
Xiao et al. J Nanobiotechnol          (2021) 19:227  
https://doi.org/10.1186/s12951-021-00971-9

RESEARCH

A nanoselenium‑coating biomimetic 
cytomembrane nanoplatform for mitochondrial 
targeted chemotherapy‑ and chemodynamic 
therapy through manganese and doxorubicin 
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Abstract 

The cell membrane is widely considered as a promising delivery nanocarrier due to its excellent properties. In this 
study, self-assembled Pseudomonas geniculate cell membranes were prepared with high yield as drug nanocarriers, 
and named BMMPs. BMMPs showed excellent biosafety, and could be more efficiently internalized by cancer cells 
than traditional red cell membrane nanocarriers, indicating that BMMPs could deliver more drug into cancer cells. 
Subsequently, the BMMPs were coated with nanoselenium (Se), and subsequently loaded with Mn2+ ions and doxo-
rubicin (DOX) to fabricate a functional nanoplatform (BMMP-Mn2+/Se/DOX). Notably, in this nanoplatform, Se nano-
particles activated superoxide dismutase-1 (SOD-1) expression and subsequently up-regulated downstream H2O2 
levels. Next, the released Mn2+ ions catalyzed H2O2 to highly toxic hydroxyl radicals (·OH), inducing mitochondrial 
damage. In addition, the BMMP-Mn2+/Se nanoplatform inhibited glutathione peroxidase 4 (GPX4) expression and 
further accelerated intracellular reactive oxygen species (ROS) generation. Notably, the BMMP-Mn2+/Se/DOX nano-
platform exhibited increased effectiveness in inducing cancer cell death through mitochondrial and nuclear targeting 
dual-mode therapeutic pathways and showed negligible toxicity to normal organs. Therefore, this nanoplatform may 
represent a promising drug delivery system for achieving a safe, effective, and accurate cancer therapeutic plan.
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Introduction
Drug delivery systems (DDSs) are actively exploited to 
enhance the delivery efficiency of drugs and decrease 
their systemic side effects [1–6]. The biosafety and sim-
ple fabrication of DDSs are critical factors for promoting 
their wide application in the biomedical field [7–9]. In 
recent decades, an increasing number of studies reported 
that some DDSs including metal-, silica-, carbon-, or 
polymer-based nanocarriers exhibited potential side 
effects [10–18], which significantly limited their clinical 
use. Currently, biomimetic nanomaterials (BMNs) have 
attracted extensive attention in worldwide and exhibit 
great application potential for DDSs due to their excel-
lent biocompatibility, long blood circulation time, and 
internalization efficiency [19–22]. Among these, as a 
classical BMN, the cell membrane shows a unique advan-
tage in effectively delivering bioactive molecules or anti-
cancer drugs to the tumor site [23–27]. However, along 
with the wide application of the cell membrane in DDSs, 
some limitations have been gradually exposed, such as 
the complexity of preparation technology, uncontrollable 
morphology, and poor colloid stability, which seriously 
limit cell membrane-based DDSs in clinical use. There-
fore, it is highly important to develop methods for the 
preparation of biomimetic cell membranes in a simple 
and high-yield manner.

In addition, for DDSs, the choice of chemotherapeu-
tics is a key point to obtain an effective cancer therapy 
effect. Traditionally, to realize specific functions, DDSs 
typically load a single drug and can effectively deliver 
drugs to targeting regions [28–31]. However, the use 
of DDSs with a single drug easily induced the acquired 
multidrug resistance (MDR) of tumors [32–34]. To avoid 
these disadvantages, some studies reported that multiple 
chemotherapeutics were simultaneously loaded in DDSs, 
making suitable for the combined therapy with multi-
ple drugs [35–37]. However, this strategy dramatically 
enhanced the dosage of chemotherapeutic drugs, which 
might increase the potential risk to the body. Therefore, 
the development of nanoplatforms that integrate chemo-
therapy with other therapy methods might provide a new 
breakthrough to improve MDR. Recently, as an alterna-
tive to traditional therapeutic modalities, chemodynamic 
therapy (CDT) has received more attention because 
CDT agents can generate abundant reactive oxygen spe-
cies (ROS), which significantly induce mitochondrial 
damage in cancer cells [38–43]. Mitochondria that are 
widely distributed in the cytoplasm play a critical role in 

maintaining the normal growth of cells. Therefore, CDT 
can solve the MDR of cancer through the mitochondria-
mediated cell death pathway [44]. Therefore, the integra-
tion of CDT and chemotherapy might provide a more 
effective pattern for improving the therapeutic efficacy of 
cancer.

Herein, we prepared a biomimetic membrane (BMM) 
with high yield as a biocompatible nanocarrier to fabri-
cate DDS through a simple ultrasonic treatment for Pseu-
domonas geniculate and named it BMMP. Compared to 
the carrier of traditional red cell membranes (RCMs), 
this nanoplatform exhibited more effective internaliza-
tion efficiency by cancer cells, which would be beneficial 
to effectively deliver anticancer agents to tumor tissues. 
Subsequently, Mn2+ ions were absorbed into BMMP 
and then formed BMMP-Mn2+. Next, BMMP-Mn2+ was 
further used to load nanoselenium and DOX, forming a 
BMMP-Mn2+/Se/DOX nanoplatform for cancer therapy. 
Furthermore, when this nanoplatform entered cancer 
cells, it could enhance superoxide dismutase-1 (SOD-1) 
activity and then promote SOD-1 expression as illus-
trated in Scheme 1, accelerating the conversion of super-
oxide anion (O2

−·) to hydrogen peroxide (H2O2). Next, 
the generated H2O2 could be catalyzed into hydroxyl 
radicals (·OH), causing damage to mitochondria and lipid 
peroxide and subsequently inducing cancer cell death. In 
addition, the BMMP-Mn2+/Se nanoplatform inhibited 
glutathione peroxidase 4 (GPX4) expression and further 
up-regulated intracellular ROS. Notably, after BMMP-
Mn2+/Se treatment, the mitochondrial membrane 
potential (MMP) of cancer cells dramatically decreased, 
and some apoptotic enzymes (i.e., cleaved caspase-3/9) 
induced by mitochondria significantly increased, result-
ing in mitochondria-targeting cell death. In addition, the 
released DOX entered nuclear and then inhibited DNA 
replication, resulting in cancer cell death. Therefore, this 
work provides a safe, effective, and promising platform 
for chemotherapeutic- and chemodynamic combination 
cancer therapy.

Materials and methods
Materials
All chemical reagents were used as received without 
further purification. The Pseudomonas geniculate was 
isolated from wheat seed samples. Fluorescein iso-
thiocyanate (FITC), 3′, 3′, 5′, 5′-tetramethylbenzidine 
(TMB), ascorbic acid (Vc), and DOX·HCl were obtained 
from Aladdin Chemical Co. Ltd. (Shanghai, China). 

Keywords:  Cell membrane, Reactive oxygen species, Superoxide dismutase-1, Glutathione peroxidase 4, Dual-mode 
therapeutic pathways, Drug delivery system
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Sodium selenite, Manganese (II) chloride tetrahydrate 
(MnCl2·4H2O), and anhydrous ethanol were purchased 
from the Sinopharm Chemical Reagent Co. Ltd. (Shang-
hai, China). The cell counting kit-8 (CCK-8) assay was 
obtained from Dojindo (Japan), and reactive oxygen spe-
cies (ROS) assay kit was obtained from Nanjing Jiancheng 
Bioengineering Institute.

Synthesis of BMMP
The biomass of pseudomonas geniculate cultures was 
evaluated according to the optical density at 600 nm (OD 
600 nm). After reaching an optical density of 0.909 in 200 
mL nutrient broth, the Pseudomonas geniculate was col-
lected by centrifugation. Next, the obtained Pseudomonas 
geniculate was dispersed in 30 mL distilled water under 
magnetic stirring. Then, the suspension was treated with 
an ultrasonic cell disruptor for 30 min. Subsequently, the 
simple self-assembled biomimetic membrane obtained 
from Pseudomonas geniculate was collected and further 
rinsed with water, and named as BMMP.

Synthesis of BMMP‑Mn2+

After reaching an optical density of 0.909 in 200 mL 
nutrient broth, the Pseudomonas geniculate was collected 
by centrifugation. Next, the collected Pseudomonas 

geniculate and MnCl2·4H2O (49.48  mg) were dispersed 
in 30 mL distilled water under magnetic stirring for 10 h. 
Then, the above solution was treated with an ultrasonic 
cell disruptor for 30 min. Subsequently, the BMMP-Mn2+ 
was obtained after centrifugation, rinsing with water for 
three times, and vacuum freeze-drying.

Synthesis of BMMP‑Mn2+/Se
First, the Na2SeO3 (69.6  mg) was dissolved in 20 mL of 
distilled water under magnetic stirring for 30 min. Then, 
BMMP-Mn2+ (10  mg) was introduced and stirring was 
kept for 24  h. After which, the samples were collected 
and redispersed in 30 mL of water. Then, the mixed solu-
tion of Vc (10 mL, 70.4  mg) and chitosan (4 mL, 0.5 %) 
was dropwise added to the above resolution under mag-
netic conditions for 2 h. Finally, the BMMP-Mn2+/Se was 
collected and rinsing with water for three times.

Synthesis of red cell membrane
First, the blood was obtained from mice, and the col-
lected blood was transferred into a cuvette containing 
heparin sodium. Subsequently, the corresponding sedi-
ment in blood was collected and rinsing PBS, into which 
0.2 mM EDTA was added. Next, PBS was again added 
to the solution to induce the occurrence of hemolysis. 

Scheme 1  Illustration of the synthetic process of BMMP-Mn2+/Se/DOX and the nanoplatform integrating chemodynamic therapy and 
chemotherapeutics for cancer therapy
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Finally, the red cell membranes (RCMs) were obtained by 
centrifugation.

Loading and release of drug
BMMP-Mn2+/Se (10 mg) was dispersed in 10 mL DOX 
(2 mg/mL) solution under magnetic stirring for 24 h. Sub-
sequently, the BMMP-Mn2+/Se loaded with DOX was 
obtained by centrifugation, and the loading mechanism 
of DOX was as follows: the surface of BMMP-Mn2+/
Se exhibited the negative zeta potential, making it eas-
ily absorb DOX molecules with positive charge through 
electrostatic interaction, forming BMMP-Mn2+/Se/DOX 
nanoplatform. In addition, there are abundance of active 
groups on the surface of BMMP, which further enhanced 
the interaction between BMMP and DOX molecules 
through hydrogen bond. Then, the concentration of DOX 
released from BMMP-Mn2+/Se/DOX at different pH 
(pH = 7.4, 6.5, 5.5) was investigated. First, the BMMP-
Mn2+/Se/DOX (10  mg) was dispersed in 10 mL of PBS 
at the three exact pH under shaking at a rate of 200 rpm. 
Then, 0.2 mL of supernatant was withdrawn at the pre-
determined time to measure the concentration of DOX 
released from the nanoplatform, and the same volume of 
solution was added to the tested solution.

Hydrodynamic size change of nanoplatform in different 
media
BMMP-Mn2+/Se nanoparticles (3 mg) were dispersed in 
5 mL of the distilled water, PBS, or FBS solution under 
ultrasonic treatment, respectively. Subsequently, the 
hydrodynamic size change of BMMP-Mn2+/Se was ana-
lyzed using dynamic light scattering (DLS) detector after 
different standing time. In addition, the measurement 
parameter of DLS condition was as follows: the index of 
refraction nanoparticles: 1.81, the refractive index: 1.33, 
high viscosity (20 °C): 1.002, and low viscosity (30 °C): 
0.797.

Confocal laser scanning observation
FITC was loaded into BMMP-Mn2+/Se/DOX accord-
ing to the following methods. FITC (5 mg) was dissolved 
in water (10 mL) in dark environment for 30  min, into 
which was added with BMMP-Mn2+/Se/DOX (10  mg) 
under stirring for 24  h. Subsequently, FITC-labeled 
BMMP-Mn2+/Se/DOX was obtained after centrifugation 
and vacuum freeze-drying. In addition, HeLa cells were 
seeded on a confocal laser scanning microscope (CLSM)-
specific dish (60 mm, 2 × 105 cell/dish) and then incu-
bated with the various concentrations of FITC-labeled 
BMMP-Mn2+/Se/DOX for 2, 4, and 8  h. Subsequently, 
0.4% trypan blue was employed to quench extracellular 
fluorescence. Finally, fluorescence images of cells were 
obtained via CLSM (Zeiss LSM710 NLO, Germany), and 

the corresponding fluorescence intensity was calculated 
using FlowJo software (TreeStar).

FITC accumulation assay
FITC-labeled BMMPs and FITC-labeled red cell mem-
brane were employed to treat HeLa cells, respectively. 
Trypan blue at a concentration of 0.4% was used to 
quench extracellular fluorescence. Afterwards, the cells 
were analyzed by flow cytometry and the corresponding 
fluorescence intensity was calculated.

MMP detection of HeLa cells
The mitochondrial membrane potential of HeLa cells was 
detected via the 5, 5′, 6, 6′-tetrachloro-1, 1′, 3, 3′-tetra-
ethylbenzimidazolylcarbocyanine iodide (JC-1) assay. 
Briefly, HeLa cells were seeded into 96-well plates and 
further incubated with saline, Se, BMMP-Mn2+, and 
BMMP-Mn2+/Se (10 µg/mL) nanoparticles for 24 h. Sub-
sequently, the HeLa cells were washed and then stained 
by JC-1 for 20  min. Finally, HeLa cells was observed by 
CLSM and flow cytometry. Meanwhile, the correspond-
ing mitochondrial membrane potential was quantified 
via flow cytometry.

Western blot analysis
First, HeLa cells were incubated in 6-well plates and 
then incubated with saline, Se, BMMP-Mn, BMMP/Se, 
and BMMP-Mn2+/Se (20 µg/mL) nanoparticles for 24 h. 
After the nanoparticle-treated HeLa cells were washed 
with PBS, the protein of cells was exacted. Subsequently, 
the amount of proteins in HeLa cells was detected via 
bicinchoninic acid protein quantitative kit. After the 
protein was separated by SDS-PAG, the corresponding 
protein was transferred to poly(vinylidene difluoride) 
membranes. Then, the membranes were respectively 
treated with SOD antibodies (dilution 1:500, 5 mL, 12 h), 
GPX4 antibodies (dilution 1:500, 5 mL, 12  h), cleaved 
caspase-3/9 (dilution 1:500, 5 mL, 12  h), and tubulin 
(dilution 1:2000, 5 mL, 12  h). Finally, the membranes 
were visualized via the chemiluminescence system.

Cell culture and cytotoxicity assay
HeLa cells were seeded into 96-well plates (104 cells/well) 
and incubated according to the standard protocols. Sub-
sequently, HeLa cells were treated with BMMP, Se, DOX, 
BMMP-Mn2+, BMMP-Mn2+/Se, and BMMP-Mn2+/Se/
DOX for 24 h. After PBS rinsing for three times, the cells 
were treated with 10 % CCK-8 kit (120 µL) at 37 °C for 
2 h. Finally, the amount of live cells can be measured.

Fenton‑like catalytic activity and cellular ROS detection
The BMMP and BMMP-Mn2+/Se (1 mg/mL, 50 µL) were 
added to the mixed solution of 5,5-dimethyl-1-pyrroline 
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N-oxide (DMPO, 50 mmol/L, 50 µL) and H2O2 (20 µL) 
at pH 5.5. Subsequently, the mixed solution was meas-
ured by electron spin resonance (ESR). In addition, the 
relative contents of ∙OH in solution were also measured 
through TMB method using UV–Vis spectrophotom-
eter. First, BMMP-Mn2+/Se were added to the mixed 
PBS solution (pH 5.5) containing H2O2 (60 µL) and TMB 
(200 µL) at different concentrations (0, 40, 80, 160, 320, 
640, 1280  µg/mL). After 3  min, the nanoparticles were 
centrifuged, and the supernatant was collected and then 
measured using UV–Vis spectrophotometer. Similarly, 
the pH-dependent catalytic process were carried as fol-
lows: BMM-Mn2+/Se (1  mg/mL, 50 µL) was uniformly 
dispersed into the medium (3 mL) containing H2O2 (60 
µL, 28 %) and TMB (200 µL) at different pH conditions. 
Afterwards, the nanoparticles were centrifuged and the 
supernatant was collected and then measured using UV–
Vis spectrophotometer.

In addition, HeLa cells were seeded on glass coverslips 
and further treated with physiological saline (control 
group), BMMP, Mn2+, Se, BMMP-Mn2+, and BMMP-
Mn2+/Se for 4  h. Then, DCFH-DA prods (dilution 
1:1500) were employed to treat HeLa cells at 37 oC for 
30 min. The corresponding cells were washed and further 
fixed in paraformaldehyde (4 %) solution. Subsequently, 
HeLa cells were treated with DAPI (dilution 1:2000) fluo-
rescent dye for 10 min. Finally, the intracellular ROS was 
observed by CLSM and the corresponding contents of 
ROS in cells were quantified via flow cytometry.

Biodistribution of nanoparticles in vivo
Xenografted cervical tumor-bearing mice were treated 
with BMMP-Mn2+/Se/DOX (10  mg/kg). Afterward, the 
mice were sacrificed at different time, and the corre-
sponding tissues were collected and then treated with a 
certain concentrations of nitric acid for 72 h. Finally, the 
Se concentrations were quantified.

Anticancer activity assay
Mice used in this study were treated in accordance with 
the ethics committee guidelines at the University of Sci-
ence and Technology of China. The cervical tumor-
bearing mice were divided into six groups (n = 5/group) 
and these mice were respectively injected with saline, Se, 
DOX, BMMP, BMMP-Mn2+, BMMP-Mn2+/Se, BMMP-
Mn2+/DOX, and BMMP-Mn2+/Se/DOX (2  mg/kg) 
through the tail vein at 2-day intervals. The volume of 
tumor (V) was calculated by the formula: V = a× b

2/2, 
where “a” and “b” are the largest and smallest tumor 
dimension, respectively, and the mice were weighted.

Pathological analysis
The tissues obtained from the mice treated with nano-
particles were fixed in 10% buffered formalin for 24  h, 
and then embedded in paraffin. Subsequently, the corre-
sponding tissues were cut into two halves. One half was 
treated with H&E and was observed by an inverted flo-
rescence microscope system. The other half was subject 
to immunohistochemical detection of cleaved caspase-3, 
and the corresponding specific experimental steps were 
similar to those in previously reported studies.

Pharmacokinetic experiment
The mice (n = 3) were injected with nanoparticles 
(BMMP-Mn2+/Se/DOX) at a dosage of 10 mg/kg via tail 
vein. Subsequently, the blood, urine, and feces of mice 
were collected at different interval time, and then were 
nitrated to form transparent solution using the concen-
trated nitric acid. After that, the resulting solution was 
diluted, and then filtered through 220 nm of filter mem-
brane. Finally, Se content in the solution was analyzed via 
inductively coupled plasma optical emission spectrom-
eter (ICP-OES).

Results and discussion
BMMP and BMMP-Mn2+ could be obtained through 
ultrasonic treatment for the mixture of Pseudomonas 
geniculate without or with the Mn compound. The mor-
phologies of BMMPs and BMMP-Mn2+ showed signifi-
cant microvesicles with sizes of approximately 90 and 
95 nm (Fig.  1a, b), respectively. In addition, Small Se 
nanoparticles (approximately 20 nm) were synthesized 
using a classical reduction of sodium selenite, and could 
be successfully loaded into BMMP-Mn2+ microvesi-
cles (Fig.  1c). Hydrodynamic size results indicated that 
BMMP-Mn2+/Se was larger than BMMP-Mn2+, which 
might be attributed to the aggregation and vesicle fusion 
of nanoparticles (Fig. 1f ). As shown in Fig. 1g, the hydro-
dynamic size of BMMP-Mn2+/Se in distilled water hardly 
changed with standing time increasing. When in the fetal 
bovine serum (FBS) and PBS solution, the size of BMMP-
Mn2+/Se slightly increased with increasing standing 
time, but the solution of BMMP-Mn2+/Se still had a 
significant Tyndall effect. Therefore, the above results 
demonstrated that BMMP-Mn2+/Se nanoplatform had 
excellent stability in these media. To further confirm 
the synthesis process, the zeta potential of the nanoplat-
form was measured as shown in Fig. 1h. Se nanoparticles 
showed a significant positive charge due to the cationic 
polymer coating. The zeta potential of BMMP-Mn2+/Se 
significantly decreased compared to that of pure BMMP, 
suggesting that Se nanoparticles were successfully loaded 
into BMMP-Mn2+ through electrostatic interactions. 
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Subsequently, the energy-dispersive X-ray (EDX) spec-
trum of BMMP-Mn2+/Se also confirmed the presence of 
Mn and Se elements (Additional file 1: Fig. S1). Similarly, 
element mapping analysis found that Mn species were 
homogeneously distributed into BMMP-Mn2+/Se, and Se 
nanoparticles mainly existed in the inner zone (Fig. 1e).

The X-ray diffraction (XRD) pattern indicated that 
BMMP-Mn2+ and BMMP had no significant peaks as 
shown in Fig. 2a, suggesting that the structures of BMMP-
Mn2+ and BMMP were amorphous. However, significant 
diffraction peaks could be observed for BMMP-Mn2+/Se 
(JCPDS no. 73-0465), implying that the Se nanoparticles 

Fig. 1  TEM images of a BMMP, b BMMP-Mn2+, c BMMP-Mn2+/Se, d BMMP-Mn2+/Se/DOX and e the elemental area mapping of BMMP-Mn2+/Se. f 
The hydrodynamic size distribution of nanoparticles in distill water. g The average sizes of BMMP-Mn2+/Se with standing time increasing in distilled 
water, FBS, and PBS solution. h The zeta potential of nanoparticles
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were successfully equipped with the BMMP-Mn2+ nano-
platform. In addition, the valence states of Mn, Se, C, N, 
and O elements in BMMP-Mn2+/Se was verified by X-ray 
photoelectron spectroscopy (XPS) (Fig.  2b). The Se3d 
peak that appeared at 55.25 eV was assigned to the zero 
valence of Se [45], which confirmed the existence of sele-
nium (Fig. 2c). In addition, the Mn2p peak at 642.05 eV 
was assigned to the Mn2+ signal [46], implying that the 
BMMP-Mn2+/Se nanoplatform had the potential to 
catalyze Fenton-like reaction (Fig.  2d). Subsequently, 
the loading amounts of Mn and Se in nanoplatform 
were measured to be 6.27 and 3.2%, respectively. DOX, 
a classical anticancer drug, was further loaded into 
BMMP-Mn2+/Se to fabricate a chemotherapeutic- and 
chemodynamic therapeutic nanoplatform. After loading 
with DOX in the BMMP-Mn2+/Se nanoplatform, new 

peaks at 1523, 1453, and 1414  cm− 1 could be ascribed 
to the skeleton vibration of benzene ring in DOX com-
pared to other samples (Fig. 2e), implying that DOX was 
loaded into BMMP-Mn2+/Se. In addition, the morphol-
ogy and hydrodynamic size of BMMP-Mn2+/Se/DOX 
were similar to those of BMMP-Mn2+/Se nanoparticles 
(Fig. 1d, f ). Subsequently, the loading efficiency of DOX 
was investigated by ultraviolet visible (UV–Vis) analysis. 
The absorption peak at 496 nm characteristic of DOX, 
in the supernatant significantly decreased after BMMP-
Mn2+/Se treatment, implying that DOX was effectively 
loaded. The loading capacity of DOX was also calcu-
lated and was approximately 260.64  µg/mg (Additional 
file 1: Fig. S2). Notably, whether DOX could be released 
from BMMP-Mn2+/Se/DOX in the tumor microenviron-
ment was an important indicator. As shown in Fig. 2f, the 

Fig. 2  a XRD of BMMP, BMMP-Mn2+, and BMMP-Mn2+/Se. b XPS full spectra, c Se 3d spectra, and d Mn 2p spectra of BMMP and BMMP-Mn2+/Se. 
e FT-IR spectra of nanoparticles. f The release behavior of DOX from BMMP-Mn2+/Se/DOX under different pH solution. g ESR spectra of the mixed 
solution (nanoparticles, DMPO, H2O2). h The UV absorption spectra of mixed solutions (nanoparticles, TMB, H2O2) with different pH values, and i the 
BMMP-Mn2+/Se mixed with TMB and H2O2 in pH 5.5 solution
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release amount of DOX increased significantly with the 
pH value of the solution decreasing and showed a pH-
dependent relationship. BMMP-Mn2+/Se/DOX showed 
a low release amount at pH 7.4, which could effectively 
decrease the side effects of DOX on normal tissue.

It is known that Mn2+ ion can catalyze H2O2 to 
hydroxyl radicals (·OH) via a Fenton-like reaction [47]. 
Due to the paramagnetism of ·OH, ·OH concentrations 
were detected through electron spin resonance (ESR). 
First, 5, 5-dimethyl-1-pyrroline N-oxide (DMPO) was 
employed to capture ·OH and then form a stable ·OH/
DMPO. As shown in Fig.  2g, a hyperfine splitting con-
stant assigned to the characteristic spectra of ·OH/
DMPO appeared after BMMP-Mn2+/Se treatment, indi-
cating that BMMP-Mn2+/Se could be an excellent chem-
odynamic therapy agent (CDTA) for effectively catalyzing 
H2O2 to ·OH. Simultaneously, 3,3′,5,5′-tetramethylb-
enzidine (TMB) was also employed to observe ·OH 
generation. The color of solution gradually turned from 
colorless to blue as the pH value of solution decreased 

and the concentration of BMMP-Mn2+/Se increased, and 
the corresponding absorption intensity also gradually 
increased, suggesting that the catalytic ability of BMMP-
Mn2+/Se was concentration- and pH-dependent (Addi-
tional file 1: Fig. S3a, b and Fig. 2h, i). Based on the above 
analysis, we considered that BMMP-Mn2+/Se could play 
an excellent role in catalyzing the Fenton-like reaction 
and then accelerate cancer cell death.

The cellular uptake of nanoparticles was observed via 
confocal laser scanning microscopy (CLSM). First, we 
compared the cellular uptake of red cell membranes 
(RCMs) and BMMP-Mn2+. As shown in Fig.  3a, HeLa 
cells treated with FITC-labeled BMMP-Mn2+/DOX 
exhibited stronger red fluorescence and green fluores-
cence than that with FITC-labeled RCM/DOX. In addi-
tion, the corresponding flow cytometry analysis data 
also showed the same results with CLSM observation 
(Fig. 3b). These results demonstrated that BMMP-Mn2+ 
nanoplatform could be more effectively internalized by 
cancer cells than traditional membrane-based DDSs. 

Fig. 3  a The CLSM images of HeLa cells treated with FITC-labeled RCM/DOX and BMMP-Mn2+/DOX at same concentration, and b the 
corresponding flow cytometry analysis, the same scale bar applies to all images. Scale bar: 20 μm. c The flow cytometry analysis of HeLa cells 
treated with free DOX and BMMP-Mn2+/Se/DOX at same concentration (DOX: 1 µg/mL). d The CLSM images of HeLa cells treated with FITC-labeled 
BMMP-Mn2+/Se/DOX for 4 h, the same scale bar applies to all images. Scale bar: 20 μm. e The CLSM images of HeLa cells treated with free DOX and 
BMMP-Mn2+/Se/DOX at same concentration (DOX: 1 µg/mL)
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The internalization efficiency is greater; thus, more drugs 
would be delivered to cancer cells. Subsequently, the 
accumulation of DOX in cells was also analyzed through 
CLSM observation. HeLa cells in DOX group showed 
slight red fluorescence, and the fluorescence intensity was 
positively correlated with the incubation time (Fig.  3c, 
e). Nevertheless, the accumulation of DOX in cells sig-
nificantly increased after BMMP-Mn2+/Se/DOX treat-
ment compared to free DOX. This result demonstrated 
that BMMP-Mn2+ with efficient internalization could 
deliver more DOX molecules into cancer cells. Therefore, 
BMMP-Mn2+/Se/DOX could be a promising candidate 
as an excellent cancer therapeutic nanoplatform.

Subsequently, to further verify the effective internaliza-
tion of BMMP-Mn2+/Se/DOX, BMMP-Mn2+/Se/DOX 
was rationally labeled by FITC, with which HeLa cells 
were incubated. As shown in Fig. 3d, intracellular green 
and red fluorescence gradually increased as the concen-
tration of BMMP-Mn2+/Se/DOX increased. Moreo-
ver, red fluorescence and green fluorescence showed 
colocalization in cells, suggesting that HeLa cells could 
quickly ingested BMMP nanoplatform. In addition, the 
uptake of nanoplatform was quantitatively analyzed by 
flow cytometry and showed a dose-dependent relation-
ship (Additional file 1: Fig. S4a). Subsequently, we further 
observed cell uptake at different incubation times, and 
the corresponding results indicated that the fluorescence 
intensity in cells increased with increasing incubation 
time (Additional file  1: Fig. S4b, d). These results dem-
onstrated that BMMP-Mn2+/Se/DOX could effectively 
deliver more drugs to cancer cells, which would be ben-
eficial to achieve better anticancer effects. In order to 
explore the pathway of internalization, the cell uptake 
of BMMP-Mn2+/Se/DOX was analyzed through flow 
cytometry at low temperature and endocytosis inhibitors 
(chlorpromazine and amiloride) treatment (Additional 
file  1: Fig. S4c). It could be seen that the cell uptake of 
BMMP-Mn2+/Se/DOX did not significantly decrease 
after amiloride treatment, indicating that the pinocytosis 
was not a main endocytic pathway. Notably, the uptake 
of BMMP-Mn2+/Se/DOX dramatically decreased after 
4  °C and chlorpromazine treatment, indicating that the 
pathway of BMMP-Mn2+/Se/DOX entered cells might be 
energy- and clathrin-mediated endocytosis.

The intracellular ROS generation was investigated 
through the detection of 2′,7′-dichlorodihydrofluores-
cein diacetate (DCFH-DA) after BMMP-Mn2+/Se treat-
ment. In Fig.  4a, saline- and BMMP-treated HeLa cells 
showed negligible green fluorescence, but Mn2+ ion- and 
Se-treated HeLa cells exhibited significant green fluores-
cence, implying that both Mn2+ ions and Se could acti-
vate intracellular ROS generation. In particular, HeLa 
cells in BMMP-Mn2+/Se group exhibited the brightest 

green fluorescence among all other groups, indicating 
that Mn2+ and Se in BMMP-Mn2+/Se possessed sig-
nificant synergistic action to enhance intracellular ROS 
generation. In addition, ROS levels in HeLa cells were 
quantitatively analyzed via flow cytometry. The fluores-
cence intensity of HeLa cells showed the following order: 
BMMP-Mn2+/Se > BMMP-Mn2+ > Se > free Mn2+ > 
BMMP > saline. This findings further suggest that BMMP 
-Mn2+/Se exhibited the strongest ability to activate intra-
cellular ROS generation and enhance anticancer activity 
(Additional file 1: Fig. S5).

In addition, the biocompatibility of nanoplatform was 
further investigated using a classical CCK-8 assay. The 
viability of BMMP- or BMMP-Mn2+-treated HGF cells 
had no significant decrease, indicating that both BMMP 
and BMMP-Mn2+ exhibited excellent biocompatibility 
(Fig.  4b). Moreover, BMMP-Mn2+ also caused no sig-
nificant toxicity to HGF cells at a wide range of concen-
trations as shown in Fig. 4c. This feature is beneficial to 
assess the mechanism of action for BMMP-Mn2+/Se/
DOX. In addition, HGF cell morphology did no exhibited 
significant variation after BMMP-Mn2+ treatment, fur-
ther confirming its excellent biocompatibility (Additional 
file 1: Fig. S6). When the nanoplatform entered cells, the 
inhibitory effect of BMMP-Mn2+/Se/DOX was investi-
gated (Fig. 4d). A dose-dependent effect on cell viability 
was noted in all groups of treated cells. Both Se nanopar-
ticles at low concentrations slightly decreased cell viabil-
ity, but BMMP-Mn2+/Se could significantly promote the 
cancer cell apoptosis at low concentration, and achieving 
an approximately 80% apoptosis rate. This was ascribed 
to the effective synergistic anticancer effect of Mn2+ 
ions and Se nanoparticles. When loaded with DOX, the 
inhibitory effect of BMMP-Mn2+/Se on cancer cells was 
strengthened, suggesting that the combined therapy pos-
sessed a better anticancer ability. Overall, the ability to 
induce cell death exhibited the following order: BMMP-
Mn2+/Se/DOX > BMMP-Mn2+/DOX > DOX > BMMP-
Mn2+/Se > Se. The IC50 value of BMMP-Mn2+/Se/DOX 
was lowest compared to other samples (Additional file 1: 
Table S1). These results demonstrated that DOX-loaded 
BMMP-Mn2+/Se possessed the strongest therapy com-
pared to other nanoparticles. As previously reported 
[44, 48, 49], ROS-induced cell death was different from 
chemotherapy-induced death because it could escape 
the biological barrier and overcome cancer resistance. 
Based on this finding, we further investigated the ability 
of BMMP-Mn2+/Se/DOX to overcome cancer resistance 
(Additional file  1: Fig. S7). Both BMMP-Mn2+/Se/DOX 
and free DOX showed strong inhibition on MCF-7 cells 
viability. However, for MCF-7/ADR cells, the inhibition 
ability of free DOX was significantly decreased, which 
was attributed to the multidrug resistance of MCF-7/
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ADR cells. It was noted that BMMP-Mn2+/Se/DOX 
showed a similar inhibition ability in MCF-7 and MCF-7/
ADR cells, suggesting that BMMP-Mn2+/Se/DOX could 
effectively overcome the drug resistance of cancer cells.

We considered that the effective synergistic effect of 
BMMP-Mn2+/Se mainly originated from SOD-1 acti-
vation and GPX4 inactivation. Based on this analysis, 
SOD-1 and GPX4 expression was investigated through 
western blot analysis as shown in Fig.  5a. After Se, 
BMMP-Mn2+, BMMP/Se, and BMMP-Mn2+/Se treat-
ment, the expression of SOD-1 in BMMP-Mn2+-treated 
cells had no significant variation, but these nanopat-
form contained Se could dramatically promote SOD-1 
expression, which could further promote the elimi-
nation of intracellular O2

−· and downstream H2O2 

generation (Additional file 1: Fig. S8). Subsequently, the 
generated H2O2 could be effectively catalyzed by the 
Fenton-like reaction and subsequently formed highly 
toxic ·OH. Notably, compared to the saline group, the 
GPX4 expression of HeLa cells significantly decreased 
after BMMP-Mn2+ and BMMP-Mn2+/Se treatment. 
Due to the reduction in GPX4 expression, ROS could 
not be eliminated from cancer cells in a timely manner, 
which dramatically enhanced intracellular ROS accu-
mulation. Meanwhile, the results of quantitative analy-
sis also confirmed that BMMP-Mn2+/Se could activate 
the expression of SOD-1 and simultaneously inhibit the 
expression of GPX4 in HeLa cells (Additional file 1: Fig. 
S9), and it could further increase the oxidative stress 
at the cellular level. Enhanced oxidative stress could 

Fig. 4  a CLSM observation of intracellular ROS in HeLa cells, the same scale bar applies to all images. Scale bar: 20 μm. b The viability of HGF and 
HeLa cells incubated with BMMPs and BMMP-Mn2+ for 24 h and c the viability of HGF cells incubated with BMMP-Mn2+ for 24 h. d The viability of 
HeLa cells treated with different nanoparticles for 24 h
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significantly cause mitochondrial damage and further 
induce the apoptotic cascade. The mitochondrial mem-
brane potential (MMP) was measured using JC-1 dye 
to observe any damage (Fig.  5b, c). For normal cells 
with high MMP, intracellular JC-1 dye spontaneously 
formed JC-1 aggregates to emit red fluorescence. Nev-
ertheless, when JC-1 dye entered damaged cells, MMP 
significantly decreased, causing JC-1 dye to remain 
monomeric and emit green fluorescence. The mito-
chondria of HeLa cells treated with saline exhibited 
strong red fluorescence and low green fluorescence, 
and the corresponding low MMP was only 4.26%, indi-
cating that HeLa cells possessed excellent viability. In 
addition, BMMP-Mn2+ and Se-treated cells showed 
relatively strong green fluorescence, and the low MMP 
also increased to 7.25 and 6.69%, respectively. This 
result indicated that BMMP-Mn2+ and Se nanoparti-
cles could partly cause mitochondrial damage. Notably, 
BMMP-Mn2+/Se-treated cells exhibited the strongest 
green fluorescence and the lowest MMP, implying that 
BMMP-Mn2+/Se possessed the strongest mitochondrial 

damage effect. These results were consistent with ROS 
generation, demonstrating that mitochondrial damage 
was mainly triggered by the ROS pathway. Mitochon-
drial damage could activate the expression of apoptotic 
enzymes (i.e., cleaved caspase-3/9), inducing cancer 
cell death. Subsequently, the expression level of cleaved 
caspase-3/9 was analyzed. BMMP-Mn2+/Se-treated 
HeLa cells exhibited the highest expression of cleaved 
caspase-3/9 compared to other groups (Additional 
file 1: Fig. S10), suggesting that BMMP-Mn2+/Se could 
effectively induce cancer cell death via the mitochon-
dria-mediated apoptotic pathway.

To assess the application potential of the therapeutic 
nanoplatform, DOX-loaded BMMP-Mn2+/Se was intra-
venously injected into tumor-bearing BALB/C nude mice 
(2  mg/kg). In addition, in order to illustrate the anti-
cancer ability of BMMP-Mn2+/Se/DOX, some control 
groups including saline, Se, DOX, BMMP-Mn2+/Se, and 
BMMP-Mn2+/DOX were also used to treat cancer-bear-
ing mice through tail vein injection. The relative tumor 
volumes of mice were recorded after each treatment at 

Fig. 5  a The protein expression of HeLa cells incubated with different samples. b Detection of MMP by fluorescence microscopy in HeLa cells using 
the JC-1 probe, the same scale bar applies to all images. Scale bar: 20 μm. c Qualitative analysis of MMP in HeLa cells
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Fig. 6  a The relative tumor volume and b the corresponding body weight of mice after injecting different nanoparticles. c Blood elimination 
kinetics of BMMP-Mn2+/Se/DOX in vivo. d Immunohistochemical staining images and e H&E staining of tumor tissues. Scale bar: 100 μm. f The 
TUNEL assay of tumor tissues. Scale bar: 20 μm. *Denotes 0.01 < p < 0.05 and ** denotes p < 0.01
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2-day intervals. As shown in Fig.  6a, the relative tumor 
volume in mice treated with saline significantly increased 
with increasing time, and reached approximately 5.4. 
Compared to the saline group, Se, DOX, BMMP-Mn2+/
Se, BMMP-Mn2+/DOX, and BMMP-Mn2+/Se/DOX 
groups showed different degrees of inhibitory effects on 
tumor growth. Notably, the tumor growth in BMMP-
Mn2+/Se/DOX group was significantly inhibited and its 
relative volume was less than 2.7, indicating that BMMP-
Mn2+/Se/DOX exhibited the strongest anticancer ability 
compared to the other groups. This finding also dem-
onstrated that the combination of CDT and chemother-
apy could synergistically promote cancer cell death and 
provide a better anticancer pathway [50, 51]. The pho-
tographs of tumor-bearing mice and solid tumors (Addi-
tional file  1: Fig. S11) revealed that the tumor sizes of 
mice treated with BMMP-Mn2+/Se/DOX were the small-
est, further confirming that the BMMP-Mn2+/Se/DOX 
had the strongest tumor inhibition ability.

Subsequently, the expression level of cleaved cas-
pase-3 in tumor sections was analyzed through immu-
nohistochemical staining analysis (Fig.  6d). The tumor 
slices treated with saline minimally expressed cleaved 
caspase-3. In addition, Se and free DOX only showed 
low expression of cleaved caspase-3 in tumor slices, but 
BMMP-Mn2+/Se and BMMP-Mn2+/DOX significantly 
exhibited higher expression of cleaved caspase-3, indi-
cating that the BMMP-Mn2+ carrier could deliver more 
drug into tumor tissue and subsequently induce more 
tumor cell death. Notably, the tumor slices treated with 
BMMP-Mn2+/Se/DOX showed the highest expression of 
cleaved caspase-3, further confirming that the integration 
of CDT and chemotherapy could induce more apoptosis 
in tumor tissue. Meanwhile, the corresponding quantita-
tive analysis also confirmed the above result (Additional 
file  1: Fig. S12). H&E staining analysis showed the fol-
lowing necrotic region pattern (Fig.  6e): BMMP-Mn2+/
Se/DOX > BMMP-Mn2+/DOX > DOX > BMMP-Mn2+/
Se > Se > saline. In addition, the density of hyperchroma-
tin tumor cells injected with BMMP-Mn2+/Se/DOX was 
less than that of other groups, but the quantity of atypical 
nuclei in BMMP-Mn2+/Se/DOX group was greater com-
pared to other groups. The apoptosis/necrosis regions in 
tumor tissues were also investigated via the TUNEL assay 
(Fig.  6f ). Massive TUNEL-positive cells (green fluores-
cence) were widely distributed in tumor tissues treated 
with BMMP-Mn2+/Se/DOX, BMMP-Mn2+/DOX, DOX, 
BMMP-Mn2+/Se, and Se nanoparticles, implying that 
these nanoparticles could induce the different degrees 
of cell apoptosis in tumors. Notably, the BMMP-Mn2+/
Se/DOX-treated tumor tissues in the group exhibited 
the brightest green fluorescence, demonstrating that 
BMMP-Mn2+/Se/DOX nanoparticles possessed the best 

inhibition ability for tumors compared to other nanopar-
ticles, which was consistent with the H&E results.

Subsequently, the weight of tumor-bearing mice was 
recorded as shown in Fig. 6b. The body weights of mice 
treated with different samples were not significantly dif-
ferent, implying that BMMP-Mn2+/Se/DOX could not 
cause systemic toxicity and showed excellent biosafety. 
Subsequently, the biodistribution analysis demonstrated 
that BMMP-Mn2+/Se/DOX mainly accumulated in the 
spleen, kidney, and liver, which might be ascribed to 
the existence of the reticuloendothelial system (RES) in 
these organ tissues. Notably, BMMP-Mn2+/Se/DOX 
could quickly accumulate in tumor tissue based on the 
enhanced permeability and retention effect (EPR) at 8 h 
postinjection (Additional file 1: Fig. S13), which was ben-
eficial to promote cancer therapy with the nanoplatform. 
Subsequently, the pharmacokinetics of BMMP-Mn2+/Se/
DOX were also investigated by measuring Se levels. As 
shown in Fig.  6c, approximately 50% of BMMP-Mn2+/
Se/DOX was retained in the body at 8  h postinjection, 
implying that BMMP-Mn2+/Se/DOX had a long blood 
circulation time. Meanwhile, BMMP-Mn2+/Se/DOX was 
also completely excreted from the body at 96 h postinjec-
tion. These results indicated that BMMP-Mn2+/Se/DOX 
had long-acting effects on tumors and that its residue did 
not cause obvious side effects. To verify the biosafety of 
nanoplatform, H&E staining of critical organs was con-
ducted after treatment withdrawal. The heart slices of 
mice treated with free DOX exhibited some abnormali-
ties (Additional file  1: Fig. S14), such as the pyknotic 
nuclei in myocardial cells. In addition, these critical 
organs in other groups showed normal histomorphology 
and had no obvious damage. These results demonstrated 
that the BMMP-Mn2+/Se/DOX nanoplatform exhibited 
excellent biosafety.

Conclusions
In summary, a self-assembled biomimetic cytomem-
brane-based nanoplatform for chemotherapeutic- and 
chemodynamic synergistic therapy of cancer based on 
loading with Se and DOX was developed in this study. 
This nanoplatform (BMMP-Mn2+/Se/DOX) could 
be easily prepared via a facile and simple ultrasonic 
treatment. In addition, compared to traditional RCM, 
this nanoplatform showed more effective internaliza-
tion efficiency of cancer cells to promote anticancer 
drug delivery and subsequently enhance the therapeu-
tic effect. Moreover, this nanoplatform could activate 
SOD-1 expression, and then upregulate downstream 
H2O2 levels. In addition, Mn2+ in the nanoplatform 
could further catalyze H2O2 to highly toxic ·OH in vivo. 
Interestingly, the BMMP-Mn2+/Se nanoplatform inhib-
its GPX4 expression, accelerating ROS accumulation 
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in cells. The accumulated ROS induced mitochondrial 
damage and subsequently induced cancer cells apop-
tosis, achieving effective CDT for cancer. In addition, 
the loading of the classical anticancer drug DOX in 
the nanoplatform could endow the BMMP-Mn2+/Se/
DOX nanoplatform with chemotherapeutic effects, 
which could further promote the therapeutic efficacy 
of this platform in the treatment of cancer. Through 
in  vivo experiments, the systemic delivery of nano-
platforms exhibited low toxicity in normal organs, but 
had a strong inhibitory effect on tumor growth. There-
fore, this nanoplatform provides a promising candidate 
to fabricate chemotherapeutic- and chemodynamic 
synergistic therapy systems using membrane-based 
nanocarriers.
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