 

a dose of 10  mg/kg when the tumors reached approxi-
mately 100  mm3 in size; 24 h later, the tumor sites were 
irradiated under a NIR laser (808  nm, 1.0  W/cm2) for 
5  min, and the infrared thermal images were recorded 
with an infrared thermal camera. Mice injected with PBS 
were used as controls.

In vivo DCs activation
A 4T1 subcutaneous tumor model was used to observe 
the effect of PTT on DCs maturation. When the tumors 
grew to 100  mm3, PBS, BPQDs + NIR irradiation and 
BBPQDs + NIR irradiation (808  nm, 1.0  W/cm2, 5  min) 
were administered. After irradiation, tumor-drain-
ing lymph nodes were collected and monodisperse 
cells were isolated and stained with anti-CD11c, anti-
CD86 and anti-CD80, respectively. DCs maturation 
 (CD11c+CD80+CD86+) was detected by flow cytometry.

Therapeutic effect on tumors in situ
4T1-Luc cells (1 ×  106) were injected subcutaneously 
into the left flank of female mice to evaluate the efficacy 
of PTT in combination with αPD-L1 on primary tumors. 
When the tumor volume reached about 100  mm3, the 
tumor-bearing mice were randomly divided into five 
groups (n = 6 per group): PBS as the control group; αPD-
L1, BPQDs with NIR irradiation; BBPQDs with NIR irra-
diation; and BBPQDs with NIR irradiation and αPD-L1. 
Then, 100 μL of therapeutic agents at a dose of 10  mg/
kg were injected into the mice via the tail vein on day 0. 
At 24 h after injection, the tumor region was irradiated 
by the NIR laser (808 nm, 1.0 W/cm2) four times every 
three days for 5  min. The αPD-L1 was intraperitoneally 
injected into mice at a dose of 10 mg/kg four times every 
three days for αPD-L1 monotherapy or combination 
therapy. The tumor volume (0.5 × length ×  width2) and 
weight of mice were recorded every two days during the 
treatment period. Bioluminescence imaging was acquired 
through intraperitoneal injection of D-luciferin (150 mg/
kg body weight, PerkinElmer). The survival time of mice 
was recorded from the day of tumor inoculation. The sur-
vival curve was plotted by Kaplan–Meier survival analy-
sis. After treatment, tumor tissues and major organs of 
mice were taken, dehydrated, embedded, and sectioned 
for 3 μm. The sections were then stained with hematoxy-
lin and eosin (H&E) and Ki-67 for histological analysis. 
The apoptosis of tumor cells was detected by TUNEL 
assays. The whole blood was harvested and then analyzed 
by a blood biochemistry analyzer (MNCHIP, China) and 
auto hematology analyzer (MC-6200VET) through the 
end of the experiments.
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Scheme 1 a Illustration of the synthesis process of BBPQDs. b Potential mechanism of BBPQDs-mediated PTT in combination with ICB therapy for 
antitumor treatment
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Therapeutic effect on distant tumors
To evaluate the efficacy of the combined photothermal 
immunotherapy strategy on distant tumors, a bilat-
eral subcutaneous tumor model was used in this study. 
First, 4T1 cells (1 ×  106) were subcutaneously inoculated 
on the left flank of the mice to simulate the primary 
tumor, and then on the right flank of the mice 3  days 
later to simulate the distant tumor. The mice were ran-
domly divided into five groups (n = 6 per group) and 
treated with PBS, αPD-L1, BPQDs with NIR irradiation, 
BBPQDs with NIR irradiation, and BBPQDs with NIR 
irradiation and αPD-L1 when the primary tumor vol-
ume reached about 100  mm3. NIR irradiation (1.0  W/
cm2, 5  min) was applied to the primary tumors four 
times every three days at 24  h post-injection. αPD-
L1 (10  mg/kg) was injected intraperitoneally at 1, 4, 7, 
and 10  days after irradiation. The tumor volume of the 
distant tumors and weight of mice were recorded. The 
right flank tumors were collected to study the effects 
of the combination therapy on the TME. The percent-
ages of T-cell infiltration, M1 phenotype macrophages 
 (CD80+CD11b+F4/80+) and M2 phenotype mac-
rophages  (CD206+CD11b+F4/80+) in the distant tumors 
were analyzed by flow cytometry. T-cell infiltration and 
antitumoral cytokines like interleukin-6 (IL-6), tumor 
necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) in 
distant tumors from each treatment were also monitored 
using CLSM and ELISA.

Therapeutic effect on rechallenged tumors
To assess the effect of combination therapy on tumor 
recurrence and metastasis, we rechallenged mice pre-
viously treated with αPD-L1, BBPQDs with NIR irra-
diation, and BBPQDs with NIR irradiation and αPD-L1. 
The primary tumors were inoculated as above. When 
the tumors were 100  mm3, the mice were randomly 
divided into three groups (n = 6 per group) and treated 
as described above. The treatment was repeated four 
times at an interval of 7 days. At day 30, 4T1 tumors were 
inoculated by injecting 1 ×  105 cells into the tail veins in 
mice. The rechallenged tumors in lung were recorded and 
imaged at day 45. Tumor metastasis sites subsequently 
appeared as white nodules on the surface of the lungs 
and were also examined by H&E staining. To investi-
gate the effect of the combination therapy on antitumor 
immunological memory, effector memory T cells  (TEM, 
 CD3+CD8+CD44+CD62L−) in spleen were analyzed by 
flow cytometry at day 33.

Statistical analysis
All experiments were repeated at least three times 
unless otherwise specified. All experimental results 
are presented as mean ± standard deviation. The sta-
tistical differences between groups were calculated by 
Tukey’s test. *P < 0.05 was considered as statistically dif-
ferent and **P < 0.01 was considered to be significantly 
different.

Results and discussion
Preparation and characterization of BBPQDs
The synthetic process of BBPQDs is shown in 
Scheme  1a. We applied sonication liquid exfoliation 
technique to prepare BPQDs, and then wrapped can-
cer cell membranes on their surface to prepare BBPQDs 
capable of escaping the host immune system and 
homologous targeting. At the same time, the encapsu-
lation of cancer cell membrane improved the stability 
of BBPQDs, active targeting and enrichment ability of 
BBPQDs in tumors. TEM and AFM were employed to 
characterize the surface morphology of the BPQDs and 
BBPQDs (Fig.  1a, b). The average size of the BPQDs 
was about 3  nm (TEM), and the average height of the 
BPQDs was about 1–2  nm (AFM). For BBPQDs, the 
average size was 30 nm (TEM), and the average height 
was about 3–4 nm. The average diameters of the BPQDs 
and BBPQDs measured by TEM were smaller than the 
dynamic light scattering (DLS) measurements. This is 
because the diameter obtained from the DLS experi-
ments reflects the hydrodynamic diameter of the nan-
oparticles, whereas the particle size observed by TEM 
reflects the diameter of the dried nanoparticles. Similar 
differences in particle size due to different measurement 
techniques were also previously reported [40, 41]. The 
particle size of BBPQDs is larger than that of BPQDs 
because multiple BPQDs are encapsulated within one 
cancer cell membrane.

The zeta potential of the BPQDs and BBPQDs was also 
investigated (Additional file 1: Fig. S1). BPQDs have zeta 
potential values of −  34.1 ± 4.0  mV whereas BBPQDs 
showed lower values of − 24.1 ± 3.1 mV, which are close 
to those of cancer cell membrane (−  19.9 ± 3.0  mV). 
Considering that proteins on the cell membrane play an 
important role in homologous targeting and immune 
escape of tumor cells, three major membrane proteins 
(CD47, gp100 and Pan-Cadherin) were investigated by 
Western blotting. Results showed that CD47, gp100 and 
Pan-Cadherin were significantly enriched on BBPQDs, 
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indicating that the successful transfer of the membrane 
proteins to the shell of the nanoparticles (Additional 
file 1: Fig. S2).

To assess the effect of cancer cell membrane encapsu-
lation on the stability of BPQDs, BPQDs and BBPQDs 
with the same concentration were dispersed in water and 
exposed to air for 8 days (Fig.  1c). Results showed that 
the color of BPQDs became lighter after 8 days, whereas 
the color of the BBPQDs solution remained unchanged. 
Furthermore, BPQDs and BBPQDs are also dispersed in 
the RPMI 1640 medium containing 10% FBS for 8 days to 
examine their stability in biological environment by DLS. 
The results also demonstrated that the BBPQDs exhibit a 
good stability (data not shown). Our results are consist-
ent with previous findings that cancer cell membranes 
play a key role in stabilizing nanoparticles and protecting 
the internal content [42, 43].

The BPQDs and BBPQDs were also characterized using 
Raman spectroscopy (Fig.  1d). In BPQDs, three promi-
nent Raman peaks can be observed; these were caused by 
an out-of-plane phonon mode  A1g located at 361.5  cm−1 
and two in-plane modes,  B2g and  A2g, located at 437.3 
and 464.5   cm−1, corresponding to their theoretical cal-
culated frequencies at 360, 440, and 470   cm−1, respec-
tively [42]. Compared to BPQDs, the  A1g,  B2g, and  A2g 
modes of BBPQDs were blue-shifted by about 1.4, 0.6, 
and 2.6   cm−1, respectively. When cancer cell mem-
brane was coated on the surface of BPQDs, the oscilla-
tion of P atoms of BPQDs was maybe hindered to some 
extent, leading to the decrease of corresponding Raman 
scattering energy. As shown in Additional file 1: Fig. S3, 
the XRD pattern of BPQDs and BBPQDs exhibit three 
similar peaks at 17.0°, 34.1°, and 52.1°, respectively cor-
responding to (020), (040), and (060) planes, which dem-
onstrate an orthorhombic crystal of BPQDs.

In vitro cellular uptake
In order to evaluate the homologous targeting and 
immune escape effects of BBPQDs, we applied 4T1 and 

RAW 264.7 cells to observe the cellular uptake behavior 
of BPQDs and BBPQDs. For 4T1 cells (Additional file 1: 
Fig. S4), the internalization efficiency of FITC labeled 
BBPQDs was much higher than that of FITC labeled 
BPQDs, indicating the good targeting efficiency after 
the cancer cell membrane coating. However, RAW 264.7 
cells exhibited brighter green fluorescence after being 
incubated with BPQDs, while for BBPQDs, fluorescence 
intensity was nearly negligible (Additional file 1: Fig. S5), 
reflecting the concept that cancer cell membrane coating 
effectively suppressed the macrophage engulfment and 
exhibited the favorable immune evasive efficacy.

In vitro photothermal behavior of BBPQDs
BBPQDs can strongly absorb NIR light and convert it 
into thermal energy; thus, we investigated the photother-
mal conversion efficiency of BPQDs and BBPQDs under 
808 nm laser irradiation (1.0 W/cm2, 5 min). Versus PBS, 
where the temperature change was small, significant 
temperature rises of 23.2 and 31.4  °C were observed for 
BPQDs and BBPQDs solutions, respectively, at a concen-
tration of 50  μg/mL (Fig.  1e). The higher photothermal 
conversion efficiency of BBPQDs compared to BPQDs 
is due to the wrapping of the cancer cell membrane 
reducing the degradation of BPQDs and the wrapping of 
multiple BPQDs within a single cancer cell membrane. 
Moreover, the temperature rise of the BBPQDs was 
concentration, irradiation power, and time- dependent 
(Fig. 1f, g). In addition to their good photothermal con-
version capability, BBPQDs also have high photostability 
and good reproducibility (Fig. 1h). These results suggest 
that BBPQDs can be used as an effective photothermal 
agent in PTT.

In vitro cytotoxicity
Excellent biocompatibility is a prerequisite for the clini-
cal applications of nanocarriers. We next investigated the 
biosafety of BPQDs and BBPQDs. These results showed 
that the safety of BPQDs and BBPQDs was very good 

(See figure on next page.)
Fig. 1 Characterization of BPQDs and BBPQDs. a1 TEM analysis of BPQDs. a2 AFM analysis of BPQDs. a3 Size distributions of BPQDs determined by 
DLS. b1 TEM analysis of BBPQDs. b2 AFM analysis of BBPQDs. b3 Size distributions of BBPQDs determined by DLS. c Photographs of the BPQDs and 
BBPQDs stored for different periods of time (0 and 8 days). d Raman scattering spectra acquired from the BPQDs and BBPQDs. e Heating curves of 
PBS, BPQDs, and BBPQDs upon 808 nm laser irradiation (1.0 W/cm2). f Heating curves of BBPQDs at different concentrations under laser irradiation 
(808 nm, 1.0 W/cm2). g Heating curves of BBPQDs at different power densities. h Heating curves after five cycles of 808 nm laser exposure (1.0 W/
cm2)
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without NIR irradiation, and there was no significant 
cytotoxicity in HBL-100 and 4T1 cells even at a concen-
tration of 180 μg/mL (Fig. 2a, b). In contrast, the cell kill-
ing efficiency increased with increasing concentrations 
of BPQDs and BBPQDs under NIR laser irradiation, and 
the cell survival rate was only 16.01% when the BBPQDs 
concentration reached 30  μg/mL. BBPQDs exhibited a 
stronger cytotoxicity effect for the 4T1 cells at the same 
concentration under NIR irradiation (Fig.  2c). Flow 
cytometry was used to detect the cell death mechanism 
after different treatments using the Annexin V-FITC/
PI method. Figure  2d, e show no obvious early apopto-
sis or late apoptosis in the group treated by PBS. On the 
contrary, when the cells were treated with BPQDs under 
NIR irradiation, early and late apoptotic cells increased 
to 22.20% and 8.00%, respectively. The proportions of 
early apoptotic and late apoptotic and necrotic cells were 
more obvious in the group of cells treated with BBPQDs 
under NIR irradiation, which was calculated to be 34.90% 
and 21.20%. These results showed that wrapping of can-
cer cell membranes on the surface of BPQDs under NIR 
irradiation can enhance the PTT effect by promoting cell 
apoptosis.

In vivo biodistribution
To investigate the in vivo tumor targeting and tissue dis-
tribution of BBPQDs, BALB/c mice bearing 4T1 tumors 
were injected intravenously with Cy5.5-labeled BPQDs 
and BBPQDs. The results showed that the fluorescence 
intensity of the BBPQDs group was significantly higher 
than that of the BPQDs group. In addition, the BBPQDs 
group had the strongest fluorescence intensity at 24  h 
post injection. Notably, the fluorescence intensity of the 
BBPQDs group was still very strong even 72 h after injec-
tion, thus showing good tumor targeting, high aggrega-
tion, and good retention of BBPQDs at the tumor tissue 
(Fig. 3a, b).

Mice were sacrificed 48  h after injection, and the 
tumors and major organs were dissected, followed by 
in  vivo imaging. The results showed that the signals 
of the BBPQDs were stronger in tumors than in other 
organs, indicating that BBPQDs had better tumor tar-
geting efficiency in vivo (Fig. 3c, d). BPQDs were selec-
tively distributed in tumor tissues due to the enhanced 
permeability and retention effect (< 200  nm). Nota-
bly, the enrichment of liver in the BBPQDs group was 
lower than that of BPQDs, indicating that the BBPQDs 
wrapped by cancer cell membrane have good immune 
escape ability in vivo. The above results further showed 
the degree to which BBPQDs can perform homologous 
targeting.

In vivo photothermal evaluation
To evaluate the photothermal effect of BPQDs and 
BBPQDs in mice, the mice were irradiated with an 
808  nm laser and the temperature of the mice before 
and after irradiation was monitored with an infrared 
camera. The results showed that the tumor tempera-
ture of mice in the BBPQDs group was up to 58.1  °C, 
which is significantly higher than that in the BPQDs 
group (~ 40.0  °C) and the PBS group (~ 33.6  °C) 
(Fig.  4a, b). The elevated temperature in the tumor 
region of the BBPQDs group may be due to the good 
tumor targeting, efficient accumulation and penetra-
tion of BBPQDs, which is consistent with the in  vivo 
distribution results. The excellent photothermal prop-
erties of BBPQDs pave the way for subsequent in vivo 
antitumor applications.

In vivo DCs activation
Next, we used flow cytometry to study the status of DCs 
in vivo. DCs are the most important antigen-presenting 
cells and play an important role in initiating, regulat-
ing and adapting to immunity. Once tumor antigens are 
exposed, immature DCs will capture and digest them, 
migrating them to the lymph nodes. Upon arrival at 
the lymph node, these immature DCs will mature and 
present major histocompatibility complex peptides to 
the T cell receptor. Therefore, the induction of more 
DCs maturation is important to enhance the efficacy 
of tumor immunotherapy [44, 45]. It has been reported 
that PTT is able to promote DCs maturation and induce 
tumor-specific immune responses by producing tumor-
associated antigens in the ablated tumor site [46, 47]. 
To analyze the expression of DCs in tumors after differ-
ent treatments, tumor-draining lymph nodes from each 
group of mice were taken 2 d after the end of treatment 
and subjected to corresponding fluorescent staining 
(CD11c, CD80 and CD86) and flow cytometric detec-
tion. The results showed that the BBPQDs + NIR group 
could effectively induce DCs maturation (32.80%), 
which was significantly higher than that of PBS alone 
(9.96%) or the BPQDs + NIR group (16.71%) (Fig.  4c, 
d). In summary, BBPQDs-mediated PTT could produce 
a stronger immunostimulatory effect, thus contributing 
to enhanced immunotherapy.

Effects of combination therapy on primary tumors
Encouraged by the excellent photothermal conver-
sion efficiency and in  vitro antitumor activity of 
BBPQDs + NIR, we further analyzed their tumor sup-
pression efficiency in animal models. The flow chart 
of the in  vivo experiments is shown in Fig.  5a. Briefly, 
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a primary tumor model was established using BALB/c 
mice by subcutaneous injection of 4T1 cells to the left 
side of the mice. Ten days later, the primary tumor vol-
ume reached about 100  mm3 and the mice were ran-
domly assigned into five different groups and treated 
with PBS; αPD-L1; BPQDs + NIR; BBPQDs + NIR; or 
BBPQDs + NIR + αPD-L1. Tumor growth was moni-
tored by bioluminescence of 4T1-luc cells, and tumor 
size was also measured. Notably, BBPQDs + NIR-
treated mice showed significant inhibition of tumor 

growth compared to the BPQDs + NIR group, suggest-
ing that cancer cell membrane encapsulation-induced 
homologous targeting can be translated into antitumor 
response. Based on the tumor bioluminescence, tumor 
volume and harvested tumor weight, mice treated with 
BBPQDs + NIR + αPD-L1 showed the strongest anti-
tumor effect (Fig.  5b, c, Additional file  1: Fig. S6–8S), 
which was due to the combined effect of BBPQDs-
mediated PTT as well as αPD-L1 immunotherapy. 
In addition, limited antitumor effect was observed 

Fig. 2 Therapeutic efficacy of BBPQDs in vitro. a Cell viability of HBL-100 cells treated with BPQDs and BBPQDs. b Cell viability of 4T1 cells treated 
with BPQDs and BBPQDs. c Cell viability of 4T1 cells treated with NIR, BPQDs + NIR, and BBPQDs + NIR (808 nm, 1.0 W/cm2, 5 min). d Flow cytometric 
analysis of 4T1 cells apoptosis induced by different formulations under irradiation (808 nm, 1.0 W/cm2, 5 min) or not using Annexin V-FITC PI 
staining. e Corresponding percentages of early apoptotic and late apoptotic tumor cells after different treatments using flow cytometry analysis
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Fig. 3 In vivo biodistribution of BBPQDs. a In vivo fluorescence images of representative 4T1 tumor-bearing mice after the injection of 
Cy5.5-labeled BPQDs and BBPQDs for different time intervals. b Quantitative fluorescence intensity statistics of tumor sites at different times. c 
Ex vivo imaging showing the distribution of Cy5.5-labeled BPQDs and BBPQDs in the tumor tissues and major organs at 48 h post injection. d 
Quantitative analysis of the Cy5.5 fluorescence intensity in the tumors and major organs

Fig. 4 Prepared BBPQDs-mediated PTT induces the activation of DCs in vivo. a Infrared thermographic images of tumor bearing mice with 
various treatments after NIR irradiation (808 nm, 1.0 W/cm2, 5 min). b Temperature changes in irradiated areas of tumor bearing mice with various 
treatments were measured during NIR irradiation (808 nm, 1.0 W/cm2, 5 min). c Representative flow cytometry data to show DCs maturation in 
lymph nodes induced by different treatments in vivo. d Representative statistical data to show DCs maturation in lymph nodes induced by different 
treatments in vivo
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in those mice treated with αPD-L1. Treatment with 
BBPQDs + NIR + αPD-L1 resulted in a significant 
increase in survival time in mice (Fig. 5d). In addition, 
body weight growth was normal in all groups of mice, 
indicating that no toxicity occurred during treatment 
with the different agents (Fig. 5e).

As a complement to the above efficacy evaluation, the 
tumor tissue samples were treated with TUNEL staining, 
which showed evidence that a large proportion of tumor 
cells in the BBPQDs + NIR + αPD-L1 group became 
apoptotic due to the combination treatment, while most 
of the tumor cells in the other groups survived (Fig. 5f ). 
In addition, tumors were further used for histologi-
cal examination by H&E and Ki-67 staining to investi-
gate treatment-induced cell damage (Fig.  5g, h). In the 
BBPQDs + NIR + αPD-L1 group, a large number of frag-
ments were detected all around the tumor cells, which is 
characteristic of PTT combined immunotherapy-induced 
tumor cell necrosis. In contrast, histological examination 
of the major organs (liver, spleen, lung, kidney, and heart) 
of the tumor-bearing mice revealed that the treatment 
groups did not cause significant toxic effects, clearly sup-
porting their biocompatibility in vivo (Fig. 6a). It is also 
worth noting that metastases appeared in the lung tis-
sues of all the groups except the BBPQDs + NIR + aPD-
L1 group, which on the other hand confirms that the 
BBPQDs + NIR + aPD-L1 group has a better antitumor 
effect and can inhibit the metastasis of the tumors. To 
study the potential adverse effects of combined photo-
thermal immunotherapy under clinically relevant con-
ditions, we analyzed changes in blood cell counts, liver 
function, and kidney function (Fig.  6b). Compared with 
the control group, the BBPQDs + NIR + αPD-L1 group 
showed no significant abnormalities in the above blood 
indexes, thus indicating that the actual dosages provided 
good biocompatibility.

Effects of combination therapy on distant tumors
A bilateral subcutaneous 4T1 model was used to sim-
ulate primary and distant tumors. First, the primary 
tumor was inoculated to the left flank of the mice. Three 
days later, a second tumor was inoculated to the right 

flank to simulate the distant tumor (Fig. 7a). When the 
primary tumor volume was approximately 100  mm3, 
mice were randomly divided into five groups (n = 6 
per group) and given PBS, αPD-L1, BPQDs + NIR, 
BBPQDs + NIR, and BBPQDs + NIR + αPD-L1. The 
primary tumors were irradiated with NIR; the dis-
tant tumors were not irradiated. Tumor volumes of 
distant tumors were measured. The results showed 
rapid distant tumor growth in the PBS group, while 
αPD-L1 alone, BPQDs + NIR, and BBPQDs + NIR 
exhibited only a moderate inhibitory effect on dis-
tant tumor growth (Fig.  7b, Additional file  1: Figs. S9, 
10). Consistent with our above results, treatment with 
BBPQDs + NIR + αPD-L1 had a very significant inhibi-
tory effect on the tumor growth, confirming that the 
combination therapy had a systemic antitumor effect, 
eliminating both the primary tumors and effectively 
inhibiting the growth of distant tumors. Furthermore, 
the body weights of the mice remained consistent across 
treatment groups, thereby indicating low systemic tox-
icity for this treatment modality (Fig. 7c).

We analyzed the TME and immune cells of abscopal 
tumors in mice to further investigate the mechanism 
of antitumor effects of the combination of BBPQDs-
mediated PTT and αPD-L1 immunotherapy on distant 
tumors. Figure  7d, e show that the numbers of M1-like 
TAMs and the percentage of  CD8+ T cells were signifi-
cantly increased in the BBPQDs + NIR + αPD-L1 group, 
while M2-like TAMs (Fig. 7f, g) were significantly lower 
in distant tumors. The increased  CD8+ T cells in the dis-
tant tumors can be attributed to local cross presentation 
of tumor antigens by macrophages and DCs that trigger 
systemic antitumor immunity (Fig.  7h, i). In addition, 
immunofluorescence assays further confirmed that the 
tumor-infiltrating  CD8+ T cells were the most abundant 
in distant tumors in the BBPQDs + NIR + αPD-L1 group 
(Fig.  7j). In addition, the secretion of cytokines in dis-
tant tumors and in serum was also detected using CLSM 
and ELISA. As shown in Fig. 7j and Fig. S11, IFN-γ, IL-6 
and TNF-α levels were the highest in distant tumor tis-
sues and in serum of the BBPQDs + NIR + αPD-L1 group 
compared with other groups, thus demonstrating their 

(See figure on next page.)
Fig. 5 The therapeutic effect on primary tumors with photothermal immunotherapy strategy. a Schematic illustration of the animal experimental 
design for primary tumors. b Typical in vivo bioluminescence images of tumor burdens on day 0, day 7 and day 14. c The primary tumor growth 
curves under various treatments. d Survival curves of tumor-bearing mice after various treatments. e Body weight profiles of tumor-bearing mice 
during treatment. Representative fluorescent TUNEL (f) and H&E (g) stained images of tumor tissues in different treatment groups at the end of the 
experiments. Scale bar, 20 μm (TUNEL); scale bar, 100 μm (HE). h Immunohistochemical images showing the expression of Ki-67 in 4T1 tumor tissue. 
Scale bar, 100 μm
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Fig. 6 Biocompatibility evaluation of photothermal immunotherapy strategy. a H&E staining images of heart, kidney, spleen, liver and lung of mice 
under different treatments. Scale bars, 100 µm. b Blood count, liver function and renal function biomarkers
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enhanced antitumor effects. These results demonstrate 
that BBPQDs-based local PTT combined with αPD-L1 
immunotherapy not only inhibits the growth of primary 
tumors at the irradiated site, but also suppresses the 
growth of unirradiated distant tumors due to the absco-
pal effect by regulating the immunosuppressive TME and 
promoting systemic antitumor immune response. These 
observations suggest that BBPQDs-based combination 
therapy has great potential as an effective strategy to treat 
cancer metastasis.

Effects of combination therapy on rechallenged tumors
Effector cells are rapidly produced and immune effects 
occur quickly when the body responds to the same anti-
gen again due to the immune memory effect [48–50]. 
 TEM plays an important role in antitumor immune 
memory. We performed an immune memory experi-
ment to confirm the immune memory effect of com-
bination therapy of BBPQDs-mediated PTT and 
αPD-L1 treatment. The experimental design is shown 
in Fig.  8a. Mice were rechallenged with 4T1 cells in 
the tail vein 30  days after complete tumor removal 
by surgery or BBPQDs + NIR + αPD-L1. Mice were 
divided into three groups: (1) surgery + αPD-L1 
group; (2) surgery + BBPQDs + NIR group; and (3) 
BBPQDs + NIR + αPD-L1 group. As shown in the Fig. 8b, 
c and Fig. S12, lung tumor metastases were obvious 
for primary tumors with surgery + αPD-L1 treatment, 
whereas BBPQDs mediated PTT had a significant inhibi-
tory effect on the growth of rechallenged tumors, indicat-
ing that PTT can induce immune effects. The combined 
treatment strategy of BBPQDs-mediated PTT and αPD-
L1 immunotherapy had the most significant tumor sup-
pression ability, and almost no tumor metastases were 
observed in the lungs.

To investigate the mechanism of immune 
memory induction by the combination treat-
ment, we examined the proportion of splenic  TEM 
 (CD3+CD8+CD44+CD62L−) in mice using flow 
cytometry.  TEM was significantly higher in the 
BBPQDs + NIR + αPD-L1 group (31.59 ± 2.55%) 
compared to the αPD-L1 group (10.91 ± 1.99%) and 
BBPQDs + NIR group (20.66 ± 2.89%) (Fig.  8d, e). 
Results suggest that the combined treatment strategy of 
BBPQDs + NIR + αPD-L1 can not only eradicate the pri-
mary tumors and eliminate the distant tumors by trigger-
ing the systemic antitumor immune response through 
PTT, but also inhibit tumor recurrence and metastasis by 
generating an immune memory effect.

Conclusions
TNBC has low effectiveness for ICB and is prone to 
recurrence and metastasis. Here, we constructed a com-
bination therapy strategy based on BBPQDs-mediated 
PTT and αPD-L1 immunotherapy. BBPQDs can effi-
ciently target localized tumors through both homologous 
targeting and tumor homing effects. Under NIR irradia-
tion, the BBPQDs kill tumors directly through a photo-
thermal effect, promote the maturation of DCs, and 
elicit activation of T cells to induce antitumor immune 
responses. The combination of PTT and αPD-L1 immu-
notherapy not only effectively treats distant tumors by 
reprograming the immunosuppressive TME, promot-
ing local and systemic antitumor immune responses but 
also inhibits the tumor metastasis through the immune 
memory effect. This study provides a novel therapeu-
tic concept for the treatment of TNBC with promising 
applications.

(See figure on next page.)
Fig. 7 The therapeutic effect on abscopal tumors with the photothermal immunotherapy strategy. a Schematic illustration of the animal 
experimental design for abscopal tumors. b Abscopal tumor growth curves of the 4T1 tumor-bearing BALB/c mice model. c Body weight profiles of 
tumor-bearing mice during the treatment. Representative flow cytometry data (d) and statistical data (e) of  CD80+ cells gated on  CD11b+F4/80+ 
cells in the abscopal tumors. Representative flow cytometry data (f) and statistical data (g) of  CD206+ cells gated on  CD11b+F4/80+ cells in 
the abscopal tumors. Representative flow cytometry data (h) and statistical data (i) of  CD8+ T cells in abscopal tumors (gated on  CD3+ T cells). j 
Immunofluorescence staining of  CD8+ T cells and cytokines (IFN-γ; IL-6; TNF-α) expressed in abscopal tumors. Scale bar, 20 μm
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Fig. 8 Metastasis prevention via photothermal immunotherapy strategy-induced long-term immune effects. a Schematic illustration for 
photothermal immunotherapy strategy-mediated inhibition of tumor metastasis. b Representative photographs of lung tissues with tumor 
metastasis. c H&E staining images of mice lungs under different treatments. Scale bars, 100 µm. Representative flow cytometry data (d) and 
statistical data (e) of  TEM in the spleen analyzed by flow cytometry (gated on  CD3+CD8+ T cells) on day 33
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mice in different groups of the 4T1 tumor-bearing BALB/c mice model. A: 
PBS; B: αPD-L1; C: BPQDs+ NIR; D: BBPQDs+ NIR; and E: BBPQDs +NIR+ 
αPD-L1. Fig. S7. Tumor growth inhibition ratios of different groups on 
the primary tumors at the18th day of treatment. Fig. S8. Tumor weight 
of the sacrificed mice on the18th day of treatment. Fig. S9. Abscopal 
tumor growth curves of individual mice in different groups of the 4T1 
tumor-bearing BALB/c mice model. A: PBS; B: αPD-L1; C: BPQDs+ NIR; D: 
BBPQDs+ NIR; and E: BBPQDs+ NIR+ αPD-L1. Fig. S10. Tumor growth 
inhibition ratios of different groups on the distant tumors on the 18th day 
of treatment. Fig. S11. Cytokine levels (IFN-γ, IL-6 and TNF-α) in serum 
from tumor-bearing mice isolated at 48 h after the last injection. Fig. S12. 
Quantification of pulmonary metastasis nodules in different groups of 4T1 
tumor-bearing BALB/c mice.
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