
O R I G I N A L  R E S E A R C H

Cancer Cell Membrane Camouflaged Mesoporous 
Silica Nanoparticles Combined with Immune 
Checkpoint Blockade for Regulating Tumor 
Microenvironment and Enhancing Antitumor 
Therapy

This article was published in the following Dove Press journal: 
International Journal of Nanomedicine

Peiqi Zhao
Lihua Qiu 
Shiyong Zhou 
Lanfang Li 
Zhengzi Qian 
Huilai Zhang

Department of Lymphoma, Tianjin’s 
Clinical Research Center for Cancer, Key 
Laboratory of Cancer Prevention and 
Therapy, National Clinical Research 
Center for Cancer, Tianjin Medical 
University Cancer Institute and Hospital, 
Tianjin Medical University, Tianjin, 
300060, People’s Republic of China 

Purpose: Although anti-programmed cell death protein 1 antibody (aPD1) immunotherapy 
and chemotherapy has made much progress in the treatment of melanoma, the efficacy still 
needs to be further improved.
Methods: Cancer treatment has been greatly enhanced by the use of nanotechnology. 
Cancer cell membrane (CCM)-camouflaged nanoparticles have shown promising potential 
in tumor therapy due to their excellent homologous-targeting ability, long blood circulation 
and immune escape. This work presents a biocompatible and tumor acidic environmental 
responsive CCM-camouflaged mesoporous silica nanoparticle (CMSN) that is loaded with 
dacarbazine (DTIC) and combined with aPD1 to achieve better antitumor efficacy.
Results: In vitro cell experiments demonstrated that DTIC@CMSN exhibits a better anti-tumor 
killing efficiency and a stronger ability to promote the apoptosis of tumor cells than free DTIC. In 
vivo antitumor results demonstrated that combination therapy of DTIC@CMSN chemotherapy and 
aPD1 immunotherapy remarkably suppress the melanoma growth and prolong survival time due to 
highly selective tumor killing, activation of tumor-specific T cells, and regulation of the immuno-
suppressive tumor microenvironment. In addition, safety evaluation studies of DTIC@CMSN also 
demonstrate their increased tumor accumulation and decreased systemic toxicity.
Conclusion: This study provides a promising nano-platform for the combination of che-
motherapy with immunotherapy, which is potentially useful for the treatment of melanoma.
Keywords: anti-PD-1, cancer cell membrane, cancer immunotherapy, melanoma, 
mesoporous silica nanoparticle

Introduction
Melanoma is the fifth most common type of cancer among men and sixth among women 
in the United States, with an estimated 100,350 new cases and 12,830 deaths in 2020.1 

More than half of the patients were diagnosed with stage I, and these patients had a five- 
year survival rate of approximately 100%.2 By contrast, a small percentage of patients 
with advanced melanoma exhibited a 5-year survival rate of only 19%.2

Many treatments have been developed for the management of metastatic 
melanoma,3–8 among which Dacarbazine (DTIC) is the only chemotherapeutic 
drug approved by the US Food and Drug Administration (FDA); it is used as a first- 
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line chemotherapy drug for melanoma.9 DTIC is 
a precursor of purine biosynthesis, that not only interferes 
with purine biosynthesis, but also inhibits the synthesis of 
RNA, protein and DNA. After entering the body, dacarba-
zine is demethylated by liver microsomes to form mono-
methyl compounds, which have direct cytotoxic effects.10 

However, the following disadvantages of DTIC in the 
treatment of melanoma limit its further application.10–13 

First, the efficacy of dacarbazine in the treatment of mel-
anoma is generally poor, presenting an overall response 
rate of 5–20%, a rare complete response rate. It has been 
reported to present a median progression-free survival of 
1.5–1.6 months.11–13 Second, DTIC is extremely unstable 
under light and heat. It is also unstable in water, and 
should be injected immediately after formulation.10 

Third, DTIC requires intravenous injection and has 
a short half-life. Lastly, DTIC does not target melanoma 
cells and it does produce noticeable damage to liver and 
kidney function.

Cancer treatment has been greatly enhanced by the use 
of nanotechnology.14–16 Nanoparticles can overcome bio-
logical barriers and achieve enhanced uptake in cancer 
cells, thus improving the efficacy of chemotherapy drugs, 
reducing adverse reactions, and even reversing multidrug 
resistance in tumors.14,17–19 Therefore, we hypothesized 
that nanoparticle-based approaches might improve the effi-
cacy of DTIC.

However, because drug-loaded nanoparticles passively 
target tumors via the enhanced permeability and retention 
(EPR) effect of leaky blood vessels in tumors, less than 
1% of anticancer drugs reach the tumor site.20–22 In addi-
tion, unintended drug release of drug-loaded nanoparticles 
before they reach the tumor site causes damage to normal 
tissues and cells.23 Various targeting components, such as 
peptides, aptamers and antibodies, have been used to 
further improve the tumor-targeting efficiency of the 
nanocarriers.24–27 However, the integration of the targeting 
component requires multiple chemical reactions and for-
mulation processes, that inevitably lead to problems of low 
stability, poor reproducibility and complex evaluation of 
the nanocarriers.28,29 Nevertheless, most of the nanocar-
riers remain excluded by the reticuloendothelial system 
during blood circulation, thus resulting in low targeting 
efficiency.30

Recently, a biomimetic technology has emerged in 
which nanoparticles are coated by natural cell 
membranes31–33 and demonstrates improved tumor target-
ing efficiency. In addition, the cancer cell membrane 

(CCM) coating on the nanoparticles results in homogenous 
(self-identifying) binding to primitive cancer cells.34,35 

This homogenous affinity lowers systemic clearance, 
thereby prolonging blood circulation and effectively 
improving tumor targeting.35

The study protocol, as illustrated in Scheme 1, 
designed, synthesized and utilized mesoporous silica nano-
particles (MSN) that encapsulated DTIC in their cavities. 
The extrusion method was then used to coat CCM frag-
ments on their surfaces, thereby generating the 
DTIC@CMSN that provided additional resistance to 
DTIC leakage. When injected intravenously into tumor- 
bearing mice with human melanoma cells (B16F10), nano-
particles can accumulate at tumor sites through the EPR 
effects and homologous tumor targeting in vivo.36 We 
hypothesized that when DTIC@CMSN arrives at the 
tumor site, it releases the chemotherapy drug DTIC, 
which directly kills tumor cells. Furthermore, we speculate 
that this action exposes tumor antigens and further triggers 
an anti-tumor immune response. The subsequent applica-
tion of anti-programmed cell death protein 1 antibody 
(aPD1) resists the negative feedback pathway of the 
immune response during chemotherapy by blocking the 
PD-1/PD-L1 axis, thereby allowing activation of addi-
tional immune pathways. Thus, we hypothesized that the 
strategy of using DTIC@CMSN combined with aPD1 will 
display significant improvement in both primary tumor 
inhibition and reduction of systemic side effects.

Materials and Methods
Materials
Cetyltrimethylammonium bromide (CTAB), dichloro-
methane (DCM), dimethyl sulfoxide (DMSO), tetraethy-
lorthosilicate (TEOS), phosphate-buffered saline (PBS, pH 
7.4; pH 6.5; pH 5.0), hematoxylin and eosin (H&E), 
methylthiazoletetrazolium (MTT), DTIC, fluorescein iso-
thiocyanate (FITC) and Cy5.5 were purchased from 
Sigma-Aldrich. Annexin V-FITC/PI apoptosis assay kit, 
Membrane Protein Extraction Kit, the monoclonal anti-
body against CD47, E-cadherin and EpCAM were sup-
plied by Thermo Fisher Scientific (USA). Melanoma cell 
line B16F10 cells were provided from American Type 
Culture Collection (ATCC, Manassas, VA, USA).

C57BL/6 mice (5–6 weeks old) were obtained by the 
Vital Laboratory Animal Center (Beijing, China). Mice 
were fed in our specific-pathogen-free facility at 
a temperature of 24°C. All animal experiments were 
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approved by the Animal Ethical and Welfare Committee of 
Tianjin Medical University Cancer Institute and Hospital, 
and all animal studies were performed in compliance with 
the guidelines of the committee.

Preparation of CCM
To prepare CCM, we cultured B16-F10 cells in a 10 cm 
diameter culture dish at 37°C with 5% CO2, and then isolated 
the cells with a cell scraper. Next, the cells were isolated by 
centrifugation at 1000 g for 4 min. The collected cells were re- 
suspended in a precooled PBS buffer (pH = 7.4) and centri-
fuged again at 1000 g for 4 min. The collected cell pellets were 
re-suspended in a hypotonic lysing buffer containing the 
membrane protein extraction reagent. The above samples 
were then incubated in an ice bath for 10 min. Next, the cells 
in the solution were fractured by freeze-thaw and centrifuged 
at 1000 g for 7 min at 4°C. To remove excess cancer cell 
vesicles and collect cell membrane fragments, the supernatant 
was further centrifuged at 14,000 g for 30 min. Subsequently, 
we used an Avanti mini extruder to extrude 11 times. Finally, 
we centrifuge to remove the redundant cancer cell vesicles.

Preparation and Characterization of 
CMSN
MSN was synthesized according to a reported procedure.19 

To implement the membrane coating, MSN was mixed 
with cancer cell membranes at a nanoparticle-to- 
membrane weight ratio of 2:1, and prepared cancer cell 
vesicles were mixed and resuspended in 1 mL of PBS. We 
then used an Avanti mini-extruder to extrude 11 times and 
centrifuged to remove the excess cancer cell vesicles. 
Finally, this preparation of CMSN was placed at 4 °C in 
1× PBS overnight for further use.

The particle size, surface potential and polydispersity 
index of MSN and CMSN were determined by using the 
dynamic light scattering (DLS) method. The distribution 
of CCM at the surface of the MSN was examined under 
a Leica TCS SP5 CLSM (Heidelberg, Germany).

In brief, CCM was resuspended in sterile PBS. Then, 
FITC NHS ester at final concentration of 3 μM were added 
to the CCM and incubated gently on a shaker in the dark at 
room temperature for 1 h. The FITC-labeled CCM were 

Scheme 1 (A) Schematic illustrations of the process for synthesizing the dacarbazine (DTIC) loaded cancer cell membrane camouflaged mesoporous silica nanoparticle 
(DTIC@CMSN). (B) Schematic diagram of antitumor immune response induced by DTIC@CMSN combined with anti-programmed cell death protein 1 antibody (aPD1).
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then washed with PBS and collected by certification for 
further characterization. And then the CMSN were pre-
pared using the method described above. A small drop of 
FITC labeled CMSN in water was deposited on micro-
scope slides and visualized through a FITC (488 nm) 
channel filter. Representative images were taken and 
selected from a slice through the midsection of the CMSN.

Synthesis of DTIC@CMSN
One hundred-milligram CMSN and 30 mg DTIC were dis-
persed in 10 mL DMF by ultrasonic treatment, and the mixture 
was stirred at room temperature for 24 h. The obtained crude 
product was then centrifuged (8000 r/min, 10 min). The encap-
sulation efficiency of DTIC in CMSN was determined by 
reverse phase high-performance liquid chromatography (RP- 
HPLC, Agilent Technologies Inc., 1100S, USA) with a UV-vis 
detector at wavelength of 319 nm. Chromatographic separa-
tions were performed on a reversed phase-C18 column 
(Hypersil ODS2 C18 5 µm, 250 × 4.6 mm). Methanol/water 
(30/70, v/v) containing 0.1% trifluoroacetic acid was used as 
the mobile phase at a flow rate of 1 mL/min.

To determine in vivo targeting of CMSN, the fluores-
cent dye Cy5.5 was incorporated as the tracer fluorescent 
probe. To prepare Cy5.5-labeled CMSN, 50 μL of the 
Cy5.5 dye was dissolved in ethanol (1 mg/mL) and incor-
porated in place of drugs. Cy5.5 labeled CMSN was pre-
pared in the same manner.

CCM Protein Characterization
First, membrane proteins of melanoma cell lysates, mela-
noma cell membrane fragments, and CMSN were 
extracted, and the total protein was measured using the 
BCA assay kit (Beyotime, China). Proteins were separated 
by SDS-polyacrylamide gel electrophoresis (10%) and 
then transferred to polyvinylidene fluoride (PVDF) mem-
branes. Western blot experiments were performed to verify 
the presence of cell membrane proteins on the surface of 
CMSN. Specific proteins were detected using an enhanced 
chemiluminescence detection assay (Santa Cruz 
Biotechnology, Inc.) according to manufacturer’s instruc-
tions. The sample imprinting was analyzed using the Bio- 
RAD imaging system (Bio-RAD, Hercules, CA, USA).

In vitro Release of DTIC from CMSN and 
MSN
In vitro drug release of DTIC from DTIC@CMSN and 
DTIC@MSN was measured after time-controlled 

equilibration and centrifugation in PBS at pH 7.4, 6.5 
and 5.0. Briefly, an amount of 15 mg DTIC@CMSN and 
DTIC@MSN were dispersed in a 10 mL release medium 
and placed in a rocking bath at 37°C at a speed of 
100 rpm. At predetermined time intervals, the released 
samples were centrifuged, and the supernatant was col-
lected for subsequent analysis. The same volume of fresh 
medium was immediately added to the test tube to enable 
continuous release with no change in dilution volume. The 
supernatant was then extracted and analyzed to detect 
DTIC by RP-HPLC.

Biocompatibility Experiment
To test the cytotoxicity of CMSN in vitro, B16F10 cells 
were first inoculated in 96-well plates at a density of 5×103 

cells per well and cultured for 24 h. CMSN suspensions at 
different concentrations (1, 2, 5, 10, 20, 50, 100 and 200 
μg/mL) were then added to each well and incubated with 
the cells for 24 and 48 h. Next 20 μL 3-(4,5-dimethyl- 
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) 
solution (5 mg/mL) was injected into each well and cul-
tured for 4 h. The supernatant was then discarded and the 
crystals at the bottom were dissolved with 150 μL 
dimethyl sulfoxide (DMSO). Finally, the OD value at 
490 nm was measured by a microplate reader to calculate 
the cell viability.

Cellular Uptake of CMSN
The intracellular distribution of CMSN was examined by 
CLSM. In brief, B16F10 cells (2×105 cells/well) were 
seeded on 22 mm round glass coverslips, placed in 
6-well plates, and cultured overnight in DMEM. The 
nanoparticles were added to B16F10 cells and cultured at 
37°C for 4 h. We used FITC to label CCM. Cells were 
washed 3 times with PBS and fixed with paraformalde-
hyde (PFA) for 30 min. Finally, we stained the nuclei 
using DAPI and then imaged them using CLSM. FITC 
and DAPI channels presented green and blue fluorescent 
images, respectively.

In vitro Anti-Tumor Activity of 
DTIC@CMSN
To gauge the effectiveness of DTIC@CMSN in vitro, 
B16F10 cells were transferred to 96-well plates (Corning 
Costar Corp, New York, USA) at a density of 1×104 cells 
per well and cultured for 24 h. Cells were then exposed to 
serial concentrations of DTIC, DTIC@MSN and 
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DTIC@CMSN for 24 h and 48 h. To measure cell viability 
after these exposures, 20 μL of 5 mg/mL MTT solution 
was added to each well. The plates were incubated in 
darkness at 37°C for an additional 4 h. The rest of the 
experimental protocol was detailed in Section 2.8 describ-
ing the biocompatibility experiment.

Measurement of Cell Apoptosis
Apoptosis of B16F10 cells was detected using the Annexin 
V-FITC/PI apoptosis detection kit. Cells were first exposed 
to continuous concentrations of DTIC, DTIC@MSN and 
DTIC@CMSN for 24 h. After incubation, the cells were 
washed in PBS and then re-suspended in the binding 
buffer (1×106 cells per mL). The resulting cell suspensions 
(500 µL per sample) were incubated with 5 µL Annexin 
V-FITC and 10 µL PI at room temperature in the dark for 
10 min. Flow cytometry was used to analyze apoptosis.

In vivo Antitumor Experiments
The C57BL/6 male mice model with subcutaneous 
B16F10 melanoma was established by implanting approxi-
mately 1×106 B16F10 cells into the right flank of the mice. 
After 10 days, mice were randomly divided into six groups 
(n = 8) and were given intravenous injections of the 
following agents: PBS, DTIC, aPD1, DTIC@MSN, 
DTIC@CMSN and DTIC@CMSN + aPD1 at a dose of 
40 µg aPD1 and/or 10 mg/kg DTIC per mouse. Tumor 
volume was measured every two days and calculated 
based on the following formula: V= (long diameter × 
short diameter2)/2. The survival time of model mice was 
recorded from the day of tumor cell implantation. The 
Kaplan-Meier survival curve was plotted.

In vivo Biodistribution of CMSN
To validate the in vivo targeting of CMSN, we labeled 
CMSN with the fluorescent dye Cy5.5. Our test system 
comprised a mouse melanoma-bearing model according to 
the methods described above. The tumor-bearing mice 
were then injected with Cy5.5-labeled CMSN through 
the tail vein. Four hours after administration, the mice 
were killed by cervical dislocation. Tumors and major 
organs (heart, kidney, spleen, lung, and liver) were 
removed and then imaged using the IVIS in vivo imaging 
system.

Evaluation of Systematic Toxicity
Toxicity was evaluated in tumor-bearing mice after three 
does administration. Serum chemistry levels from 

collected blood in every group were measured according 
to manufacturer’s instructions. Organs (heart, liver, spleen, 
lung and kidney) and tumors were fixed in paraformalde-
hyde fixative solution for H&E staining.

Flow Cytometric Analysis of Immune 
Responses
In order to study the immune response in the tumor micro-
environment, tumors were excised on the day following the 
administration of the last dose to collect infiltrating immune 
cells. The tumor was weighed and digested with collage-
nase A and DNase I. The cell suspension was then divided 
into a series of antibody staining solutions to label CD4 + 
T cells (CD3 + CD4 +), CD8 + T cells (CD3 + CD8 +) and 
regulatory T cells (CD4 + Foxp3 +).

Cytokine Analysis Assay
Equal weights of tumors were excised in every group to 
detect secretion of cytokines (TNF-α, TGF-β, IL-10 and 
IFN-γ) in the tumor microenvironment. The supernatant 
was subjected to high-speed homogenization and centrifu-
gation and then tested by ELISA.

Statistical Analysis
All experiments must be repeated at least three times 
unless otherwise specified. All experimental data are 
expressed as mean ± standard deviation. The statistical 
differences between groups were determined by Tukey’s 
test. *P < 0.05 was considered as statistically different.

Results and Discussion
Design of DTIC@CMSN
The nanocomplexes were designed to achieve effective 
DTIC encapsulation and cell membrane cloaking. Our intent 
is to demonstrate effective and efficient melanoma cell kill-
ing. As shown in Scheme 1, the synthesis of the nanocom-
posite consists of three steps: i) MSN synthesis and loading 
with DTIC (DTIC@MSN), ii) cell membrane isolation from 
B16F10 cells, and iii) construction of DTIC@CMSN by 
self-assembly of CCM on the surface of DTIC@MSN by 
repeated extrusion cycles. Studies have shown that MSN is 
an ideal carrier for carrying and delivering chemotherapy 
drugs.33,37,38 The self-assembly of the cancer cell membrane 
on the MSN surface is mainly driven by thermodynamic 
considerations, and assisted by interactions between the 
amino groups on the MSN surface and membrane phospho-
lipids and proteins.39,40 The targeted delivery of 
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DTIC@CMSN is achieved through the EPR and homolo-
gous targeting.36 After uptake by melanoma cells, 
DTIC@CMSN is activated to decompose in the lysosomal 
acid environment. DTIC is consequently released into the 
cytoplasm, eventually leading to the DTIC binding to 
nuclear DNA and initiation of the apoptosis cascade.

Preparation and Characterization of the 
CMSN
CCM coatings confer excellent targeting capabilities by 
avoiding immune elimination and homologous adherence 
to nanoparticles. In our earlier work, MSN was synthe-
sized according to a modified method previously 
reported.19,41 TEM images showed them to be uniformly 
dispersed and spherical with an average particle size of 
about 140 nm. We prepared natural cancer cell vesicles 
from B16-F10 cells and co-extruded the CCM and MSN, 
thereby generating CCM coated MSN. The hydrodynamic 
diameter of MSN measured by DLS increased by about 9 
nm after encapsulation of cancer cell vesicles, which is 
consistent with other reports.33,42 The zeta potential mea-
surements also suggest a successful coating, as the surface 
charges of the MSN cores increased to approximately that 
of the membrane vesicles after being coated (Table 1). In 
addition, MSN and CMSN samples showed high mono-
dispersity in PBS (Table 1). In order to further verify that 
CCM is wrapped on MSN surface, we tagged the CCM 
with FITC dye. Figure 1A shows that a generally uniform 
green shell is observed in the CMSN, indicating that the 
MSN was successfully covered by CCM.

The stability of CMSN in simulated physiological 
media was also assessed by measuring particle size 
changes. Figure 1B shows that the particle size change of 
CMSN in PBS during 14 days is negligible, indicating that 
it has excellent stability in PBS.

To simulate the drug release behavior of 
DTIC@CMSN under physiological conditions, in tumor 
and lysosome microenvironments, we evaluated and 

mapped the drug release curve of DTIC@CMSN in vitro 
at pH 7.4, 6.5 and 5.0 (Figure 1C). At pH 7.4, only a small 
amount of DTIC was released from DTIC@CMSN. After 
incubation for 16 h, 20% of the original payload of DTIC 
was released from DTIC@CMSN compared to 30% DTIC 
released from DTIC@MSN. This suggest that CCM effec-
tively prevents the premature release of the drug under 
physiological conditions. At pH 6.5, after incubation for 
only 8 hours, the amount of DTIC released by 
DTIC@CMSN increased sharply to about 30%. Notably, 
the greatest rate of drug release was observed at pH 5.0, 
with nearly 90% of the encapsulated drug released after 64 
h. Drug release at the lowest pH from DTIC@CMSN was 
significantly greater than the release yield at pH 7.4 and 
6.5. The pH sensitivity of the carrier is attributed to the 
membrane structure, surrounding the complex. Drug 
release has been shown to involve three steps: 1) acid 
environment enhances the release of DTIC absorbed on 
the surface of the membrane; 2) CCM is disengaged from 
MSN through acid-induced aqueous solution dissolution;43 

and 3) excessive H + in the acidic solution weakens the 
interaction between DTIC and MSN through competitive 
adsorption.44

Biocompatibility is one of the most important indica-
tors for evaluating the performance of nanoparticles.45 We 
first measured the cytotoxicity of CMSN based on MTT 
tests. As shown in Figure 1D, all cells displayed high 
viability after incubation with CMSN for 24 h and 48 
h. Even at the maximum concentration of 200 μg/mL, 
the cell metabolic activity remained above 95%, indicating 
that the nanoparticles had good biocompatibility. 
Therefore, the low cytotoxicity of nanoparticles potentially 
qualifies them as a safe drug delivery system.

Considering that proteins on the cell membrane surface 
play crucial roles in the homologous adhesion character-
istics of tumor cells,46 three major membrane proteins 
associated with cellular adhesion (CD47, E-cadherin and 
EpCAM) were investigated using Western blotting.47–49 

The results showed that CMSN carrier had protein profiles 
similar to those of CCM and cancer cell lysates, indicating 
that their membrane proteins were not destroyed during 
cell membrane extraction and coating by extrusion meth-
ods on the nanoparticle surfaces (Figure 1E).

Next, we tested the endocytic function of B16F10 cancer 
cells with respect to their ability to internalize CMSN. We 
labeled the CCM with FITC. After incubation with CLSM, 
the cancer cells displayed FITC (green) signals surrounding 
the nuclei, indicating that CMSN has the ability to target 

Table 1 Average Size, Polydispersity and Zeta Potential of MSN 
and CMSN

Samples Particles Size 
(nm)

Polydispersity Zeta Potential 
(mV)

MSN 142.46±6.31 0.21±0.04 −19.21±4.13

CMSN 151.78±5.57 0.19±0.03 −13.29±2.71

Note: All values are expressed as the mean ± SD for at least three different 
preparations.
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B16F10 cells (Figure 1F). Figure 1F also shows that the 
core-shell structure of CMSN has been disrupted and FITC 
marker is distributed throughout the cell.

Cytotoxicity and Anti-Proliferative Effects 
of DTIC@CMSN in vitro
Next, the in vitro cytotoxicity of DTIC@CMSN to B16F10 
cells was assessed. The cells treated with free DTIC (5 μg/mL 
DTIC) for 48 h resulted in about 20% of cell death, while the 
activity of the cells treated with DTIC@MSN (5 μg/mL 
DTIC) decreased to 75% (Figure 2), and DTIC@CMSN (5 
μg/mL DTIC) induced up to 40% of cell death. These data also 
indicate that the anti-tumor efficacy is further enhanced by 
increasing the intracellular DTIC concentration due to the 
homologous cell targeting by DTIC@CMSN.

Apoptosis of B16F10 cells induced by DTIC, 
DTIC@MSN and DTIC@CMSN was studied using an 
Annexin V-PI staining assay (Figure 2C and D). After 24 
h of exposure, B16F10 cells treated with DTIC@CMSN 
showed the highest apoptosis rate, about 27.2%, while the 
apoptosis rates of DTIC and DTIC@MSN on B16F10 
cells were lower (15.3% and 20.3%, respectively). 
Annexin V-PI staining further demonstrated the excellent 
antitumor efficacy of DTIC@CMSN.

In vivo Anti-Tumor Activity
We evaluated the synergistic effect of DTIC@CMSN com-
bined with systemic administration of aPD1 on melanoma in 
a mouse tumor-bearing model. Figure 3A shows the details 
of the treatment schedule. Melanoma mice were intrave-
nously injected with PBS, aPD1, DTIC, DTIC @ MSN, 

Figure 1 (A) Evidence for the coverage of cancer cell membranes coated on the surface of mesoporous silica nanoparticle by confocal microscopy. Scale bar represents 10 μm. 
(B) Stability of MSN and CMSN in PBS over time. (C) In vitro release profiles of DTIC from DTIC@MSN (pH 7.4) and DTIC@CMSN in PBS (at pH 7.4, pH 6.5 and pH 5.0). (D) 
Cell viability of B16F10 cells incubated with CMSN without drug at various concentrations measured at 24 h and 48 h. (E) The analysis of E-Cadherin, CD47 and EpCAM by 
Western blot. a: cancer cell lysate; b: cancer cell membranes; c: CMSN. (F) Confocal laser scanning microscopy images of B16F10 cell by cultured with FITC (green) labeled 
CMSN and DAPI (blue) used for staining cell nuclei. Scale bar is 50 μm.
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DTIC @ CMSN and DTIC @ CMSN+aPD1 at a dose of 40 
µg aPD1 and/or 10 mg/kg DTIC per mouse. After 20 days of 
treatment, we evaluated the therapeutic effect. As shown in 
Figure 3B, tumor volume in the control group increased 
rapidly and reached 3600 mm3 by the end of treatment. The 
tumor volume of mice in the DTIC and aPD1 groups 
increased to 2600 mm3 and 2400 mm3 respectively, indicat-
ing that the tumor inhibition ability by these agents was 
relatively weak. However, tumor volume was significantly 
reduced in the DTIC@MSN and DTIC@CMSN groups. 
After twenty days of treatment, tumor volumes in these 
groups were found to average 1376 mm3 and 798 mm3 

respectively. The DTIC@CMSN combined with aPD1 
group showed the best antitumor activity, with the inhibition 

rate of tumors in mice reaching 91.7%, while the inhibition 
rates in the DTIC, aPD1, DTIC@MSN and DTIC@CMSN 
groups were 27.8%, 33.3%, 61.8% and 77.8%, respectively 
(Figure 3C). The images of tumors in the six treatment 
groups shown in Figure 3D further indicate that the antitumor 
activity of the DTIC@CMSN combined with aPD1 group 
was greater than that for other groups. In addition, we 
assessed the overall survival rate of tumor-bearing mice in 
each group (Figure 3E). Only one animal in the group of 
DTIC@CMSN combined with aPD1 co-therapy died at day 
55. The odds of survival were 50% in the DTIC@CMSN 
group. The PBS, DTIC and aPD1 groups had the worst 
survival, with nearly all the mice dying before day 40. As 
shown in Figure 3E, the combination of DTIC@CMSN with 

Figure 2 Cell viability of B16F10 cells treated with different concentrations of DTIC, DTIC@MSN and DTIC@CMSN for 24 h (A) or 48 h (B). (C) Apoptosis by flow 
cytometry assay in B16F10 cells induced by medium alone as negative control, DTIC, DTIC@MSN and DTIC@CMSN for 24 h. (D) Corresponding percentages of living, 
early apoptotic, late apoptotic, and necrotic tumor cells under different treatments. Error bars were calculated based on six samples. *P < 0.05.
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Figure 3 (A) Scheme of time axis showing the design of animal study. (B) The tumor growth curves under various treatments. (C) Tumor growth inhibition ratios of 
different groups at the 20th day of treatment. (D) Photographs of excised tumors from the tested groups after various treatments. (E) Survival curves of tumor- 
bearing mice after various treatments. (F) Body weight profiles of tumor-bearing mice at the end of the treatment period (day 20). (G) Images of major organs and 
tumors after tail vein injection of Cy5.5-labeled CMSN. (H) Quantification of the fluorescence intensity in the tumor, heart, liver, spleen, lung, and kidney at 4 h post 
injection. *P < 0.05, **P < 0.01. (mean ± SD, n =8).
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α-PD1 improved the survival rate of the tumor-bearing mice, 
further suggesting that the strategy of blocking PD-1 signifi-
cantly improved the anti-tumor efficiency of DTIC@CMSN. 
During this experiment, we also monitored the weight of 
mice, and no significant weight loss was observed in any 
group. These data suggest that our carrier system, CMSN, 
has appropriate biocompatibility (Figure 3F).

The targeting capability by CMSN was evaluated by 
in vivo imaging. First, a mouse tumor model bearing 
melanoma B16F10 was established for 10 days, and sub-
sequently Cy5.5-labeled CMSN was injected intrave-
nously. Mice were sacrificed at 4 h after injection and 
dissected for in vivo imaging. The results showed that 
Cy5.5 labeled CMSN showed brighter signals in mice 
tumors than in other tissues and organs, indicating that 
CMSN has good tumor targeting efficiency (Figure 3G and 
H). Fluorescence intensity of liver and kidney treated with 
Cy5.5 labeled CMSN was stronger than heart, lung and 
spleen, mainly due to the metabolism of CMSN in kidney 
and liver. These results show the degree to which the 
membrane coated nanoparticles are able to perform homo-
logous targeting.

Evaluation of in vivo Systematic Toxicity
H&E staining further examined six treatment groups’ 
damage to five major organs (liver, spleen, lung, kidney, 
and heart) and tumors (Figure 4A). Staining showed that 
the liver of mice in the DTIC group was slightly damaged, 
which may occur because the liver is the major organ for 
metabolic breakdown of DTIC. The other treatment 
groups, including DTIC@MSN, DTIC@CMSN and 
DTIC@CMSN combined with aPD1 showed no signifi-
cant damage to liver or other organs, indicating that the 
actual dosages provided good biocompatibility. 
DTIC@CMSN combined with aPD1 treatment showed 
the most severe tumor cell apoptosis in H&E stained 
tumor slices. Homologous targeting appears to be attribu-
table to CCM layering upon MSN drug carriers. In addi-
tion, the synergistic anti-tumor action caused by 
accelerated DTIC release from targeted lysosomes, in 
combination with aPD1 administration over the course of 
treatment, appear to reduce the non-specific cytotoxic 
effects of chemotherapy drugs.

To assess systemic toxicity, whole blood was collected 
24 h post-injection. Hematological parameters largely 
showed no difference among the PBS, DTIC, aPD1, 
DTIC@MSN, DTIC@CMSN and DTIC@CMSN+aPD1 
treatments (Figure 4B).

Hepatotoxicity was further investigated since DTIC is 
mainly metabolized by the liver. As shown in Figure 4C, 
serum levels of alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) significantly increased in 
DTIC treated mice, while ALT and AST levels were sig-
nificantly lower in mice treated with aPD1, DTIC@MSN, 
DTIC@CMSN and DTIC@CMSN+aPD1. These serologi-
cal indicators were consistent with histological assess-
ments. Collectively, these results consistently 
demonstrated the good biocompatibility of 
DTIC@CMSN+aPD1. We speculate that encapsulation of 
DTIC in the nanoparticles may alleviate the hepatotoxicity 
of DTIC to some extent.

Mechanistic Analysis of the Immune 
Response
We analyzed the tumor-infiltrating lymphocytes in each 
treatment group using flow cytometry to better understand 
the mechanism of DTIC@CMSN combined with PD-1 
immunotherapy. T cells were first collected from tumor 
tissues and co-stained with CD3, CD4, CD8 and Foxp3 for 
flow cytometry analysis. CD8 +T cells are cytotoxic 
T cells, and CD4 +T cells are helper T cells, both of 
which are functional for cell-mediated adaptive immunity. 
Studies have shown that the increase in the number of 
CD8 + and CD4 +T cells promotes immunotherapy against 
cancer.40 Our results show that the magnitude of infiltrates 
of CD8 +T cells in the DTIC@CMSN+ aPD1 treatment 
group is greater than those in other groups (Figure 5A). In 
contrast, regulatory T cells (Tregs) (CD4 + Foxp3 +) 
inhibit the antitumor immune response. As shown in 
Figure 5A, the proportion of Tregs (CD4 + Foxp3 +) in 
the DTIC@CMSN plus aPD1 group is significantly lower 
than in other groups.

The group representing the DTIC@CMSN plus aPD1 
treatment modality exhibited significantly higher CD8+ 
Teff-to-Treg and CD4+ Teff to-Treg ratios (Figure 5B). 
In addition, by comparing the aPD1 and DTIC@CMSN 
plus aPD1 treatments (Figure 5), we found that the com-
bination therapy increases the effective T cell ratio (CD8+ 
T cells, CD8+ Teff-to-Treg ratio, and CD4+ Teff-to-Tregs 
ratio) and lowers the Tregs rate. This may be because these 
coated nanoparticles experienced immune evasion while 
they are capable of targeting cancer cells.

In recognition of the important role that cytokine secre-
tion plays in the immune response, we collected serum from 
mice 24 h after different treatments to analyze the changes 
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Figure 4 (A) Hematoxylin & eosin analysis of major organs of mice (heart, liver, spleen, lung, and kidney) and tumors under different treatments (PBS, DTIC, aPD1, 
DTIC@MSN, DTIC@CMSN, DTIC@CMSN+aPD1). Magnification 200×. (B) Serum levels of blood count (red blood cells (RBC), white blood cells (WBC), platelets (PLT) 
and hemoglobin (HGB)). (C) Serum levels of liver function biomarkers. 
Abbreviations: ALT, alanine transaminase; LDH, lactate dehydrogenase; AST, aspartate aminotransferase; CRE, renal function creatinine; BUN, blood urea nitrogen; UA, 
urea.
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Figure 5 (A) Fractions of tumor-infiltrating CD4+, CD8+ and CD4+ FoxP3+ regulatory T cells (Treg cells) in the tumors with different treatments by flow cytometry. (B) 
CD8+ CTL-to-Treg ratios and CD4+ effecter T cells-to-Treg ratios in the tumors with different treatments. (C) Enzyme-linked immunosorbent assay (ELISA) analysis of IL- 
10, TNF-α, TGF-β and IFN-γ after the mice were injected with PBS, DTIC, aPD1, DTIC@MSN, DTIC@CMSN and DTIC@CMSN+aPD1. *P < 0.05, **P < 0.01.
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of IL-10, TNF-α, TGF-β and IFN-γ (Figure 5C). The release 
of these cytokines indicates acute inflammation, which is an 
important mechanism for inducing anti-tumor immunity.50 

The secretion of TNF-α, and IFN-γ was significantly greater 
when induced by DTIC@CMSN+aPD1 than by the DTIC, 
aPD1, DTIC@MSN and DTIC@CMSN groups. The high-
est expression of both TNF-α and IFN-γ in the group of 
DTIC@CMSN+aPD1 in the tumor microenvironment also 
confirmed the enhanced immune response after aPD1 
blockade (Figure 5C), due to the neutralization of the nega-
tive immune feedback pathway during chemotherapy. TNF- 
α, and IFN-γ are also key mediators of cellular immunity. 
Continuous elevation of these serum cytokines indicates 
that DTIC@CMSN + aPD1 activates cellular immunity. 
As the anti-tumor effect of aPD1 is mediated by cellular 
immunity, its continuous activation will be beneficial to 
further improve the efficacy of aPD1.51,52 The anti-tumor 
immune response of DTIC@CMSN combined with aPD1 
was clarified by measuring levels of transforming growth 
factor-beta (TGF-β) and IL-10. The results in Figure 5C 
show that these immunosuppressive factors are signifi-
cantly lower in the DTIC@CMSN combined with aPD1 
group than in the other groups of the treatment series. These 
results confirm the existence of a significant shift from 
immunosuppression to immune activation.

Conclusion
In this study, we have successfully constructed a cancer 
cell membrane coated mesoporous silica nanoparticles that 
combine dacarbazine (DTIC@CMSN). CMSN exhibits 
high stability for drug retention, tumor acidic environmen-
tal responsiveness and good biocompatibility. For in vitro 
and in vivo validation studies, it demonstrated excellent 
homologous-targeting ability toward melanoma cells. 
When tested under the joint administration of 
DTIC@CMSN and aPD1, this carrier also showed excel-
lent anti-tumor effects in a melanoma tumor model. Such 
effects were evidenced by a significant delay in tumor 
growth, thus prolonging the survival time, as well as dis-
playing no obvious systemic toxicity. Effective killing is 
ascribed to three synergistic effects: the induction of tumor 
apoptosis by the chemotherapeutic drug DTIC, the regula-
tion of the immunosuppressive tumor microenvironment 
and the enhancement of antitumor immunity. Our results 
show that the combined treatment strategy of 
“DTIC@CMSN and aPD1” has significant potential to 
provide superior chemoimmunotherapy in patients with 
melanoma.
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