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Introduction
Breast cancer is the most common malignant tumor and 
the leading cause of cancer among women worldwide [1, 
2]. Current treatment modalities include surgery, radio-
therapy, chemotherapy, immunotherapy, and targeted 
therapy [3]. Immunotherapy is a potent clinical strategy 
for cancer treatment [4]. The immune checkpoint mol-
ecules programmed cell death-1 (PD-1) and programmed 
cell death-ligand 1 (PD-L1) suppress T-cell activity, 
enabling tumor cells to elude immune surveillance [5]. 
PD-1 and PD-L1 inhibitors prevent this immune eva-
sion mechanism, bolstering the immune system’s capac-
ity to combat breast cancer cells. Several clinical trials 
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Abstract
Breast cancer therapy has significantly advanced by targeting the programmed cell death-ligand 1/programmed 
cell death-1 (PD-L1/PD-1) pathway. BMS-202 (a smallmolecule PD-L1 inhibitor) induces PD-L1 dimerization to 
block PD-1/PD-L1 interactions, allowing the T-cell-mediated immune response to kill tumor cells. However, 
immunotherapy alone has limited effects. Clinically approved photodynamic therapy (PDT) activates immunity 
and selectively targets malignant cells. However, PDT aggravates hypoxia, which may compromise its therapeutic 
efficacy and promote tumor metastasis. We designed a tumor-specific delivery nanoplatform of liposomes that 
encapsulate the hypoxia-sensitive antitumor drug tirapazamine (TPZ) and the small-molecule immunosuppressant 
BMS. New indocyanine green (IR820)-loaded polyethylenimine-folic acid (PEI-FA) was complexed with TPZ and BMS-
loaded liposomes via electrostatic interactions to form lipid nanocomposites. This nanoplatform can be triggered 
by near-infrared irradiation to induce PDT, resulting in a hypoxic tumor environment and activation of the prodrug 
TPZ to achieve efficient chemotherapy. The in vitro and in vivo studies demonstrated excellent combined PDT, 
chemotherapy, and immunotherapy effects on the regression of distant tumors and lung metastases, providing a 
reference method for the preparation of targeted agents for treating breast cancer.
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confirmed the efficacy of PD-1/PD-L1 inhibitors in the 
management of advanced breast cancer [6–8]. Combin-
ing anti-PD-1/PD-L1 agents with various checkpoint 
inhibitors, radiotherapy, chemotherapy-targeted thera-
pies, or novel immunotherapies is a crucial avenue of 
research [9]. Significant strides have been made in cancer 
treatments with the advent of small-molecule immune 
suppressors, including BMS-202 (BMS) [10, 11]. BMS is 
a small molecule inhibitor with strong lipophilic prop-
erty, which causes dimerization of PD-L1 protein after 
acting on the surface of PD-L1, thus blocking the binding 
between PD 1 to PD-L1 and playing immunotherapy.

Photodynamic therapy (PDT) involves the release of 
reactive oxygen species (ROS) through near-infrared 
laser irradiation in the presence of photosensitizers 
[12]. PDT eradicates tumor cells but exhibits minimal 
toxic effects on adjacent tissues. New indocyanine green 
(IR820) is a photosensitizer widely used for PDT [13]. 
PDT induces an immune response through immunogenic 
cell death (ICD), primarily by inhibiting the PD-L1/PD-1 
pathway [14, 15]. PDT induces necrosis or apoptosis in 
tumor cells, triggering the release of adenosine triphos-
phate (ATP), high mobility group box 1 (HMGB1), and 
calreticulin (CRT), which initiate the immune cascade. 
Combining PDT and small-molecule inhibitors that 
modulate the checkpoint pathway is an effective photo-
immunotherapy against tumors. However, hypoxia 
induced by oxygen consumption during PDT results in 
suboptimal responses to PDT and conventional chemo-
radiotherapy [14]. Tirapazamine (TPZ) is a possible solu-
tion to this problem. TPZ is a novel hypoxia-activated 
bioreductive agent, which is reduced to a cytotoxic 
metabolite in oxygen-deprived tumor cells. Thus, TPZ 
selectively damages hypoxic tumor cells while sparing 
normal cells [15]. TPZ may generate highly toxic reactive 
metabolites in a hypoxic environment via catalytic elec-
tron transfer. The toxic metabolites bind to intracellular 
DNA, causing damage to purine and pyrimidine residues 
in double-stranded DNA [16].

Liposomes (LPs) are clinically approved nanoparticles 
used to deliver various drugs in a sustained and targeted 
manner [17]. LPs can encapsulate both hydrophilic and 
hydrophobic drugs and are widely applicable to synergis-
tic therapies. We designed an LPs concurrently encap-
sulating the hydrophilic hypoxia-activated prodrug TPZ 
and the hydrophobic small-molecule immunosuppres-
sant BMS. Due to its excellent lipophilicity, BMS can be 
stably encapsulated in the lipid bilayer of liposomes and 
act on the same cells together with TPZ embedded in the 
water-soluble core of liposomes to trigger complemen-
tary effects. A positively charged PEI-FA polymer, which 
can load the negatively charged IR820, was synthesized. 
Through electrostatic interactions, IR820-loaded PEI-FA 
was combined with TPZ and BMS-loaded LPs to create a 

functionalized tumor-targeting LPs system with distinct 
drug-carrying compartments (Fig.  1). We hypothesized 
that this functionalized LPs will bind to folate receptors 
on the surface of tumor cells via active targeting with 
FA. Upon exposure to 808 nm light, the photosensitizer 
IR820 will become excited, generating ROS. The ROS will 
exacerbate the tumor’s hypoxic environment, leading to 
the conversion of TPZ into its cytotoxic metabolite in the 
hypoxic milieu. Finally, BMS will bind to PD-L1 in tumor 
cells to inhibit the interaction between PD-1 and PD-L1, 
thereby maximizing the anti-tumor effects. This syner-
gistic approach can achieve chemotherapy, phototherapy, 
and immunotherapy simultaneously. Additionally, the 
tumor-targeting drug significantly enhances the efficacy 
of IR820-triggered PDT, while the resulting hypoxic envi-
ronment activates the therapeutic effect of TPZ and aug-
ments the immunotherapy of breast cancer mediated by 
PDT. This complex LPs delivery system holds significant 
promise for the treatment of breast cancer.

Materials and methods
Materials
FA, PEI (MW = 1.8  kDa), IR820, 
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), couma-
rin 6 (Cou-6, 98%), and cholesterol were obtained from 
J&K Scientific Co., Ltd. (Beijing, China). BMS-202 (BMS) 
was purchased from Dalian Meilun Biotechnology Co., 
Ltd. (Dalian, China). TPZ was purchased from Shang-
hai Macklin Biochemical Co., Ltd. (Shanghai, China). 
Soybean Phospholipid (SPC) and DSPE-PEG2000 (MW 
2794.07 Da) were obtained from AVT Pharmaceutical 
Technology Co., Ltd. (Shanghai, China). The Cell Count-
ing Kit-8 (CCK-8) was obtained from Dojindo Laborato-
ries (Kumamoto, Japan). Annexin V-FITC/PI apoptosis 
detection kit was obtained from 4  A Biotech Co., Ltd. 
(Beijing, China). The ROS-ID® Hypoxia/Oxidative Stress 
Detection Kit was purchased from Enzo Life Sciences 
Co., Ltd. (Beijing, China). The Calcineurin-AM/PI Stain-
ing Kit and DAPI were purchased from Solarbio Life Sci-
ences Co., Ltd. (Beijing, China). DIR was purchased from 
Biotium Inc. (Hayward, CA, USA). Mouse Tumor Necro-
sis Factor Alpha (TNF-α) ELISA Kit and Mouse Inter-
feron Gamma (IFN-γ) ELISA Kits were obtained from 
Wuhan Fine Biotech Co., Ltd. (Wuhan, China). Chloro-
form and methanol (HPLC grade) were purchased from 
Sigma-Aldrich Co. (St. Louis, MO, USA). All other chem-
icals were of analytical purity and used without further 
purification.

Fetal bovine serum (FBS) was purchased from GIBCO 
LLC. (Grand Island, NY, USA). RPMI 1640 medium 
and phosphate-buffered saline (PBS) were obtained 
from Thermo Fisher Scientific Co., Ltd. (Beijing, China). 
APC anti-mouse CD45 (103112), Alexa Fluor® 700 
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Fig. 1 Schematic illustration of the preparation of PEI-FA@IR@TPZ/BMS LPs and light-triggered hypoxia-activated effects on of chemotherapy, photo-
therapy and immunotherapy of on tumors
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anti-mouse CD3 (100216), PE/Dazzle™ 594 anti-mouse 
CD4 (100456), FITC anti-mouse CD8a (100706), Pacific 
Blue™ anti-mouse FOXP3 (126410), Brilliant Violet 421™ 
anti-mouse CD86 (105032), and RBC Lysis Buffer (10X, 
420302) were obtained from BioLegend (San Diego, CA, 
USA). PE Rat Anti-Mouse CD25 (553866) and PE Ham-
ster Anti-Mouse CD11c (557401) were obtained from 
BD Biosciences (San Jose, CA, USA). The Foxp3/Tran-
scription Factor Staining Buffer Kit was purchased from 
Tonbo Biosciences (San Diego, CA, USA).

Cell line and animals
The 4T1, A2780 and bEND.3 cells were obtained from 
the Department of Pathology at the Institute of Medici-
nal Biotechnology at Peking Union Medical College 
(PUMC). The cells were cultured in RPMI 1640 medium 
supplemented with 10% FBS at 37 °C and 5% CO2.

BALB/C mice 6–8 weeks, female, 16 ± 2  g) were 
obtained from Vital River Laboratory Animal Technol-
ogy Co. Ltd. (Beijing, China). All animal experiments 
were conducted following the guidelines prepared and 
approved by the Laboratory Animal Ethics Committee 
of the Institute of Materia Medica in CAMS and PUMC 
(Animal Ethics NO. 00003868).

Synthesis and characterization of PEI-FA
The amino group of PEI1.8k was linked to the carboxyl 
group of FA via an amidation reaction. Briefly, 66 mg of 
FA (0.15 mmol), 69 mg of NHS (0.6 mmol), and 115 mg 
of EDC (0.6 mmol) were dissolved in 10 mL of DMSO. 
The carboxyl group of FA was activated by stirring for 
4  h at room temperature with light and nitrogen pro-
tection. The product was slowly added dropwise to the 
PEI1.8k (0.15 mmol) while stirring. The resulting product 
was extracted and enriched with 10 times the volume of 
acetone. The precipitate was washed three times with 
acetone and dialyzed (MWCO: 2500) for 48 h to remove 
unreacted FA. The final product was obtained by freeze-
drying. The structure of PEI-FA was analyzed using 1H-
NMR (400 MHz, Varian Medical Systems, Inc., Palo Alto, 
CA, USA) and Fourier-transform infrared spectroscopy 
(FTIR) (Nicolet 5700, Beijing, China).

Preparation of PEI-FA@IR@TPZ/BMS liposomes
SPC, DSPE-PEG2000, Cholesterol, and BMS (at a mass 
ratio of 8:7:2:1) were dissolved in chloroform and dried 
using a rotary evaporator. A thin film was formed by add-
ing this mixture to 2 mL of PBS solution comtaining 2 mg 
of TPZ and hydrating for 1  h at 45  °C with agitation at 
120 rpm. The mixture was sonicated at 65 W for 10 min, 
with 2 s of sonication followed by 2 s of rest in an ice bath, 
using an ultrasonic cell pulverizer (Scientz 950E; Ningbo 
Scientz Biotechnology Co., Ltd., Zhejiang, China). Dual-
drug LPs, referred to as TPZ/BMS LPs, were formed. 

IR820 and PEI-FA (1:2 mass ratio) were dissolved in 
deionized water. The PEI-FA@IR mixture was mixed 
with TPZ/BMS LPs and stirred with light protection for 
24  h. After the 0.22  μm filter membrane is passed, the 
final product is obtained by centrifuge at 25,000 rpm for 
30  min with 100,000 molecular weight cut-off. A blank 
vector (Blank LPs), TPZ-loaded LPs (TPZ LPs), BMS-
loaded LPs (BMS LPs), IR820 with PEI-FA (PEI-FA@
IR), and TPZ/BMS LPs with IR820 and PEI (PEI@IR@
TPZ/BMS LPs) were prepared using the same methods 
described earlier. All samples were stored at 4 °C.

Characterization
The mean particle size, polydispersity index (PDI), and 
zeta potential of TPZ/BMS LPs and PEI-FA@IR@TPZ/
BMS LPs were measured using dynamic light scatter-
ing (DLS) and electrophoretic light scattering (Zeta-
sizer Nano ZS90; Malvern Instruments Ltd., UK). The 
morphology of TPZ/BMS LPs and PEI-FA@IR@TPZ/
BMS LPs were characterized using transmission electron 
microscopy (TEM, JEM-1400PLUS, JEOL Ltd., Tokyo, 
Japan) [18]. The unencapsulated BMS was removed by 
passing PEI-FA@IR@TPZ/BMS LPs through a 0.22  μm 
Millipore membrane filter during the preparation. The 
concentrations of BMS and TPZ were determined using 
high performance liquid chromatography (HPLC, Agi-
lent 1200 infinity; Agilent Technologies, Santa Clara, 
CA, USA) and UV-Vis spectrophotometry (TU-1810, 
Pulse Analyzer General Instrument Ltd., Beijing, China), 
respectively [19]. BMS was detected at 210  nm using a 
mobile phase of methanol and water (70:30). TPZ was 
detected at 460 nm. The encapsulation efficiency of PEI-
FA@IR@TPZ/BMS LPs was determined using ultracen-
trifugation at 20,000 rpm for 60 min. The encapsulation 
efficiency rate (EE%) of PEI-FA@IR@TPZ/BMS LPs was 
calculated with the following formula:

 
EE%=

(Weightofencapsulateddrug) / (Weightoftotaldrug) × 100%

To determine the stability of PEI-FA@IR@TPZ/BMS LPs, 
the prepared solution was stored at 4 °C for 7 days in PBS 
or PBS containing 50% of serum. The color, transparency, 
particle size, zeta potential, and PDI of PEI-FA@IR@
TPZ/BMS LPs were recorded during the 7 days.

The release of PEI-FA@IR@TPZ/BMS LPs was evalu-
ated in PBS (pH 7.4) using dialysis method. Briefly, 1 mL 
of free BMS, free TPZ or PEI-FA@IR@TPZ/BMS LPs 
was added to the dialysis bags (MWCO, 10000 kDa) and 
then immersed in 10 mL of PBS medium containing 0.5% 
Tween 80 and shaken at 100 rpm at 37 °C (TPZ: 0.33 µg/
mL; BMS: 1  µg/mL). At the indicated times, 1 mL ali-
quots were extracted and supplemented with the same 
volume of fresh medium. The concentrations of TPZ and 
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BMS were determined using UV spectrophotometry and 
HPLC, as described earlier.

Cellular uptake analysis
The time-dependent cellular uptake of PEI-FA@IR@TPZ/
BMS LPs was determined using 4T1 cells. Cells (10 × 104 
cells/mL/well at the logarithmic growth stage) were 
seeded into 12-well plates. After 24 h of incubation, the 
medium was replaced with fresh culture medium con-
taining PEI-FA@IR@TPZ/BMS LPs (TPZ: 0.33  µg/mL; 
BMS: 1 µg/mL). After incubation for 5, 10, and 30 min, 
the cells were irradiated with an 808  nm laser (0.5  W/
cm2) for 10 min. The cells were washed three times with 
cold PBS and fixed with 4% paraformaldehyde. The nuclei 
were labeled with DAPI, and fluorescence was observed 
using a confocal laser scanning microscope (CLSM, Carl 
Zeiss LSM 710; Carl Zeiss Microscope, Jena, Germany). 
The uptake efficiency of PEI-FA@IR@TPZ/BMS LPs by 
4T1 cells was quantitatively evaluated by flow cytom-
etry. Briefly, the cells were incubated with PEI-FA@IR@
TPZ/BMS LPs for 5, 10, and 30  min, respectively. Sub-
sequently, the cells were rinsed, harvested and analyzed 
using flow cytometry (Becton Dickinson, Franklin Lake, 
NJ, USA).

A qualitative evaluation of 4T1 cell uptake was also per-
formed. The green fluorescent probe cou-6labeled lipo-
somes were constructed to visualize the cellular uptake 
and localization of nanoparticles in 4T1 cells. The cells 
were seeded into 12-well plates (10 × 104 cells/mL). After 
incubating for 24  h, cells were treated with serum-free 
media containing free Cou-6, Cou-6 LPs, PEI@Cou-6 
LPs or PEI-FA@Cou-6 LPs (with a Cou-6 concentration 
of 1 µg/mL). After 2 h of incubation, cells were washed 
three times with cold PBS, fixed with 4% paraformalde-
hyde, and the nuclei were labeled with DAPI solution. 
Cell uptake was observed with CLSM. To further confirm 
the targeted uptake efficiency of PEI-FA@IR@TPZ/BMS 
LPs in 4T1 cells, the cells were incubated with free Cou-
6, Cou-6 LPs, PEI@Cou-6 LPs or PEI-FA@Cou-6 LPs for 
4  h. Then, the cells were collected and analyzed using 
flow cytometry.

The active targeting efficacy of FA-based imaging 
towards 4T1, A2780, bEND.3 cells were confirmed with 
CLSM analysis. 4T1, A2780, bEND.3 cells were seeded 
onto coverslips in a 12-well plate at a density of 10 × 104 
cells per well and incubated at 37 °C to allow cell attach-
ment. After 24 h, each group of cells was pretreated with 
free FA (10  mg/mL) for 1  h to block the FA receptors.
Then, PEI-FA@Cou-6 LPs were treated to cells for 2  h. 
After washed with PBS, cells were fixed with 4% para-
formaldehyde for 15 min. Cells were then observed with 
a confocal microscope (Carl Zeiss LSM 710, Carl Zeiss 
Microscopy GmbH, Germany).

In vitro ROS and hypoxia detection
While undergoing PDT, cancer cells produce singlet oxy-
gen and other ROS upon activation of IR820 by irradia-
tion, followed by increasing hypoxia in the surrounding 
area [20]. To evaluate ROS and hypoxia, 4T1 cells were 
seeded into 12-well plates (10 × 104 cells/well) and cul-
tured for 24  h. The cells were then treated with Blank 
LPs, TPZ LPs, PEI-FA@IR, PEI@IR@TPZ/BMS LPs, or 
PEI-FA@IR@TPZ/BMS LPs (0.3  µg/ml and 1  µg/ml for 
TPZ and BMS, respectively). After irradiating the cells 
with an 808  nm laser (0.5  W/cm2) for 10  min, the cells 
were incubated with the hypoxia detection solution for 
30 min in the dark. Finally, the cells were treated accord-
ing to the instructions in the kit and photographed using 
CLSM. The CLSM data were analyzed using ImageJ.

CCK-8 assay
The cytotoxicity of blank vectors was evaluated using 
the CCK-8 assay. The 4T1 cells (4 × 103 cells/well at the 
logarithmic growth stage) were seeded into 96-well plates 
and cultured for 24  h. The cells were then treated with 
different concentrations of Blank LPs or PEI-FA@Blank 
LPs for 24 and 48 h, followed by treatment with 200 µL 
of a serum-free medium containing 10% CCK-8 for 3  h 
at 37 °C. The optical density (OD) values were measured 
at 450 nm using a Synergy H1 Microplate Reader (BioTek 
Instruments, Inc., Winooski, VT, USA). Cell viability was 
calculated using the following equation:

 

Cell viability (%) =

[(Atreatments−Ablank) / (Acontrol−Ablank)] × 100%

Atreatments and Acontrol represented the absorbance value 
of the treatment groups and control group, respectively. 
Ablank represented the absorbance value of blank wells. 
The inhibition of cell proliferation was also assessed. 
After 24  h of cell culture, the cells were treated with 
Blank LPs, TPZ LPs, BMS LPs, PEI@IR@TPZ/BMS LPs, 
or PEI-FA@IR@TPZ/BMS LPs (0.3  µg/ml and 1  µg/ml 
for TPZ and BMS, respectively) for 2  h. The cells were 
irradiated with an 808 nm laser (0.5 W/cm2) for 10 min 
per well. After 24  h, the inhibition of cell growth was 
evaluated.

Cell apoptosis assay
Cell apoptosis was evaluated using an Annexin V-FITC/
PI kit. The 4T1 cells (10 × 104 cells/mL) were seeded 
into 12 well plates and cultures for 24 h. The cells were 
treated with Blank LPs, TPZ LPs, BMS LPs, PEI@IR@
TPZ/BMS LPs, or PEI-FA@IR@TPZ/BMS LPs (0.3 µg/ml 
and 1 µg/ml for TPZ and BMS, respectively) for 4 h after, 
followed by irradiation with an 808  nm laser (0.5  W/
cm2) for 10 min. After 24 h, the cells were washed with 
PBS, treated with trypsin (without EDTA), centrifuged 
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at 500×g for 5  min, and stained with FITC and PI. The 
stained cells were analyzed using a FACS Calibur flow 
cytometer (Becton Dickinson, Franklin Lake, NJ, USA).

Calcein-AM/PI double staining assay
The 4T1 cells (4 × 104 cells/well) were seeded into 
24-well plates and cultured for 24  h. Cells were treated 
with Blank LPs, TPZ LPs, BMS LPs, PEI@IR@TPZ/
BMS LPs, or PEI-FA@IR@TPZ/BMS LPs (0.3 µg/ml and 
1  µg/ml for TPZ and BMS, respectively) in serum-free 
medium for 4 h followed by irradiation with an 808 nm 
laser (0.5 W/cm2) for 10 min. After 24 h, the cells were 
washed with cold PBS, fixed with 4% paraformaldehyde 
for 20 min, and treated according to the instructions for 
the Calcein-AM/PI Live/Dead Cell staining kit. The fluo-
rescence images of live cells and dead cells were captured 
using an IX51 inverted fluorescence microscope (Olym-
pus Corporation, Tokyo, Japan), and the data were ana-
lyzed with ImageJ.

Analysis of in vitro ICD biomarkers
To evaluate the in vitro ICD biomarker levels, 4T1 cells 
(1 × 105 cells/well) were seeded into 12-well plates. After 
24  h, the cells were treated with Blank LPs, TPZ LPs, 
BMS LPs, PEI@IR@TPZ/BMS LPs, or PEI-FA@IR@TPZ/
BMS LPs for 4 h, followed by irradiation with an 808 nm 
(0.5 W/cm2) laser for 10 min. After 24 h, the cells were 
washed with PBS, fixed with 4% paraformaldehyde for 
10 min, and washed with PBS. The cells were incubated 
with anti-CRT (ab92516, 1:800) as the primary antibody 
for 4  h at 37  °C. The secondary antibodies conjugated 
with a fluorescence probe were added and incubated for 
1 h. The cell nuclei were stained with DAPI for 15 min, 
and the cells were observed using CLSM.

To evaluate HMGB1 and ATP levels in the media, 
the 4T1 cells were treated as described earlier. Controls 
were not exposed to irradiation. Supernatants were col-
lected and centrifuged at 3000 rpm for 10 min to remove 
cellular debris. The released HMGB1 in cell superna-
tants was detected using an HMGB1 ELISA kit, and the 
released ATP in cell supernatants was detected using an 
ATP Content Assay Kit according to the manufacturer’s 
instructions (HMGB1 and ATP ELISA kits, Beyotime 
Biotechnology Co., Ltd., Shanghai, China).

In vivo imaging and bio-distribution analysis
The biological distribution and tumor accumulation 
of the lipid nanoparticles after systemic administra-
tion were investigated using an in vivo imaging system. 
We prepared PEI@IR@TPZ/BMS LPs and PEI-FA@IR@
TPZ/BMS as described before. To develop triple-negative 
breast cancer-bearing orthotopic mouse model, 4T1 cells 
(2 × 106) in PBS were injected into the right mammary 
gland of each mouse. Tumor volume (V) was calculated 

as follows: V = (a2 × b)/2 (where a represents the tumor 
width, and b represents the tumor length). When the 
tumor volume reached 200 mm3, mice were randomly 
divided into two groups (n = 3/group). PEI@IR@TPZ/
BMS LPs and PEI-FA@IR@TPZ/BMS LPs were adminis-
tered through the tail vein at IR dose of 1.5 mg/kg. At 2, 
4, 6, 8, 12, and 24  h after injection, mice were anesthe-
tized and imaged using an in vivo imaging system (Cali-
per Life Sciences Inc., Mountain View, CA, USA). After 
24 h, the mice were euthanized. The heart, liver, spleen, 
lung, kidney, and tumor tissues were dissected and iso-
lated. The regions of interest were analyzed using Living 
Image software (Version 4.3.1; Caliper Life Sciences Inc.).

In vivo US-induced ROS generation
To evaluate US-induced ROS generation at the tumor 
sites, the tumor-bearing BALB/c mice (n = 3/group) were 
intravenously injected with PBS or PEI-FA@IR@TPZ/
BMS LPs (TPZ, 1 mg/kg; BMS, 3 mg/kg). After 24 h, the 
mice were anesthetized with chloralic hydras and injected 
with 50 µg DCFH-DA intra-tumorally. After 10 min, the 
tumor sites of the mice were irradiated (808 nm, 0.5 W/
cm2) for 10 min and then, the mice were sacrificed. The 
tumors were collected and flash frozen, conterstained 
with DAPI, and observed by CLSM.

In vivo anti-tumor evaluation
BALB/c mice with almost 100 mm3 tumor volumes were 
randomly divided into the following seven groups (n = 5/
group): saline, Blank LPs, TPZ LPs, BMS LPs, PEI-FA@
IR, PEI@IR@TPZ/BMS LPs, and PEI-FA@IR@TPZ/
BMS LPs (TPZ, 1 mg/kg; BMS, 3 mg/kg). The drugs were 
administered every 3 days. The tumor sites of the mice in 
the light group were irradiated (808 nm, 0.5 W/cm2) for 
10 min on the second day after administration, for a total 
of four administrations. On day 15, mice were sacrificed, 
and tumors and major organs, including the heart, liv-
ers, spleen, lung, and kidney, were harvested. The tumors 
were sectioned and stained with hematoxylin&eosin 
(H&E) and terminal deoxynucleotidyl transferase dUTP 
nick-end labeling (TUNEL). Hypoxia-inducible factor-1α 
(HIF-1α) and PD-L1 expression in tumor tissues was 
detected by immunohistochemistry (IHC), and lung tis-
sues were fixed in Bouin’s solution followed by photo-
graphic observation of metastases. Blood was centrifuged 
at 4000 rpm for 10 min, and serum was collected for the 
measurement of blood urea nitrogen, creatinine, aspar-
tate aminotransferase, and alanine aminotransferase.

In vivo immune response analysis
To study the proliferation and functionality of immune 
cells in vivo after treatment, tumor tissues and spleens 
were collected from the different treatment groups (as 
described earlier). Immune cells were analyzed using 
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flow cytometry. Helper T cells (Ths, CD3 + CD4 + CD8-), 
cytotoxic T lymphocytes (CTLs, CD3 + CD4-CD8+), and 
regulatory T cells (Tregs, CD4 + CD25 + Foxp3+) were 
stained, according to the manufacturers’ instructions, 
with the following fluorochrome-containing antibodies: 
APC-anti-mouse-CD45, Alexa Fluor® 700-anti-mouse-
CD3, PE/Dazzle™ 594-anti-mouse-CD4, FITC-anti-
mouse-CD8a, PE-Rat Anti-Mouse-CD25, and Pacific 
Blue™-anti-mouse-FOXP3. The stained cells were ana-
lyzed using flow cytometry (Becton Dickinson, Frank-
lin Lakes, NJ, USA) with FlowJo 10.4 software. Splenic 
dendritic cells (DCs, CD45 + CD11c + CD86+) were 
fluorescently labeled with APC-anti-mouse-CD45, 
PE-Hamster Anti-Mouse-CD11c, and Brilliant Violet 
421™-anti-mouse-CD86 antibodies.

To detect treatment-induced cytokine secretion, whole 
mouse blood was collected after treatment. Serum con-
centrations of TNF-α and IFN-γ were measured using 
ELISA kits according to the manufacturer’s instructions. 
In addition, IHC analysis was performed for CD8 and 
CRT expressed by the tumor.

Statistical analyses
All the results were presented as the mean ± standard 
deviation (SD). Data were analyzed using Student’s t-test 
or one-way ANOVA followed by Tukey’s post-test. Sta-
tistical significance was set as *P < 0.05, **P < 0.01, and 
***P < 0.001.

Results and discussion
Synthesis and characterization of PEI-FA
PEI-FA was synthesized through the amidation reaction 
between the carboxyl group of FA and the amino group 
of PEI, as illustrated in Figure S1(A). As shown by the 
1H NMR spectra (Figure S1(B)), a proton signal at δ = 3.5 
ppm on the PEI chain indicated the amide bond [21, 22], 
and the proton peak of the benzene ring on FA in the 
range of δ = 6.7–9 ppm confirmed the successful cou-
pling of FA to PEI via the amide bond [23]. Moreover, the 
chemical bond between PEI and FA was confirmed by the 
strong absorption peak at 1643 cm− 1 (strong absorption 
of formed –NH group) in the FTIR(Figure S1(C)) [24].

Characterization of liposomes
The particle size and PDI of PEI-FA@IR@TPZ/BMS LPs 
were determined using DLS, as shown in Fig.  2A. The 
TPZ/BMS LPs exhibited a particle size of 75.8 ± 3.1  nm 
(PDI of 0.20 ± 0.03) and a zeta potential of -25.1 ± 2.7 mV. 
After coating with PEI-FA@IR, the particle size of PEI-
FA@IR@TPZ/BMS LPs had little change (81.5 ± 4.2 nm), 
but the zeta potential became 7.11 ± 5.0 mV due to the 
strong positive effect of PEI-FA coating. As shown by 
TEM, the TPZ/BMS LPs exhibited a small particle size, 
uniform distribution, and smooth, round surface of 

typical liposome structure (Fig.  2D). And an additional 
layer outside PEI-FA@IR composite liposomes were also 
confirmed the uniform, round shape consistent with 
the particle size measurements. And it can be seen that 
there is a white shell covering the surface of the liposome, 
which is the PEI-FA@IR outer layer that is coated on the 
surface of TPZ/BMS LPs.

The EE% of the prepared PEI-FA@IR@TPZ/BMS LPs 
were 98.1% for BMS and 31.3% for TPZ. The stability of 
PEI-FA@IR@TPZ/BMS LPs under PBS or PBS contain-
ing 50% serum was assessed over 7 days, while the PEI-
FA@IR@TPZ/BMS LPs were stored at 4 °C. The solution 
remained clear with no observable drug precipitation 
during the 7 days (Figure S2). The particle size and zeta 
potential of the LPs did not change significantly (Fig. 2B 
and C). Moreover, the successful encapsulation of TPZ 
and IR820 was confirmed by the characteristic UV-VIS 
absorption peaks at 460  nm and 820  nm, respectively 
(Fig.  2E). The release rate of free TPZ and free BMS is 
rapid and burst. The release rate of TPZ within 24  h is 
nearly 100%, and the release rate of BMS within 24 h is 
also about 70%. However, after liposomal encapsulation, 
TPZ and BMS were obviously released in a sustained-
state, with less than 30% released of BMS and less than 
50% release of TPZ within 12 h (Fig. 2F and G).

Cellular uptake
The uptake of PEI-FA@IR@TPZ/BMS LPs by 4T1 cells 
was assessed using CLSM and flow cytometry. Cells 
exhibited a time-dependent uptake of PEI-FA@IR@TPZ/
BMS LPs after irradiation. As shown in Fig. 3A, the fluo-
rescence intensity of TPZ increased over time, and 4T1 
cells treated with laser-activated PEI-FA@IR@TPZ/BMS 
LPs displayed higher fluorescence signals than other 
treatment groups. Flow cytometry confirmed these find-
ings, as shown in Fig. 3B and C. The fluorescence inten-
sity at 30  min of incubation was 1.2-fold and 1.14-fold 
higher than the intensity at 5 and 10 min of incubation. 
The fluorescent signals were stronger in cells treated with 
Cou-6 LPs and PEI-FA@Cou-6 LPs than in cells treated 
with Free Cou-6, consistent with flow cytometry results 
(Fig.  3D, F, and G). The fluorescence intensity of cells 
treated with PEI-FA@Cou-6 LPs was 4.84-fold higher 
than the fluorescence intensity of cells treated with Cou-6 
LPs. Notably, PEI-FA@Cou-6 LPs exhibited the highest 
cellular uptake efficiency in 4T1 cells, demonstrating the 
active targeting effect facilitated by FA and providing the 
basis for subsequent experiments.

FA receptor is mainly highly expressed in some sub-
stantial tumor tissues, but not expressed or expressed at 
a very low level in normal tissues. So we selected ovarian 
cancer cell line A2780 with high expression of FA recep-
tor and mouse brain microvascular endothelial cell line 
bEND.3 with relatively low expression of FA receptor 



Page 9 of 19Zeng et al. Journal of Nanobiotechnology          (2024) 22:558 

to investigate the uptake of FA-modified liposomes. As 
shown in Fig.  3E and H, the results showed that there 
was no difference in liposome uptake in bEND.3 cells in 
groups with or without pre-incubated FA. In A2780 cells 
and 4T1 cell lines, liposome uptake and fluorescence 
intensity were significantly increased in the group with-
out FA incubation compared with that in the group with 
FA incubation in advance, indicating that FA modified 
liposomes could bind specifically to tumor cells with high 
expression of FA receptor.

In vitro ROS/hypoxia detection
When excited by 808  nm infrared irradiation, IR820 
generates ROS, consuming oxygen in tumor tissue and 
intensifying the existing hypoxic conditions. In this 

microenvironment, TPZ becomes activated, resulting in 
free radical-mediated oxidative DNA damage and tumor 
cell death. The generation of ROS and the induction of 
hypoxia were measured in 4T1 cells treated with LPs 
after laser irradiation. As shown in Fig.  4A, the control 
group exhibited minimal ROS (green) or hypoxia (red). 
In contrast, cells treated with PEI-FA@IR@TPZ/BMS 
LPs displayed a substantial increase in ROS produc-
tion and hypoxia after 808  nm laser irradiation. As can 
be seen from the quantitative analysis results of Fig. 4B, 
the heightened cellular uptake of PEI-FA@IR@TPZ/BMS 
LPs induced increased ROS production and subsequent 
hypoxia, suggesting that the LPs enhanced the anticancer 
activity of TPZ.

Fig. 2 Characterization of TPZ/BMS LPs and PEI-FA@IR@TPZ/BMS LPs. (A) The average size and Zeta potential of TPZ/BMS LPs and PEI-FA@IR@TPZ/BMS 
LPs. (B) Particle size and PDI changes of PEI-FA@IR@TPZ/BMS LPs in PBS or PBS containing 50% of serum within 7 days. (C) Zeta potential changes of 
PEI-FA@IR@TPZ/BMS LPs in PBS or PBS containing 50% of serum within 7 days. (D) TEM images of TPZ/BMS LPs and PEI-FA@IR@TPZ/BMS LPs (Scale bar: 
200 μm). (E) UV/VIS absorption spectra. (F) The drug release behavior of BMS within 72 h. (G) The drug release behavior of TPZ within 72 h
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In vitro anticancer efficacy of liposomes
The cytotoxicity of Blank LPs and PEI-FA@Blank LPs was 
measured in 4T1 cells using CCK-8 assays. As shown in 
Fig.  5A, both Blank LPs and PEI-FA@Blank LPs exhib-
ited minimal cytotoxicity in 4T1 cells, with survival 
rates exceeding 85% after 24–48  h of treatment. Thus, 
the Blank LPs are safe and biocompatible for in vivo 

applications. As shown in Fig.  5B, drug-loaded LPs had 
potent cytotoxic effects after light irradiation. Irradi-
ated PEI-FA@IR@TPZ/BMS LPs were more cytotoxic 
to 4T1 cells than unirradiated LPs. The increased cyto-
toxicity was due to the elevated production of ROS and 
increased hypoxia on the cell surface after irradiation, 

Fig. 3 Vitro cellular uptake (A) Observation of 4T1 cells after treatment with PEI-FA@IR@TPZ/BMS LPs under irradiation within 30 min (Scale bar: 100 μm). 
(B) Cellular uptake and (C) the mean fluorescence intensity analysis of PEI-FA@IR@TPZ/BMS LPs incubated with 4T1 cells by flow cytometrywithin 30 min. 
(D) Cellular uptake behavior of free Cou-6, Cou-6 LPs, PEI@Cou-6 LPs and PEI-FA@Cou-6 LPs incubated with 4T1 cells by CLSM imaging. (Scale bar: 100 μm) 
(E) Cellular uptake behavior of PEI-FA@Cou-6 LPs (FA+) and PEI-FA@Cou-6 LPs (FA-) incubated with 4T1, A2780, bEND.3 cells by CLSM imaging. (F) Cel-
lular uptake and (G) the mean fluorescence intensity analysis of free Cou-6, Cou-6 LPs, PEI@Cou-6 LPs and PEI-FA@Cou-6 LPs incubated with 4T1 cells by 
flow cytometry. (H) Quantification analysis of PEI-FA@Cou-6 LPs (FA+) and PEI-FA@Cou-6 LPs (FA-) incubated with 4T1 cells by flow cytometry. (Scale bar: 
100 μm) Data are shown as mean ± SD (n = 3). The unpaired student t test was used to estimate statistical significance of differences between groups. 
**P < 0.01, ***P < 0.001
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which potentiated the cytotoxicity of TPZ, resulting in 
decreased tumor cell viability.

Apoptosis was detected using Annexin V-FITC/PI dou-
ble staining, as depicted in Fig. 5C and D. The apoptosis 
ratio of irradiated cells was significantly higher than that 
of unirradiated cells after 48  h of culture. Notably, PEI-
FA@IR@TPZ/BMS LPs exhibited a significantly higher 
cell apoptosis ratio than the other groups. This difference 
was attributed to the active targeting effect of FA. More-
over, IR820 irradiation induced more hypoxia, intensify-
ing the effect of TPZ on tumor cells. In the unirradiated 
groups, the apoptosis rates were 13.4% for TPZ LPs, 
9.91% for BMS LPs, 17.1% for PEI@IR@TPZ/BMS LPs, 
and 31.3% for PEI-FA@IR@TPZ/BMS LPs. In the irradi-
ated groups, the apoptosis rates were 24.9% for TPZ LPs, 
22.2% for BMS LPs, 47.1% for PEI@IR@TPZ/BMS LPs, 
and 48.0% for PEI-FA@IR@TPZ/BMS LPs. These results 
suggest that PEI-FA@IR@TPZ/BMS LPs promote the 
apoptosis of 4T1 cells, with FA-modified lipid nanoparti-
cles exhibiting stronger apoptotic activity than PEI@IR@
TPZ/BMS LPs due to their active targeting effect. Light 
exposure enhanced the apoptotic effects of TPZ.

The calcein-AM/PI co-staining results support the 
cell inhibition and apoptosis results. Red fluorescence 
indicated dead cells, and green fluorescence repre-
sented live cells. In the absence of irradiation (Fig.  5E 
and F), significant red fluorescence was not detected in 
any treatment groups. However, irradiation increased 
red fluorescence, indicating more dead cells. The apop-
tosis rates in illuminated cells were 11.2% for TPZ LPs, 
16.9% for BMS LPs, 48.3% for PEI@IR@TPZ/BMS LPs, 
and 72.5% for PEI-FA@IR@TPZ/BMS LPs. Notably, PEI-
FA@IR@TPZ/BMS LPs induced the highest level of cell 

death, indicating a robust anti-tumor effect. These results 
were consistent with the outcomes of the flow cytometry 
analysis.

In vitro immune response
PDT induces ICD, which is characterized by the release 
of damage-associated molecular patterns (DAMPs) 
from dead tumor cells. DAMPs activate tumor-specific 
immune responses that contribute to the long-term 
effectiveness of anticancer drugs through a combination 
of direct killing of cancer cells and antitumor immu-
nity [25]. Therefore, the effectiveness of cell-mediated 
immune responses can be assessed by measuring ATP 
and CRT levels. Tumor cell necrosis or apoptosis fol-
lowing PDT results in the exposureof ATP and CRT, 
initiating the immune process [26]. CRT expression in 
4T1 cells in response to PDT was visualized by fluores-
cence, as shown in Fig. 6A. In the absence of laser irra-
diation, negligible fluorescence signals were observed. 
However, treatment with PEI-FA@IR@TPZ/BMS LPs 
induced the highest CRT expression, characterized by a 
bright red color. As shown in Fig. 6B, ATP release from 
PEI@IR@TPZ/BMS LPs (556.18 nM) in response to laser 
irradiation was significantly higher than ATP release in 
the respective unirradiated group. Similarly, HMGB1 
release from cells treated with PEI@IR@TPZ/BMS LPs 
was significantly higher after light exposure (768.75 pg/
mL) than HMGB1 release from cells treated with PEI@
IR@TPZ/BMS LPs without light exposure (368.75 pg/
mL) (Fig. 6C). In summary, the CRT, ATP, and HMGB1 
results confirmed that PEI@IR@TPZ/BMS LPs induced 
robust ICD and a systemic immune response.

Fig. 4 In vitro detection of ROS/hypoxia. (A) In vitro detection of ROS/hypoxia in differently treated 4T1 cells (Scale bar: 100 μm). (B) Quantification of in 
vitro detection of ROS/hypoxia. Data are shown as mean ± SD (n = 3). The unpaired student t test was used to estimate statistical significance of differences 
between groups. **P < 0.01, ***P < 0.001
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Biodistribution of liposomes in vivo
FA-mediated antitumor agents specifically target folate 
receptor-positive tumor cells [27]. To evaluate the dis-
tribution and accumulation efficacy of PEI-FA@IR@
TPZ/BMS LPs in various organs, we constructed the 4T1 
tumor-bearing mouse model, prepared PEI@IR@TPZ/
BMS LPs and PEI-FA@IR@TPZ/BMS LPs respectively, 
and compared the in vivo targeting efficacy through the 
in vivo imaging system. It can be seen from the in vivo 
distribution results that PEI-FA@IR@TPZ/BMS LPs have 
better tumor targeting than PEI@IR@TPZ/BMS LPs 
(Fig.  7A and B). It can be seen from the internal organ 
distribution results (Fig. 7C and D) that the accumulation 
of LPs modified by PEI in the heart, liver, spleen, lung and 
kidney is more than that in PEI-FA@IR@TPZ/BMS LPs. 
This may be due to the strong positive charge on the sur-
face of PEI, which can accumulate to various organs and 

parts without selectivity, causing systemic distribution. 
The non-selective distribution of the whole body can be 
reduced after FA modification, and thus improved active 
targeting in tumor sites.

In vivo ROS generation efficiency
In order to determine the effect of ROS generated by 
IR820, we observed the levels of DCFH-DA in vivo. As 
can be seen in Figure S5, strong green fluorescence of 
DCF was detected throughout the tumor sections of the 
PEI-FA@IR@TPZ/BMS LPs under irradiation groups, 
indicating ROS generation in vivo. However, negligible 
levels of DCF green fluorescence was observed in the 
control group and the non-irradiated PEI-FA@IR@TPZ/
BMS LPs, indicating that the IR820 photosensitizer in 
the PEI-FA@IR@TPZ/BMS LPs was successfully excited 
under infrared irradiation and produced ROS in vivo.

Fig. 5 In vitro anti-cancer study. (A) In vitro cytotoxicity of Blank LPs and PEI-FA@Blank LPs on 4T1 cells. (B) Inhibitory capacity of different groups treated 
against 4T1 cells proliferation. Cell apoptosis assay on 4T1 cells in vitro. (C. D) The flow cytometry results of 4T1 cells apoptosis and the percentage of 
early and late apoptosis after the 48 h treatment and near-infrared laser irradiation with different treatments. (E. F) Live/dead examination of 4T1 cells 
subjected to different treatments was conducted using Calcein-AM/PI double staining and observing by inverted fluorescence microscope (Scale bar: 
100 μm). Data are shown as mean ± SD (n = 3). The unpaired student t test was used to estimate statistical significance of differences between groups. 
**P < 0.01, ***P < 0.001
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In vivo antitumor and safety evaluation
We assessed the anticancer efficacy of PEI-FA@IR@TPZ/
BMS LPs in a highly metastatic mouse breast cancer 
model. Figures S6, 8A, and B demonstrates that both the 
saline and Blank LPs groupswere ineffective in inhibit-
ing tumor growth. TPZ LPs, BMS LPs, and PEI-FA@IR 
groupsshowed only minimal inhibitory effects on tumor 
growth, indicated that these three drugs cannot achieve 
outstanding anti-tumor efficacy when administered sepa-
rately. However, when these three drugs were delivered to 
the tumor using the same co-delivery vector, significant 
anti-tumor efficacy was observed. PEI@IR@TPZ/BMS 
LPs and PEI-FA@IR@TPZ/BMS LPs groups exhibited 

significantly stronger antitumor effects than the other 
treatment groups. Between PEI@IR@TPZ/BMS LPs 
and PEI-FA@IR@TPZ/BMS LPs groups, the anti-tumor 
efficacy of PEI-FA@IR@TPZ/BMS LPs group was sig-
nificantly improved than that of PEI@IR@TPZ/BMS 
LPs group due to the active targeting effect of the FA. 
The tumor growth inhibition rate in each treatment was 
2.91% (Blank LPs), 24.27% (TPZ LPs), 40.29% (BMS LPs ), 
26.21% (PEI-FA@IR), 53.88% (PEI@IR@TPZ/BMS LPs), 
and 68.81% (PEI-FA@IR@TPZ/BMS LPs) respectively. 
Furthermore, TUNEL staining of tumor tissues corrobo-
rated the anticancer efficacy of the LPs. As illustrated in 

Fig. 6 Analysis of in vitro ICD biomarkers on 4T1 cells. (A) In vitro detection of CRT in differently treated 4T1 cells (Scale bar: 50 μm). (B) The release of ATP 
from 4T1 cells subjected to different treatments. (C) The release of HMGB1 from 4T1 cells subjected to different treatments. Data are shown as mean ± SD 
(n = 3). The unpaired student t test was used to estimate statistical significance of differences between groups. **P < 0.01, ***P < 0.001
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Fig. 8C, only a few apoptotic cells were detected in mice 
treated with saline. Small numbers of apoptotic cells were 
detected in mice treated with single drugs or Blank LPs. 
In contrast, a high number of apoptotic tumor cells were 
detected in mice treated with PEI-FA@IR@TPZ/BMS 
LPs. The proportion of apoptotic cells in each group cor-
related with the tumor volume curve, confirming the 
superior tumor growth inhibition and apoptotic proper-
ties of PEI-FA@IR@TPZ/BMS LPs over the other treat-
ment groups.

This phenomenon may be closely linked to TPZ-
induced hypoxia-activated chemotherapy. To validate 
this hypothesis, HIF-α levels were assessed in tumor tis-
sues. As shown in Fig. 8C, HIF-α staining indicated more 
hypoxia in tumors from mice treated with PEI@IR@
TPZ/BMS LPs and PEI-FA@IR@TPZ/BMS LPs com-
pared with hypoxia in the tumor tissues of mice treated 
with TPZ LPs or BMS LPs. These results suggest that the 
effective accumulation of these agents at the tumor site, 
along with IR820, led to more oxygen depletion. Taken 
together, these results suggest that treatment with PEI-
FA@IR@TPZ/BMS LPs combined with 808 nm laser irra-
diation exacerbates tumor hypoxia. Hypoxia activates the 
hypoxia-sensitive drug TPZ, resulting in the dual antitu-
mor effects of phototherapy and hypoxia-activated che-
motherapy. In addition, we investigated the expression 
levels of PD-L1 in tumor tissues of different formulation 

groups. The expression of PD-L1 in the tumor tissue of 
mice treated with PEI-FA@IR@TPZ/BMS LPs was sig-
nificantly reduced, indicating that BMS successfully 
blocked the expression of PD-L1 on the surface of tumor 
cells in vivo, reduced its binding with immune cells, and 
further promoted anti-tumor immunotherapy under the 
combined effect of chemotherapy and phototherapy, ulti-
mately achieving efficient anti-tumor efficacy under mul-
tiple mechanisms.

To investigate the effect of PEI-FA@IR@TPZ/BMS 
LPs on tumor metastasis, the lungs of mice were fixed 
in Bouin’s solution after the final treatment. As shown 
in Fig. 8D, several white lung nodules, indicating tumor 
metastasis, were observed in the control group. However, 
minimal significant pulmonary metastatic nodules were 
observed in mice treated with PEI-FA@IR@TPZ/BMS 
LPs, indicating the effectiveness of these LPs in prevent-
ing tumor metastasis. To assess the systemic toxicity of 
the various agents, we monitored mouse body weight 
and serum biochemical indices and examined the major 
organs after treatment. Mouse body weights were stable, 
with no significant weight loss in any group (Fig. 9A). As 
shown in Fig.  9B, serum biochemical indices were not 
significantly different among the treatment groups, indi-
cating that PEI-FA@IR@TPZ/BMS LPs did not compro-
mise liver or kidney function. As shown in Fig. 9C, H&E 
staining revealed no signs of tissue damage or tumor 

Fig. 7 Biodistribution of PEI-FA@IR@TPZ/BMS LPs in vivo. (A) In vivo fluorescence images of 4T1-bearing BALB/c mice treated with PEI@IR@TPZ/BMS LPs 
and PEI-FA@IR@TPZ/BMS LPs. Images were taken at 2, 4, 6, 8, 12, and 24 h after injection. (B) Quantitative analysis of Fig (A) in tumors. (C) The fluorescence 
images of the excised tumors and major organs at 24 h after injection. (D) Quantitative analysis of the kinetic fluorescence intensity in excised tumors 
and organs. Data are shown as mean ± SD (n = 3). The unpaired student t test was used to estimate statistical significance of differences between groups, 
*P < 0.05
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Fig. 8 Antitumor Evaluation of PEI-FA@IR@TPZ/BMS LPs in vivo. The 4T1-bearing BALB/c mice were treated with Saline, Blank LPs, TPZ LPs, BMS LPs, PEI-
FA@IR, PEI@IR@TPZ/BMS LPs, and PEI-FA@IR@TPZ/BMS LPs. (A) Tumor volume of mice. (B) Weight of isolated tumors. (C) TUNEL assay (Scale bar: 100 μm), 
HIF-α assay (Scale bar: 50 μm) and PD-L1 assay (Scale bar: 20 μm) of tumor tissues isolated from mice. (D) Bouin’s staining and H&E staining of lung isolated 
from mice (Scale bar: 400 μm). Data are shown as mean ± SD (n = 5). The unpaired student t test was used to estimate statistical significance of differences 
between groups. *P < 0.05, **P < 0.01
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metastasis in the hearts, livers, spleens, or kidneys of 
mice in any group. These findings validate the biocom-
patibility and safety of PEI-FA@IR@TPZ/BMS LPs.

In vivo antitumor immune response
The effects of combined chemotherapy and PDT in 
remodeling the tumor microenvironment (TME) in vivo 
were examined using flow cytometry to detect T-cell 
expression in mouse tumor cells. Ths (CD3 + CD4 + CD8-) 
and CTLs (CD3 + CD4-CD8+) play pivotal roles in 
immune regulation. Effective cancer immunotherapy ini-
tiates and supports T cells to generate a lasting antitumor 
response [28]. CD4 + T cells also initiate a gene expres-
sion program in CD8 + T cells to enhance CTL function, 
enabling CTLs to overcome barriers to antitumor immu-
nity [29].

As shown in Fig. 10A and E, the percentage of intratu-
moral CD3 + CD4 + T cells significantly increased, reach-
ing an astonishing 18% after treatment with PEI-FA@IR@
TPZ/BMS LPs and levels were 2.09-fold, 1.59-fold, 1.80-
fold, and 1.39-fold higher than in mice treated with TPZ 
LPs, BMS LPs, PEI-FA@IR, and PEI@IR@TPZ/BMS LPs, 
respectively. Furthermore, PEI-FA@IR@TPZ/BMS LPs 
group exhibited higher levels of CD3 + CD8 + T cells than 
the other groups. As shown in Fig. 10B and F, following 
treatment with PEI@IR@TPZ/BMS LPs, the percentage 
of CD3 + CD8 + T cells in tumor tissues was measured at 
25.9%. This level exhibited a 2.71-fold increase compared 
to mice treated with TPZ LPs, a 2.21-fold increase com-
pared to those treated with BMS LPs, a 1.88-fold increase 
compared to PEI-FA@IR, and nearly a 2-fold increase 
compared to PEI@IR@TPZ/BMS LPs. These results sug-
gest that the combined use of a PD-1/PD-L1 inhibitor 

Fig. 9 In vivo safety and anti-metastasis evaluation of PEI-FA@IR@TPZ/BMS LPs in vivo. The 4T1-bearing BALB/c mice were treated with Saline, Blank LPs, 
TPZ LPs, BMS LPs, PEI-FA@IR, PEI@IR@TPZ/BMS LPs, and PEI-FA@IR@TPZ/BMS LPs. (A) Body weight of mice. (B) ALT, AST, BUN and Cr from the blood samples 
isolated from mice. (C) H&E staining of organs isolated from mice (Scale bar: 200 μm). Data are shown as mean ± SD (n = 5)
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(BMS), a chemotherapeutic agent (TPZ), and a photosen-
sitizer (IR820) disrupted the immune-suppressive effects 
of PD-1/PD-L1, reversed T-cell exhaustion in the TME, 
activated CD4 + CD8 + T cells, and enhanced the immune 
response within the tumor. IHC results confirmed the 
flow cytometry results (Fig.  11A), displaying maximal 
positive expression in PEI-FA@IR@TPZ/BMS LPs.

Tregs (CD4 + CD25 + FOXP3+) suppress T cells, and 
tumor-specific CD4 + T cells in the TME can be repro-
grammed into Tregs, counteracting CTL activity and 
delaying immune responses [30]. As shown in Fig.  10C 
and G, both PEI@IR@TPZ/BMS LPs and PEI-FA@IR@
TPZ/BMS LPs significantly decreased Foxp3 + levels. The 
proportion of Tregs in PEI-FA@IR@TPZ/BMS LPs could 
be inhibited to 34.2%. This suggests that lipid nanopar-
ticles encapsulating BMS can suppress the number of 
Tregs to enhance immune responses.

In addition to local immunity at the tumor site, a 
robust systemic immune response is crucial for exert-
ing antitumor immunity. Therefore, the expression lev-
els of DCs (CD11c + CD45 + CD86+) in the spleen were 
assessed after the last treatment. DCs, as specialized 
antigen-presenting cells, play a crucial role in activating 
and regulating the immune response [31]. As a key com-
ponent of antitumor responses, mature DCs can present 
tumor antigens to T-cell receptors, promoting T-cell acti-
vation and infiltration into the tumor site [30]. As shown 
in Fig. 10D and H, PEI-FA@IR@TPZ/BMS LPs promoted 
DC maturation 1.14-fold, 1.22-fold, 1.12-fold, and 1.12-
fold more than TPZ LPs, BMS LPs, PEI-FA@IR, and 
PEI@IR@TPZ/BMS LPs, respectively. In summary, the 
successful performance of PEI-FA@IR@TPZ/BMS LPs 
in inducing PDT-mediated ICD under laser irradiation 
highlights the benefits of the synergistic approach involv-
ing tumor metabolism reprogramming and PDT therapy.

Fig. 10 Immune Response Analysis of PEI-FA@IR@TPZ/BMS LPs in a 4T1-bearing BALB/c mice tumor model. (A) Flow cytometric analysis and (E) Quan-
tification analysis of Ths (CD3 + CD4 + CD8-) in tumor. (B) Flow cytometric analysis and (F) Quantification analysis of CTLs (CD3 + CD4-CD8+) in tumor. 
(C) Flow cytometric analysis and (G) Quantification analysis of Tregs (CD4 + CD25 + Foxp3+) in tumor. (D) Flow cytometric analysis and (H) Quantification 
analysis of DCs (CD45 + CD11c + CD86+) cells in spleen. Data are shown as mean ± SD (n = 5). The unpaired student t test was used to estimate statistical 
significance of differences between groups. *P < 0.05, **P < 0.01, ***P < 0.001
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Finally, the expression levels of TNF-α and IFN-γ were 
measured in the serum of mice from each treatment 
group [30]. TNF-α is a cytokine with tumor necrotic 
activity [32], and IFN-γ is a key regulator of cell-mediated 
immunity [33]. As illustrated in Fig.  11B and C, serum 
TNF-α and IFN-γ levels increased in all treatment groups 
compared than the control group; TNF-α and IFN-γ lev-
els increased 2.32 and 3.12 times higher, respectively, in 
mice treated with PEI-FA@IR@TPZ/BMS LPs than in 
those treated with saline. IFN-γ levels did not increase 
significantly in mice treated with TPZ LPs or PEI-FA@
IR compared with the other groups, suggesting that 
PD-L1 upregulation suppressed CTLs. However, BMS 
LPs, PEI@IR@TPZ/BMS LPs, and PEI-FA@IR@TPZ/
BMS LPs groups successfully restored antitumor immu-
nity in vivo by inhibiting the PD-1/PD-L1 pathway effects 
with BMS, upregulating CTL infiltration, and increasing 
serum TNF-α and IFN-γ levels.These findings indicate 
that combining PEI-FA@IR@TPZ/BMS LPs, chemother-
apy, and PDT greatly enhances the antitumor immune 
responses.

Conclusions
In this current research, we have engineered multi-
functional lipid nanoparticles tailored for breast cancer 
therapy. This innovative formulation demonstrates excep-
tional capabilities in drug delivery efficiency, responsive-
ness to chemotherapy within hypoxic environments, and 

elicitation of potent ICD responses. Combining IR820 
and TPZ enabled the efficient combination of PDT treat-
ment and hypoxia-activated chemotherapy. More impor-
tantly, the liposomal nanodelivery system loaded with 
BMS enhanced tumor CTLs penetration, yielding effec-
tive tumor chemo-immunotherapy in a breast tumor 
mouse model. In addition, the nanodelivery platform 
exhibited long-circulating pharmacokinetic properties 
and low systemic toxic effects. Therefore, LPs loaded 
with multiple drugs integrated chemotherapy, PDT, and 
immunotherapy onto a nanoplatform. This effective anti-
cancer approach has great potential for improving the 
outcomes of breast cancer patients.
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