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Introduction: Chemotherapy is still the treatment of choice for advanced triple-negative breast cancer. Chemotherapy combined with 
immunotherapy is being tried in patients with triple-negative breast cancer. As a kind of “cold tumor”, triple-negative breast cancer has 
a bottleneck in immunotherapy. Indoleamine 2, 3-dioxygenase-1 inhibitors can reverse the immunosuppressive state and enhance the 
immune response.
Methods: In this study, mesoporous silica nanoparticles were coated with the chemotherapeutic drug doxorubicin and indoleamine 2, 
3-dioxygenase 1 inhibitor 1-Methyl-DL-tryptophan (1-MT), and then encapsulate the surfaces of a triple-negative breast cancer cell 
membrane to construct the tumor dual-targeted delivery system CDIMSN for chemotherapy and immunotherapy, and to investigate the 
immunogenic death effect of CDIMSN.
Results and discussion: The CDIMSN could target the tumor microenvironment. Doxorubicin induced tumor immunogenic death, 
while 1-MT reversed immunosuppression. In vivo findings showed that the tumor size in the CDIMSN group was 2.66-fold and 1.56- 
fold smaller than that in DOX and DIMSN groups, respectively. CDIMSN group was better than naked DIMSN in stimulating 
CD8+T cells, CD4+T cells and promoting Dendritic Cells(DC) maturation. In addition, blood analysis, biochemical analysis and 
Hematoxylin staining analysis of mice showed that the bionic nanoparticles had good biological safety.
Keywords: immunogenic cell death, doxorubicin, bionic nanoparticle, IDO1 inhibitor, triple-negative breast cancer

Introduction
Triple-negative breast cancer (TNBC) is a subtype of breast cancer. It is heterogeneous and does not express estrogen 
receptor, progesterone receptor, or human epidermal growth factor-2.1 The incidence of TNBC is approximately 10–15% 
of breast cancer in Western countries and 23.8% in China.2,3 TNBC is characterized by a poor prognosis and high 
recurrence, metastasis, and mortality rates.4–6 Cytotoxic drugs taxane and anthracycline are the main treatment for triple- 
negative breast cancer, but patients have became resistant to chemotherapy drugs.7–9 With the development of tumor 
immunotherapy, a large number of immunotherapies have been approved for clinical application. Immune checkpoint 
inhibitors targeting PD-1 and its ligands PD-L1 and CTLA-4 have shown promising efficacy in a wide range of solid and 
hematological tumors.10–13 Although tumor immunotherapy such as checkpoint inhibitors has achieved considerable 
therapeutic effect, it faces great challenges due to insufficient immunogenicity and immunosuppression of tumor 

International Journal of Nanomedicine 2024:19 507–526                                                    507
© 2024 Hu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 6 October 2023
Accepted: 11 January 2024
Published: 17 January 2024

http://orcid.org/0000-0002-0922-5551
http://orcid.org/0000-0002-5125-1606
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


microenvironment.14,15 In this process, tumor-associated macrophages (TAMs) play an important role in coordinating 
tumor immunity. TAM is a major immunosuppressive cell component in the tumor microenvironment and is involved in 
the production of tumor factors, recruitment of Tregs, and dysfunction of tumor killer effector cells (such as CD8+ T and 
NK cells). Studies have shown that targeting tumor-associated macrophages to polarize tumor-promoting M2-type TAM 
into anti-tumor M1-type TAM can effectively inhibit tumor growth.16–18 Therefore, knowing how to enhance tumor 
immunogenicity and remove the immunosuppression of tumor microenvironment to increase the recognition and 
presentation of tumor antigens are very important to activating the antitumor immune response and improving the effect 
of antitumor immunotherapy.

Indoleamine 2, 3-dioxygenase 1 (IDO1) is a rate-limiting enzyme that catalyzes catabolism of L-tryptophan through 
the kynurenine pathway, in which 95% of L-tryptophan is metabolized in humans.19–21 It is overexpressed in a variety of 
tumor cell types.22,23 IDO1-mediated tumor immune escape is the result of comprehensive regulation of various immune 
cell types. IDO can inhibit the activity of effector T cells, NK cells, and other tumor killing immune cells, while induce 
their apoptosis. Furthermore, IDO overexpression can promote the differentiation of immunotolerant Dendritic Cells(DC) 
meanwhile recruit immunosuppressive cells such as Treg cells and myeloid derived inhibitory cells, which synergistically 
induce immunosuppression and facilitate tumor cell escape from killing by the immune system.24–26 Increasing evidence 
indicates that expression and the reverse regulation mechanism of IDO1 are adverse to tumor immunotherapy.27,28 

Graphical Abstract

https://doi.org/10.2147/IJN.S440332                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 508

Hu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Inhibitors targeting IDO1 exert a therapeutic effect by inhibiting IDO1 gene expression and activity, and its effector 
pathway, which is an important target of tumor immunotherapy.

Immunogenic cell death (ICD) is a process in which tumor cells change from non-immunogenic to immunogenic to induce 
anti-tumor immune response to external stimulation.29–31 ICD produce a series of signaling molecules called damage- 
associated molecular patterns (DAMPs), including mainly Calreticulin(CRT) which is exposed to cell surfaces, High mobility 
group box 1 (HMGB1) secreted by tumor cells, ATP molecules released by cells and heat shock proteins (HSP70, HSP90), 
etc.30,32,33 DAMPs released during ICD can bind to PRRs, a pattern recognition receptor on the surface of DC cells, and 
initiate a series of cytological reactions, ultimately activating innate and adaptive immune responses.34–36

The traditional view is that chemotherapy drugs will suppress the immune function while killing tumor cells, but in recent 
years, many studies have shown that low-dose chemotherapy drugs can induce the ICD of tumor cells, or directly stimulate the 
tumor-specific immune response by drugs.37–40 Some chemotherapy drugs (doxorubicin, paclitaxel and oxaliplatin, etc.) can 
cause ICD of tumor cells.41,42 The chemotherapeutic drug doxorubicin (DOX) induces the production of reactive oxygen 
species and triggers the specific apoptosis of myelogenic suppressor cells (MDSCs), thus rapidly clearing most of 
MDSCs.43,44 In addition, the remaining MDSCs showed overall impaired inhibitory activity, which was related to the 
recovery of T lymphocyte activity. It can create favorable microenvironment for tumor immunotherapy.37,45,46 In this study, 
we determined whether the combined use of an IDO1 inhibitor such as 1-MT with DOX could induce ICD in tumor cells as 
a synergistic cascade to promote immune stimulator release and enhance intratumoral infiltration of cytotoxic T lymphocytes, 
thereby effectively enhancing the overall antitumor immune response.

To this end, we examined whether dual delivery of DOX and 1-MT by a biomimetic mesoporous silica nanoparticle initiated 
an antitumor immune response in a TNBC tumor model. We constructed large specific surface area mesoporous silica 
nanoparticles coloaded with DOX and 1-MT, and then encapsulate the surfaces of a triple-negative breast cancer cell membrane 
to develop the biomimetic nanoparticle CDIMSN. We assumed that the biomimetic nanoparticle targeted the tumor microenvir-
onment by targeting TNBC and released chemotherapeutic and immunotherapeutic drugs to inhibit TNBC cell proliferation.

Materials and Methods
Materials
The materials and reagents included 1-MT (MCE, New Jersey, USA), tetraethylorthosilicate, hexadecyl trimethyl 
ammonium bromide (CTAB), sodium hydroxide (Sangon Biotech, Shanghai, China), doxorubicin, 1.1’- 
dioctadecyltetramethyl indotricarbocyanine iodide(DIR), and 4,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, 
Missouri, USA), Cell Counting Kit-8 (Dojindo Molecular Technologies, Tokyo, Japan), RPMI-1640 medium, penicillin- 
streptomycin solution (5 kU/mL), and fetal bovine serum (Gibco, Life Technologies, Grand Island, NY, USA). Anti- 
mouse CD4, anti-mouse CD8, anti-mouse CD3, anti-mouse CD86, anti-mouse CD11, and anti-mouse CD80 antibodies 
and matrigel were purchased from BD Biosciences (Maryland, USA). Mouse IL-6 and TNF-α ELISA kits were 
purchased from MultiSciences (LIANKE, Shangzhou, China). Alexa Fluor 647-conjugated anti-CRT was purchased 
from Abcam (Cambridge, England). All reagents and chemicals were of analytical grade.

Cell Lines and Animals
Mouse breast cancer cells (4T1) were purchased from the Cell Bank of the China Academy of Sciences (China) and 
cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum(FBS) and 1% penicillin-streptomycin 
(10,000 U/mL) at 37 °C with 5% CO2.

Six-week-old female BALB/C mice weighing 18−19 g were purchased from Shanghai Jihui Laboratory Animal Care 
Co., Ltd. (Shanghai, China) and raised under specific pathogen-free conditions. All animal experiments were approved 
by the ethics committee of Jiaxing University.

Synthesis of MSN
Hexadecyl trimethyl ammonium Bromide (CTAB) (0.5 g) was dissolved in deionized water (240 mL). A sodium hydroxide 
aqueous solution (1 M, 3.5 mL) was added to the solution and stirred at 80 °C for 1 h. Tetraethylorthosilicate (2.5 mL) was added 
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dropwise to the mixture under vigorous stirring and then stirred for another 2 h to obtain a white precipitate. The nanoparticles 
were centrifuged and washed with water and methanol to obtain CTAB@MSN. To remove CTAB, the CTAB@MSN 
nanoparticles were refluxed in a solution of methanol (200 mL) and 37% HCl (18.7 mL) for 24 h. The nanoparticles were 
collected by centrifugation and washed extensively with water and methanol several times. The morphology of MSN was 
characterized by transmission electron microscopy, and the particle size and potential of MSN were determined.

Preparation and Characterization of CDIMSN Nanoparticles
The MSN ethanol solution was centrifuged at high speed (12,000 rpm). The supernatant was discarded, and purified 
water was added for washing. Under stirring, DOX and 1-MT were added successively, and DIMSN was obtained by 
stirring while protected from light for 6 h.

The particle size and zeta potential were measured by a dynamic light-scattering instrument to investigate the stability 
of nanoparticles. The morphology of nanoparticles was observed by transmission microscopy. The drug loading 
efficiency (DLE) and drug loading content (DLC) of DOX and 1-MT were determined by an UV-vis spectroscopy in 
the scanning range of 200–600nm. Ultraviolet detection was performed on the supernatant after encapsulation. The 
detection wavelength of DOX and 1-MT were 480nm and 290nm, respectively. And the concentration of DOX and 1-MT 
were calculated using a standard curve. It is worth noting that since DOX also has an absorption peak at 290nm, and 
when the solution is adjusted to alkaline, the absorption peak at 290nm disappears, so the solution is adjusted to alkaline 
during 1-MT determination to eliminate the interference of DOX.

The drug loading efficiency (DLE) and drug loading content (DLC) were calculated according to Equations 
(1) and (2), respectively:

where M1: DOX input or 1-MT input, C1: DOX or 1-MT concentration measured, V1: volume of DOX or 1-MT 
solution, and M2: mass of carrier.

Cell membrane(CM) was mixed with drug-loaded nanoparticles DMSN at a certain ratio, and a 200 nm carbonate 
membrane was used for extruding and filtering to prepare CDIMSN at various membrane/core ratios. Then centrifuged at 
10,000 r/min for 5min, removed excess membrane, and re-suspended the obtained CDIMSN with deionized water for 
use. The particle size and zeta potential were determined to ensure that the nanoparticles were covered by the cell 
membrane. Analysis of the cell membrane protein content was conducted to confirm that the biomimetic nanoparticles 
carried membrane surface antigens. The same protein concentration was added and stained with Coomassie blue. Western 
blotting analysis was used to detect membrane and intracellular protein markers.

Drug release of CDIMSN was determined by UV-vis spectroscopy in the scanning range of 200–600nm. To detect 
drug release, a 10% CDIMSN solution was treated with disodium hydrogen phosphate citrate buffer at pH 7.4, and 
fluorescence of DOX and 1-MT was detected at 480 nm and 290nm, respectively.

The drug-release rate was calculated as Equation (3):

where V0: total volume, Cn: DOX or 1-MT concentration outside the bag for the nth
measurement, V1: liquid volume extracted each time, Ci: DOX or 1-MT concentration
outside the bag for the ith measurement, and M: mass of DOX or 1-MT input.

Cellular Uptake
MSN was labeled with FAM, and then 4-T1 cells (1×105/well) were incubated with FAM-CDIMSN for 4 h, washed with 
PBS three times, and analyzed by flow cytometry to investigate uptake of the nanocarriers.
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Intracellular Distribution
4-T1 cells were incubated with FAM-CDIMSN for 4 h, washed with PBS three times, fixed with paraformaldehyde for 
20 min, and then analyzed by laser confocal microscopy for the intracellular distribution.

Inhibition of Kynurenine Production
4T1 cells were seeded in 96-well plates and cultured for 24 h. After discarding the medium, fresh medium containing recombinant 
mouse IFN-γ (50 ng/mL) was used to stimulate tumor cells and upregulate expression of IDO. After 24 hours, the medium was 
removed and CDIMSN was applied for 12 hours. Then, 100 μL supernatant was mixed with 75 μL of 30% trichloroacetic acid 
(and heated at 50 °C for 30 min to hydrolyze N-formyl kynurenine to kynurenine). The samples were then incubated at room 
temperature with the same volume of Ehrlich reagent (2% dimethylamino benzaldehyde glacial acetic acid solution, w/v) for 10 
min. Absorbance of the reaction product at 490 nm was measured by a microplate reader. The relative inhibition rate was 
calculated by normalization to the untreated control group.

Cell Proliferation Assay
Cells were seeded in 96-well plates and cultured with CDIMSN for 24 and 48 h. The medium was removed and 200 μL 
fresh culture medium containing 10% CCK-8 reagent was added. The cells were cultured for 1–2 h and detected at 490 
nm by a microplate reader to calculate the IC50 value.

Cytokine Expression
We used co-culture method to detect cytokine expression. Briefly, BLAC mice were sacrificed for cervical vertebrae 
dislocation, quickly soaked in 75% ethanol for 5 minutes, then the spleen was removed with tweezers on a super-clean 
table and ground in a sterile petri dish containing 5mL lymphocyte separation solution. The splenic cell suspension was 
collected into a 15mL centrifuge tube and covered with 0.5mL RPMI 1640 medium. At room temperature, centrifuge 
800g for 30min, suck out the lymphocyte layer, add 10mL RPMI 1640 medium, centrifuge 250g at room temperature for 
10min to collect cells, adjust the cell density to 5.0×106/mL, and set aside. The 96-well plates were inoculated with 4-T1 
cells (density 8×103/mL) and pre-prepared mouse lymphocytes (4 × 105/mL), which were shaken evenly and cultured in 
the incubator for 24 hours. At the end of culture, MSN, DOX, 1-MT, DMSN, IMSN, DIMSN, CDIMSN and 
ipopolysaccharide (LPS 10ng/mL) were given and cultured for 6h. TNF-α and IL-6 in samples were determined by 
ELISAs. 100 μL supernatant was added into the corresponding well and incubated at room temperature for 12 min. The 
OD value of the reaction product at 450 nm was measured by a microplate reader. The relative TNF-α and IL-6 
concentration was calculated by normalization to the untreated control.

Efflux of CRT
CRT efflux from tumor cells induced by CDIMSN was detected by immunofluorescence. Cells seeded in 6-well plates cultured 
with CDIMSN for 48 h. The medium was removed, cells were washed with PBS, and 4% paraformaldehyde was applied for 20 
min, followed by washing with PBS three times. Then, 3% goat serum was applied for 40 min, followed by an anti-calreticulin 
primary antibody (1:300 dilution) for 90 min at 37 °C. After washing with PBS twice, a fluorescently coupled secondary antibody 
(1:500 dilution) was applied for 1 h at 37 °C. After washing with PBS twice, DAPI (1:1000 dilution) was applied for nuclear 
staining at room temperature for 5 min while protected from light, followed by washing with PBS twice. The CRT distribution on 
the tumor cell membrane was observed by a cell imaging microplate detector.

In vivo Distribution
4-T1 cells (1×107 cells/mL) in the logarithmic growth phase were injected into the breast fat pad under the armpit of the 
right upper limb of female mice. After 14 days, tumors with a volume of >100 mm3 were selected for the experiment. 
1.1’-dioctadecyltetramethyl indotricarbocyanine iodide (DIR), a near-infrared fluorophore, was used to investigate the 
vivo distribution of various nanoparticle. CDMSN (D:DIR) was injected into the caudal vein. The in vivo distribution of 
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biomimetic nanoparticles was observed using the FX Pro in vivo imaging system (Caliper Life Sciences, Hopkinton, 
MA), and in vivo targeting of the drug delivery system was qualitatively evaluated.

Subsequently, the mice were sacrificed by cervical dislocation, and fluorescent substances were extracted from the 
heart, liver, spleen, lungs, kidneys, and tumor tissues after homogenization. The fluorescence intensity of each tissue was 
quantitatively investigated to assess in vivo targeting of the biomimetic nanodrug delivery system.

In vivo Efficacy and Safety Analyses
The animals were randomly divided into 8 groups and treated with CDIMSN to investigate the tumor inhibition rate, 
survival analysis weight loss, and therapeutic effect of biomimetic nanoparticles on TNBC in vivo. Additionally, the 
expression of various immune-related factors was determined, and immunohistochemistry and blood routine and liver 
function tests were performed to investigate safety.

Histological Analysis
After euthanasia, the heart, liver, spleen, lungs, and kidneys were collected from the mice, fixed in 4% paraformaldehyde 
for 24 h, and then embedded in paraffin. Tissue sections (5 μm thick) were subjected to hematoxylin and eosin staining. 
Tumor tissue was also analyzed by Immunofluorescence staining for CRT and other related proteins.

Statistical Analysis
Values are presented as means ± SD. Each value represents the mean of at least three repeated experiments for each 
group. Statistical significance was determined by analysis of variance and the unpaired Student’s t-test. Differences were 
considered significant at *p < 0.05 and **p< 0.01.

Results
Preparation and Characterization of CDIMSN
We investigated the size, zeta potential, drug-loading efficiency, and cell membrane coating of the nanoparticles. DOX and 1-MT 
were successfully encapsulated in mesoporous silica nanoparticles coated with the tumor cell membrane (CDIMSN). As shown in 
Figure 1A, the mesoporous silica nanoparticles had a uniform particle dispersion and particle size, and the nanoparticle size was 
approximately 100 nm, the surface of the regular sieve mesoporous structure can be seen. The pore of MSN was about 3nm. The 
obvious pores make it a good carrier for drugs. After drug loading(DIMSN), the dispersion and size of nanoparticles did not 
change significantly, which showed a spherical nanoparticle structure. But the pore structure of MSN could not be clearly 
observed in TEM images. At the same time, the feature absorption peaks disappeared compared with DOX and 1-MT, indicating 
that DOX and 1-MT were successfully encapsulated in MSN (Figures S1–S5, Supporting Information). When the nanoparticle 
was coated by the tumor cell membrane, the edge of the nanoparticle was blurred and wrinkled, indicating that the tumor cell 
membrane had wrapped the nanoparticle surface. The tumor cell membrane inherits the targeting function and antigen library 
from the source cells.47 Nanoparticles coated with the membrane prevents uptake by the endothelial reticular system in vivo and 
promotes long-lasting circulation of drugs.48 The proteins on the membrane targeted the tumor site. We verified the integrity of the 
tumor cell membrane on the nanoparticle by comparing the membrane coated nanoparticles with freshly extracted tumor cell 
membrane protein bands (Figures S6 and S7, Supporting Information). Both groups showed similar banding patterns, indicating 
that the coating process did not change the composition of tumor cell membrane. These data indicate that the proteins on the 
surface of tumor cell membranes are well preserved and maintain the biological functions of tumor cell membranes. Next, we 
verified the size and zeta potential by DLS. As shown in Figure 1B, the particle size of MSN is about 100nm, while the particle size 
does not change significantly after loading DOX and 1-MT (DIMSN), and still remains at about 100nm. And the particle size of 
the nanoparticles coated by cell membrane(CDIMSN) increases to about 120nm, which is consistent with the TEM result. As 
shown in Figure 1C, the zeta potential of MSN was about −6.32±1.2mV, the potential of MSN after coating DOX and 1-MT had 
no significant change, and remained at −6.98±1.5mV. When DIMSN was coated with negatively charged tumor cell membrane, 
the potential of CDIMSN changed significantly to −26.6±2.5mV, indicating the successful preparation of CDIMSN. In addition, 
we investigated the loading capacity of CDIMSN by dialysis method. The DOX drug loading efficiency (DLE) and drug loading 
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content (DLC) of CDIMSN were 89.47% and 35.87% respectively. And the 1-MT drug loading efficiency (DLE) and drug 
loading content (DLC) of CDIMSN were 67.59% and 20.18%, respectively. These results indicated that the CDIMSN had been 
successfully prepared. Figure 1D shows the in vitro stability data of CDIMSN nanoparticles under pH 7.4 conditions. It can be 
seen that the nanoparticles can maintain no change in particle size within 2 days. Starting from the 3rd day, the particle size of the 
nanoparticles gradually increases to around 150nm, and starting from the 5th day, the particle size increases to around 220nm, 

Figure 1 Characterization of CDIMSN. (A) Representative TEM images of MSN, DMSN and CDIMSN. (B) Particle size of the CDIMSN as determined by dynamic light 
scattering (DLS). (C) The zeta potential of the CDIMSN as determined by DLS. (D) Stability Study of CDIMSN Placed at pH 7.4 room temperature for 7 Days. (E) The 
profiles of doxorubicin (DOX) and 1-MT release from CDIMSN in PBS at pH 7.4 at 37°C.
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indicating good stability of the cell membrane within 48 hours. From the 5th day, the particle size starts to increase due to 
clustering. DOX and 1-MT release were also measured. As shown in Figure 1E, in the first 24 hours, the DOX release of DMISN 
was faster than CDIMSN release. However, after 48 hours, DMISN release had stabilized, while CDIMSN release was increased, 
and the DOX release rates in CDIMSN group at 60 h was 78.5%. 1-MT exhibits similar release in DIMSN and CDIMSN, with the 
release in DIMSN occurring earlier than in CDIMSN, and finally the cumulative release in CDIMSN being greater than in 
DIMSN, indicating that the membrane-coated nanoparticles had relatively slow release.

Synergistic Delivery of DOX and 1-MT
The cell absorption efficiency of drugs is an important factor affecting their activity and clinical application.49 The 
cellular uptake capacity of MSN, DOX, DMSN, DIMSN, and CDIMSN for 4 h was determined by flow cytometry. 
DOX-positive cells accounted for 96.5%, 97.43%, 97.20%, and 90.40% for DOX, DMSN, DIMSN, and CDIMSN, 
respectively (Figure 2A). DOX uptake of the membrane-coated CDIMSN group was lower than that of the other DOX 
groups. Cellular uptake of free DOX was close to that of DOX wrapped by nanoparticles, which may be related to the 
strong cell penetration ability of doxorubicin, and the membrane envelope prevented drug escape.50

To determine the intracellular location of DOX, IMSN, DIMSN, and CDIMSN, 4-T1 cells were observed by CLSM. Nuclei 
were marked with DAPI, and MSN was marked with FAM. Figure 2C shows the intracellular distribution of nanoparticles in 4-T1 
cells after incubation for 4 h. In 4-T1 cells incubated with free DOX, red fluorescence was distributed in the nucleus and 
cytoplasm. In the IMSN group, green fluorescence was distributed in the cytoplasm, indicating that the nanoparticles successfully 
entry into cells. In 4-T1 cells incubated with DIMSN, red and green fluorescence were uniformly distributed in the nucleus and 
cytoplasm, and the fluorescence intensity was brighter than that of the free DOX group, indicating that DOX and 1-MT were 
transported into the cells by the nanoparticles, and DOX had escaped from endosomes and entered the nucleus to exert its 
cytotoxic effect via nanostructures. These results suggested that the co-delivery system promoted endosomal escape and carried 
the chemotherapeutic drugs into the nucleus. In the CDIMSN group, red fluorescence was also distributed in the nucleus and 
cytoplasm, and the fluorescence intensity was relatively lower than that of the other DOX groups, which may be related to the 
sustained drug release after membrane encapsulation.

IDO Inhibitory Effect in vitro
The inhibitory effect of IDO was examined by measuring the content of IDO metabolite kynurenine (kyn). As shown in Figure 2B, 
the inhibitory effect of IDO was enhanced with the increase of the 1-MT concentration. IMSN and CDIMSN showed similar but 
slightly weaker inhibitory effects compared with free 1-MT, and CDIMSN showed the weakest inhibitory effect. This was 
because although nanoparticles had a strong cell internalization effect and high intracellular content, they needed to release 1-MT 
to exert an effect. In this experiment, the cells were co-incubated with the nanoparticles for 2 days. According to the in vitro release 
experiment, during 48 h, 1-MT release from nanoparticles was <100%. Therefore, the IDO inhibitory effect of IMSN and 
CDIMSN was slightly weaker than the free 1-MT inhibitory effect in vitro, but no significant difference was observed among the 
three groups. Coated 1-MT retained strong IDO inhibition, which is expected to be used in the immunological microenvironment 
for tumor regulation, further confirming the feasibility of the combined treatment strategy.

Efflux of Calreticulin
Calreticulin (CRT) is usually present in the endoplasmic reticulum, but everts onto the membrane very quickly in cells 
undergoing immunogenic cell death and further activates the immune response.51 As shown in Figure 2D, CRT was 
externalized in the free DOX group, which was more obvious in the CDIMSN group, and CRT outburst in the other 
groups was between the DOX group and the CDIMSN group. Anthracyclines translocate calreticulin to the cell 
membrane and cluster. Nanoparticles coated with the cell membrane activated the immune response through ICD, 
thereby enhancing the effect of immunotherapy.

Toxicity of CMSN
The toxicity and biocompatibility of membrane-coated mesoporous silica were evaluated by monitoring changes in blood 
as well as liver and kidney functions in mice after repeated injection of CMSN through the caudal vein. There were no 
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Figure 2 The cellular uptake of doxorubicin (DOX) and IDO inhibitory effect in vitro. (A) Quantitative analysis of DOX uptake in 4-T1 cells after treatment with Bionic 
nanoparticle (CDIMSN) for 4h. (B) IDO inhibitory effect on the level of Kyn of different treated 4-T1 cells (n=3).(C) Confocal microscopic images of 4-T1 cells incubated 
with DOX, IMSN, DIMSN CDIMSN for 4 h. Green fluorescence presents FAM-labeled MSN, red fluorescence represents DOX, and blue fluorescence represents the cell 
nucleus. Scale bar is 50 μm. (D) fluorescence microscopy images of CRT exposure of different treated 4-T1 cells. Scale bar is 50 μm. **p <0.01.
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significant changes in white blood cells, granulocytes, lymphocytes, hemoglobin, or platelets after CMSN injection 
(Figure 3A). Biochemical indexes showed no obvious abnormalities in liver functions, kidney functions, or the 
myocardial enzyme profile after CMSN injection (Figure 3B–D). These results indicated that membrane-coated MSN 
had good biocompatibility in vivo and was almost non-toxic under our experimental conditions.

Cytotoxicity
Next, we investigated the killing effect of the various drug delivery systems in 4-T1 cells. As shown in Figure 3E and F, the cell 
survival rate decreased with the increase in DOX concentration. The proliferation of 4-T1 cells treated with free DOX, DMSN, 
DIMSN, and CDIMSN was inhibited in a DOX concentration-dependent manner. CCK-8 assays demonstrated that the IC50 

values of free DOX, DMSN, DIMSN, and CDIMSN in 4-T1 cells at 48 h were 1.76, 1.05, 0.59, and 0.34 μg/mL, respectively. The 
IC50 value of CDIMSN was separately approximately 5.2, 3.1 and 1.7-fold lower than that of free DOX, DMSN and DIMSN (p < 
0.05) to evaluate the effects of CDIMSN on apoptosis in 4-T1 cells, 4-T1 cells were co-cultured with mouse lymphocytes and cell 
apoptosis was measured by flow cytometry after staining with APC-Annexin V/PE. As shown in Figure 3G, there was almost no 
apoptosis in the blank control group, the single vector group and free 1-MT group. IMSN showed higher apoptotic cell percentage 
while 1-MT and blank MSN had no significant effects, may be due to the hydrophobicity of 1-MT, it is difficult to enter the cell, but 
the nanoparticle encapsulated drug can successfully enter the cell and release the drug. However, apoptosis was significantly 
enhanced in the CDIMSN group. In the CDIMSN group, 20.83% of cells were apoptotic compared with 17.09% in the DIMSN 
group, 14.27% in the DMSN group, 13.36% in the DOX group and 7.74% in the IMSN group, which suggested that CDIMSN 
group had a better synergistic antitumor activity due to the targeting of tumor cell membranes. In addition, the strongest apoptosis 
induced by CDIMSN may be the result of the synergistic effect of DOX and 1-MT.

Upregulated Cytokine Expression
TNF-α and IL-6 secretion in the co-culture system of 4-T1 cells and lymphocytes were measured after various 
treatments. As shown in Figure 4A and B, compared with the control group, there was no significant expression of 
TNF-α or IL-6 in the MSN group, indicating that MSN nanoparticles had no immunomodulatory ability. The 1-MT group 
showed only slight increases in TNF-α and IL-6, suggesting that the IDO inhibitor alone could not effectively activate the 
immune response. TNF-α and IL-6 were highly expressed in CDIMSN and DIMSN groups. These results indicated that 
DOX and 1-MT acted together to enhance the antitumor immune response. Importantly, the CDMISN group showed the 
highest activity, indicating that the membrane coating increased the affinity of the nanoparticles for tumor cells. These 
results indicated that our membrane-coated nano-preparation can effectively regulate the immune response of the body.

In vivo Distribution
Investigation of the in vivo distribution is essential to evaluate the safety and effectiveness of nano-micellar delivery. DIR 
is used to reduce interference of animal-related autofluorescence. To assess the biodistribution of DIR, DMSN (D:DIR), 
and CDMSN (D:DIR), tumors and major organs were excised from treated mice at 2, 6, 12, and 24 h post-administration 
and imaged (Figure 4C–E). In the free DIR group, a fluorescence signal was observed in the liver, lungs, kidneys, and 
tumor. In the DMSN and CDMSN groups, a significant fluorescence signal was observed in the tumor site because of the 
EPR effect. Quantitative analysis indicated that the DIR signal intensity in the tumor tissue of the CDMSN group was 
2.19-fold higher than that in the free DIR treatment group (P<0.01) and 1.67-fold higher than that in the DMSN group 
(P<0.01). This could be explained by the EPR effect and avoidance of the reticuloendothelial system (RES) owing to the 
nanosize of the particles52 and homologous-targeting tumor accumulation from cancer membranes in vivo.53 

Collectively, these results indicated that CDIMSN nanoparticles efficiently delivered drugs into tumor tissues, likely 
via the EPR effect and the functionalization of the homologous binding adhesion molecules from cancer cell membranes.

Antitumor Effects in vivo
The antitumor effects of CDIMSN biomimetic nanoparticles were observed in the 4-T1 mouse tumor transplantation 
model. We investigated the in vivo therapeutic efficacy and tumor volume of PBS, MSN, DOX, 1-MT, DMSN, IMSN, 
DIMSN, and CDIMSN groups. Systemic toxicity was assessed by measuring changes in mouse body weight. Figure 5A 
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Figure 3 The biosafety and in vitro anti-tumor effect of biomimetic nanoparticles. The biosafety of CMSN: The Routine blood test (A), Liver function (B), Renal function 
index (C) and Myocardial zymogram index (D). (E) The viability of 4-T1 cells after treatment with doxorubicin (DOX), DMSN, DIMSN and CDIMSN at different DOX 
concentrations for 24h. (F) The viability of 4-T1 cells after treatment with doxorubicin (DOX), DMSN, DIMSN and CDIMSN at different DOX concentrations for 48h.(G) 
Cell apoptosis assay. Cell apoptosis analysis of 4-T1 cells treated as above for 48 h was measured by flow cytometry using Annexin V–APC and Phycoerythrin (PE) staining 
(DOX: 0.5 μg/mL; 1-MT:100nM). Data are expressed as the mean ± SD (n = 3).
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showed a direct view of free tumors in each group. As shown in Figure 5C, except for the DOX group, there was no 
significant weight loss in other treatment groups, indicating that 1-MT, DMSN, IMSN, DIMSN, and CDIMSN did not 
cause significant systemic toxicity. Compared with the PBS group, the 1-MT group showed no obvious inhibition of 
tumor growth (Figure 5B). DOX, DMSN, DIMSN and CDIMSN groups showed various degrees of anti-tumor growth 
activity. After sacrificing the mice on day 21, the tumor size of the CDIMSN group was approximately 2.66, 3.13, 2.25, 

Figure 4 In vitro immune activity of the Bionic nanoparticle (CDIMSN) and Biodistribution of CDIMSN in vivo. (A) IL-6 production in Lymphocytes which were co-cultured with 4-T1 
cells determined by ELISA after varies treatment for 24 h. (B) TNF-α production in Lymphocytes which were co-cultured with 4-T1 cells determined by ELISA after varies treatment for 
8 h. (C) In vivo imaging of CDMSN in 4-T1 cells tumor-bearing nude mice after tail vein injection. (D) Ex vivo imaging of tumors and organs collected from mice administered DIR, DMSN 
or CDMSN for 6, 12, 24h (DIR 5mg/kg). (E) Quantitatively analyzed of the fluorescence intensity of EX tumor. *p<0.05, **p <0.01.
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3.03 and 1.56-fold smaller than those of the DOX, 1-MT, DMSN, IMSN, and DIMSN groups (Figure 5B) (p<0.01). 
There was also a similar trend in the tumor weight. In addition to changes in tumor size, survival rates were also recorded 
for each group of mice. The survival curves of tumor-bearing mice are shown in Figure 5D. The survival rate on day 40 

Figure 5 Antitumor efficacy of CDIMSN in vivo. (A) Image of EX tumor at the time of sacrifice after 21 days post-treatment. (B) Tumor growth curves of mice receiving different 
therapeutic regimens. Data are expressed as means ±SD (n=6). (C) The body weight of tumor-bearing mice treated with PBS, MSN, DOX, 1-MT, DMSN, IMSN, DIMSN and CDIMSN. 
Data are given as the mean±SD (n=6). (D) Survival rate of 4-T1 tumor-bearing BALB/c mice. (E) TUNEL staining of tumor tissue. Scale bar is 50 μm. (F) The histological characteristics of 
4-T1 tumor tissue after treatment with phosphate-buffered saline (PBS), MSN, DOX, 1-MT, DMSN, IMSN, DIMSN and CDIMSN. **p<0.01.
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in PBS, MSN, DOX, 1-MT, DMSN, IMSN, DIMSN and CDIMSN groups was 0%, 0%, 0%, 0%, 16.67%, 0%, 33.33%, 
and 50%, respectively. Histological analysis and TUNEL staining assay were conducted to investigate antitumor effects 
in vivo. TUNEL staining showed that tumor cell apoptosis in the CDIMSN group was the most obvious, which was 
consistent with the results of HE staining (Figure 5E). As shown in Figure 5F, tumor necrotic areas in the CDIMSN 
group were more obvious than those in the control, DOX, 1-MT, DMSN, IMSN, and DIMSN groups. These results 
indicated that the IDO inhibitor alone did not produce a strong antitumor immune response. In the CDIMSN group, DOX 
induced tumor cell apoptosis, activated immunogenic cell death, and released tumor-related antigens or “danger” signals, 
which further improved recognition by the immune system. Additionally, the antitumor activity of the CDIMSN group 
was stronger than that of the DIMSN group, which may be due to targeting of the cell membrane, thereby enhancing the 
antitumor effect. Therefore, the CDIMSN group showed a synergistic antitumor effect.

Safety in vivo
We performed myocardial enzyme profile analysis to verify the biocompatibility of CDIMSN in vivo. As shown in 
Figure 6A, when comparing with the free DOX group, we found no obvious differences in the treatment groups. 
Furthermore, hematoxylin and eosin staining verified no major organ damage (Figure 6B). These results indicated that 
CDIMSN had high biocompatibility and a great potential for clinical application.

CRT Efflux in vivo
An in vivo CRT efflux assay showed more obvious CRT was in the CDIMSN group then that in the DOX, 1-MT, DMSN, 
IMSN and DIMSN group which results were consistent with in vitro results (Figure 6C). It can be seen that bionic 
nanoparticles co-carrying DOX and 1-MT release TAAs and DAMPs while killing tumor cells, and turn on the “switch” 
of immune response sequence through ICD, thus enhancing the effect of immunotherapy.

Detection of CD4+ and CD8+ T Cell in Mice Spleen
CD4+ and CD8+ T cells are the main T cell subtypes. T cell responses to PBS, DOX, IDO, DMSN, IMSN, DIMSN, and 
CDIMSN were assessed by flow cytometry. As shown in Figure 7A, CD4+ T cells were activated in all experimental 
groups (DOX, 1-MT, DMSN, IMSN, DIMSN and CDIMSN). As shown in Figure 7A and B, there were significantly 
more CD4+ T cells in the CDIMSN group (36.0%) than in the DOX (19.2%, p<0.01), 1-MT (8.81%, p<0.01), DMSN 
(20.3%, p<0.01), IMSN (10.6%, p<0.01), and DIMSN groups (28.0%, p<0.01), and significantly more CD8+T cells in the 
CDIMSN group (45.5%, p<0.01) than in the DOX (28.7%, p<0.01), 1-MT (6.96%, p<0.01), DMSN (30.5%, p<0.01), 
IMSN (7.34%, p<0.01), and DIMSN groups (32.8%, p<0.01)(Figure 7C and D). These results indicated that combined 
administration of DOX and 1-MT effectively activated the immune response.

DCs Maturation in Tumor Infiltration
The spleen regulates T lymphocyte immunity, which is an important part of tumor immunity. DCs in spleen was collected 
and labeled and then analyzed by flow cytometry. CD80-PEcy7 and CD86-APC positive number can be used to reflect 
the maturity of DCs. As shown in Figure 8A and B, the mature degree of CD80 was significantly higher (23.6%) than the 
DOX (10.7%, p<0.01), 1-MT (7.93%, p<0.01), DMSN (13.3%, p<0.01), IMSN (9.5%, p<0.01), DIMSN (15.9%, p<0.01) 
group. And significantly more CD86 in the CDIMSN group (49.4%, p<0.01) than in the DOX (37.2%, p<0.01), 1-MT 
(33.0%, p<0.01), DMSN (42.1%, p<0.01), IMSN (34.8%, p<0.01), and DIMSN groups (44.4%, p<0.01) (Figure 8C and 
D). In conclusion, ICD induced by biomimetic nanoparticles stimulated the immune response of tumor cells, and the 
release of TAAs and DAMPs effectively improved the maturation level of DCs, contributing to the process of anti-tumor 
immune response.

Discussion
In this study, biomimetic nanoparticles using mesoporous silica as carrier were constructed to co-carry chemotherapy 
drug DOX and IDO1 inhibitor 1-MT, and their properties, targeting ability and antitumor activity in vivo and in vitro 
were investigated through a series of experiments. The biomimetic nanoparticles can target the delivery of DOX and 
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Figure 6 In vivo safety of biomimetic nanoparticles and CRT valgus promotion. (A) Myocardial zymogram index of CDIMSN. **p<0.01. (B) Histological characteristics of 
organ histology after treatment with phosphate-buffered saline (PBS), MSN, DOX, 1-MT, DMSN, IMSN, DIMSN and CDIMSN. Scale bar is 100 μm. (C) Promoting CRT efflux 
in tumor-bearing BALB/c mice. Scale bar is 50 μm.
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immune adjuvants to the tumor site, achieving pH-sensitive drug release in the tumor microenvironment. Importantly, the 
bionic nanoparticles greatly reduced the leakage of DOX into the blood circulation. The results showed that the 
nanoparticles had a good anti-TNBC effect in vivo and in vitro, and could stimulate the tumor immune regeneration 
ability of mice. More importantly, nanoparticles showed a good killing effect on tumor cells in the blood circulation. Our 
study shows that for immune “cold tumor” TNBC, chemotherapeutic drugs can be used in combination with immune- 
activating drugs to obtain better antitumor effects. The results show that the synthesized bionic nanoparticles are 
intelligent and multifunctional antitumor drugs.

In this study, the cellular uptake among different treatment groups were very similar (above 90%), nevertheless, 
“in vitro cytotoxicity” and “CRT expression” are different. We think since we only took the drug at a certain time point in 
the cell uptake experiment, we may just see no significant difference in the four groups, but free DOX may be caused by 
P-glycoprotein efflux and other factors,54,55 while the endocytosis and retention time of nanoparticles in the cell are 
longer,56 and their action time is longer. At the same time, the membrane coated nanoparticles compete with the surface 
antigens of homologous cancer cells to obtain immune escape and homologous targeting ability,57 so as to obtain the best 
anti-proliferation effect and CRT expression.

Compared with traditional nanoparticles, from cell-derived peptide modifications to cell-based drug delivery 
systems,58 developments in biology are changing the design of drug delivery systems. Targeting drug delivery systems 
(TDDS) have developed as a promising delivery strategy due to low immunogenicity, innate mutation rate,59 long cycle 
time, non-neurotoxicity or tumorigenicity, and innate targeting ability. Tumor cell membranes inherit homologous targets 
and antigens from the source cell, has been applied in tumor targeted therapy and immunotherapy. In this study, we 
reported a bionic nanoparticles coated with TNBC tumor cell membrane. The results showed that the bionic nanoparticles 
had the characteristics of sustained release compared with the bare nanoparticles. Importantly, bionic nanoparticles have 

Figure 7 Expression of CD4+ and CD8+ T-cells after treatment with PBS, MSN, DOX, 1-MT, DMSN, IMSN, DIMSN and CDIMSN. The expression of splenocyte surface 
molecules was determined by flow cytometry. (A) Representative result CD4+ T cell of independent experiments and (B) Quantitative analysis of the percentage of positive 
CD4+ T cells. (C) Representative result CD8+ T cell of independent experiments and (D) Quantitative analysis of the percentage of positive CD8+ T cells. The data shown 
as means±SD (n =5). The statistical significance of the results was analyzed and indicated as **p <0.01.
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better targeting and longer cycles than bare nanoparticles. In vivo, the antitumor activity of CDIMSN was stronger than 
DIMSN, and the stimulation of DCs maturation was also better than DIMSN, indicating that the cell membrane coated 
nanoparticles have a potential application prospect.

Conclusion
Reversal of the immunosuppressive state and tumor immunogenic death promoted by chemotherapeutic drugs were 
combined, and the tumor microenvironment was targeted with biomimetic nanoparticles to activate the antitumor 
immune response and inhibit advanced TNBC. Mesoporous silica nanoparticles (MSN) loaded with DOX and an 
IDO1 inhibitor were constructed. The carrier had good biocompatibility and low toxicity, its porous structure provided 
a large surface area and high loading efficiency for drugs, and encapsulation of MSN reduced toxic side-effects of drugs. 
To prevent recognition and clearance of MSN by the immune system, the TNBC cell membrane was coated on the 
surface of MSN. Because of the low immunogenicity of the cell membrane, uptake of the endothelial reticular system 
in vivo was prevented to promote the long circulation of nanomaterials in vivo. Moreover, accumulation of MSN loaded 
with chemotherapeutic drugs in tumor tissues was realized by targeting of the membrane proteins to the tumor site, 
thereby effectively inhibiting tumor growth. The biomimetic nano-delivery system constructed for combined application 
of chemotherapy and immunotherapy targeted DOX and immune activator 1-MT to the tumor site. DOX induced tumor 
immunogenic death and directly killed tumor cells. 1-MT reversed tumor immunosuppression and suppressed tumor 
immune escape, thereby restarting the normal immune response to fight the tumor.

Ethics Approval and Informed Consent
Animal experiments were approved by the Jiaxing University ethics Committee. All animals were operated in accordance 
with the Guidelines for The Care and Use of Experimental Animals of Jiaxing University.

Figure 8 Expression of DC cells maturation after treatment with PBS, MSN, DOX, 1-MT, DMSN, IMSN, DIMSN and CDIMSN. The expression of splenocyte surface 
molecules was determined by flow cytometry. (A) Representative result CD80+ cell of independent experiments and (B) Quantitative analysis of the percentage of positive 
CD80+ cells. (C) Representative result CD86+ cell of independent experiments and (D) Quantitative analysis of the percentage of positive CD86+ cells. The data shown as 
means±SD (n =5). The statistical significance of the results was analyzed and indicated as **p <0.01.
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