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Abstract 

In this study, we prepared a bionic nanosystem of trastuzumab-functionalized SK-BR-3 cell membrane hybrid 
liposome-coated pyrotinib (Ptb-M-Lip-Her) for the treatment of HER2-positive breast cancer. Transmission electron 
microscopy, dynamic light scattering, polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting were used 
to verify the successful preparation of Ptb-M-Lip-Her. In vitro drug release experiments proved that Ptb-M-Lip-Her had 
a sustained release effect. Cell uptake experiments and in vivo imaging experiments proved that Ptb-M-Lip-Her had 
good targeting ability to homologous tumor cells (SK-BR-3). The results of cell experiments such as MTT, flow cytom-
etry, immunofluorescence staining and in vivo antitumor experiments showed that Ptb-M-Lip-Her could significantly 
promote apoptosis and inhibit the proliferation of SK-BR-3 cells. These results clearly indicated that Ptb-M-Lip-Her may 
be a promising biomimetic nanosystem for targeted therapy of HER2-positive breast cancer.
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Introduction
Breast cancer is a serious threat to global women’s health, 
and human epidermal growth factor receptor 2 (HER2)-
positive breast cancer accounts for approximately 
15–20% [1–3]. Compared with other types, HER2-pos-
itive breast cancer is a subtype of breast cancer with 
strong aggressiveness and a high degree of malignancy, 
featuring poor prognosis, easy metastasis and a high 

risk of death [4, 5]. At present, the clinical treatment of 
HER2-positive breast cancer is mainly chemotherapy, 
except for surgery [6, 7]. Clinically, chemotherapy drugs 
often cause toxic side effects, drug resistance and other 
problems, which seriously affect the therapeutic effect 
[8–10]. Commonly used chemotherapy drugs include 
paclitaxel, doxorubicin, monoclonal antibodies (trastu-
zumab, etc.), pyrotinib, etc. [11–13]. Among them, pyro-
tinib, as a novel small molecule intracellular targeted 
drug, can covalently bind to the adenosine triphosphate 
binding sites of HER family proteins (HER1, HER2 and 
HER4) in the intracellular kinase region and can also 
prevent the formation of homodimers/heterodimers of 
HER family proteins, thereby inhibiting its own phos-
phorylation and the activation of downstream signal-
ing pathways, thus inhibiting tumor growth [14, 15]. At 
present, the double-targeted combination of a mono-
clonal antibody drug (Herceptin) and pyrotinib is often 
used in the clinical treatment of advanced HER2-positive 
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breast cancer with good effects [16–18]. However, cur-
rently commercially available pyrotinib preparations are 
administered orally and are often associated with adverse 
reactions such as neutropenia and diarrhea [19, 20]. Her-
ceptin is often accompanied by drug resistance and other 
problems [21, 22]. How to use effective technical means 
to optimize the treatment strategy and overcome the 
above problems is of great significance for the treatment 
of HER2-positive breast cancer.

In recent years, nanodrug delivery systems have pro-
vided new ideas for cancer therapy, such as liposomes 
[23], polymer nanoparticles [24] and polymer micelles 
[25], which can be surface modified (ligands or anti-
bodies, etc.) and widely loaded with drugs to achieve 
high targeting and bioavailability [26–28]. Among them, 
liposomes, as a mature preparation technology, have 
been widely used, with the characteristics of targeting, 
slow release, reduced drug toxicity and improved stabil-
ity [29, 30]. With the continuous development of bio-
materials technology, biomimetic lipid vesicles, such 
as cell membrane vesicles, exosomes, and apoptotic 
body membrane vesicles, have attracted extensive atten-
tion from researchers [31–33]. Their basic structure is 
the same as that of liposomes, which are composed of a 
phospholipid bilayer. Therefore, biomimetic lipid vesicles 
not only have homologous characteristics but also have 
the characteristics of liposomes. However, the prepara-
tion of such biomimetic materials is complicated, the 
yield is low, and the cost is high [34, 35]. Therefore, we 
designed a cell membrane fusion liposome as a drug car-
rier based on the similar principle of the cell membrane 
and liposome phospholipid bilayer. In this way, a small 
amount of cell membrane could be fused with liposomes 
so that the liposomes could have homology tropism, 
which not only realized bionics but also simplified the 
process and saved costs. Inspired by the clinical combi-
nation therapy regimen of Herceptin and pyrotinib, we 
bonded Herceptin with the HER2-positive cancer cell 
membrane through amide bonds and then fused it with 
pyrotinib liposomes to obtain trastuzumab-function-
alized bionic pyrotinib liposomes. This design, on the 
one hand, achieves the macromolecule trastuzumab and 
HER2 extracellular domain binding; on the other hand, 
the small molecule pyrotinib can achieve accumulation 
in tumor tissue through cell internalization or diffusion 
and combine with the intracellular domain of the HER 
family so that the two can realize the "inner and outer 
combination" and achieve the extracellular and intracel-
lular synergistic anti-HER2 tumor effect. At the same 
time, the homologous targeting of the SK-BR-3 cell mem-
brane further improves the ability of drug aggregation in 
tumor sites. Therefore, this study verifies the targeting 
and antitumor ability of Ptb-M-Lip-Her through in vitro 

cell experiments and in vivo animal experiments, provid-
ing a new idea for the clinical treatment of HER2-positive 
breast cancer.

Materials and methods
Materials
Pyrotinib was ordered from Jiangsu Hengrui Pharma-
ceutical Co., Ltd (Jiangsu, China) with > 99% purity. Her-
ceptin was purchased from Roche Pharmaceuticals Co., 
Ltd. (Shanghai, China). N-hydroxysuccinimide (NHS), 
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydro-
chloride (EDC), dimethyl sulfoxide (DMSO), sodium 
dodecyl sulfate (SDS), 98% soy phosphatidylcholine, 99% 
cholesterol, chloroform, ethanol, methanol, and para-
formaldehyde were purchased from Aladdin Chemical 
Reagent Co., Ltd. (Shanghai, China). Thiazolyl blue tetra-
zolium bromide (MTT), 7-AAD, Annexin V-FITC apop-
tosis detection kit, trypsin, bovine serum albumin, and 
Triton X-100 were supplied by Nanjing Jiancheng Bioen-
gineering Institute (Nanjing, China). SK-BR-3 cell lines 
were obtained from Keygen Biotech (Jiangsu, China). 
McCoy’s 5A medium and fetal bovine serum (FBS) were 
purchased from Beijing Dingguo Changsheng Biotech 
Co., Ltd. (Beijing, China). Phenylmethanesulfonyl fluo-
ride (PMSF), a mitochondrial membrane potential assay 
kit (JC-1), and calcein-AM/PI were provided by Beyotime 
Biotechnology Co., Ltd. (Shanghai, China). Anti-Bcl-2, 
anti-Bax, and anti-Caspase-3 antibodies were obtained 
from Abcam (Cambridge, UK). N-cadherin, galectin-3, 
EpCAM, ErbB-2, and EGFR were purchased from Wan-
leibio (Liaoning, China).

Preparation of Ptb‑M‑Lip‑Her
SK‑BR‑3 cell membrane derivation
SK-BR-3 cells were cultured in McCoy’s 5A medium 
containing 10% FBS (37  °C, 5% carbon dioxide). When 
SK-BR-3 cells were overgrown, they were digested with 
trypsin and collected by centrifugation at 1000  rpm/
min. The cells were washed three times with precooled 
PBS and then treated with 0.2% PBS for 24  h. The cell 
suspension was centrifuged at 1250  rpm for 15  min, 
and the supernatant was discarded. NaHCO3 (1  mM), 
EDTA (0.2  mM) and PMSF (100  mM) were added to 
the precipitate, and the cell suspension was transferred 
to a homogenizer and ground 30 times. The superna-
tant was collected after the suspension was centrifuged 
at 1250 rpm for 30 min. The supernatant from both col-
lections was centrifuged at 12,000 rpm for 20 min, and 
the supernatant was discarded. The remaining precipi-
tate was the SK-BR-3 cell membrane, which was stored at 
− 20 °C for further use.
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Preparation of Ptb‑M‑Lip‑Her and related particles
NHS and EDC (5  mg/mL) were added to the cell mem-
brane to activate carboxyl groups on the cell membrane. 
Then, 1  mg of Herceptin was dissolved in 1  mL of PBS 
and mixed with the cell membrane after activation of the 
carboxyl group. The mixture was incubated at room tem-
perature for 6  h to obtain M-Her. Then, the sample was 
centrifuged at 12,000×g for 30  min, and the supernatant 
was collected. The content of Herceptin in the supernatant 
was determined with a BCA kit. The grafting amount of 
Herceptin was calculated using the following formula.

Pac is the amount of connected HCT (mg),  Pi is the initial 
amount of HCT (mg), and  Pnc is the amount of noncon-
nected HCT (mg) in the supernatant.

Soy phosphatidylcholine and cholesterol were added 
to the round-bottomed flask at a mass ratio of 3:1, and 
chloroform was added to dissolve it fully [36]. Then, in a 
37  °C constant temperature water bath, the chloroform 
was evaporated by rotary evaporation, and finally, the 
lipid membrane was formed. The lipid membrane was 
hydrated for 30 min with a saline solution containing Her-
ceptin-modified cell membrane and pyrotinib for 30 min to 
preliminarily mix with lipids. The system was then ultra-
sonicated in an ice bath for 5  min at 10-s intervals and 
incubated at 37  °C for 30 min to achieve complete fusion 
of the cell membrane and lipid. Finally, the whole nanopar-
ticle was successively extruded by the liposome extruder at 
0.4 μm, 0.2 μm and 0.1 μm. Then, Ptb-M-Lip-Her was iso-
lated by a dextran gel column. To prepare the drug-loaded 
liposomes without biomimetics modification (Ptb-Lip), 
the normal saline solution did not contain the SK-BR-3 
cell membrane but only contained Ptb. To prepare FITC-
labeled liposomes, the normal saline solution contained 
Ptb, SK-BR-3 cell membrane and FITC. The next steps in 
the preparation process were the same as those described 
above.

Determination of drug loading
The prepared Ptb-M-Lip-Her was ultrasonicated with an 
ultrasonic probe at 200 W for 5  min at intervals of 10  s 
and then centrifuged at a rate of 80,000 r/min for 20 min. 
The supernatant was filtered through a 0.22  μm filter 
membrane, and the absorbance of Ptb was determined 
by ultraviolet spectrophotometry (UV-2000, languages, 
Franksville, WI).

Pac = Pi − Pnc

Encapsulation rate% = (encapsulated drugs/total drug volume)× 100%

Characterization
Morphology and characterization of nanomaterials
The morphologies of Lip and Ptb-M-Lip-Her were 
observed by transmission electron microscopy (TEM, 
Jem-1400 Flash, Japan). The particle size, zeta potential 
and stability of Lip, Ptb-M-Lip and Ptb-M-Lip-Her were 
measured using a laser diffraction particle size analyzer 
(Nano-ZS90, Malvern, Malvern, UK).

Membrane protein characterization
The membrane protein of the SK-BR-3 cell membrane 
was characterized by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE), and the successful 
encapsulation of the SK-BR-3 cell membrane was veri-
fied. To put it simply, SK-BR-3 cell membrane, Ptb-M-Lip 
and Ptb-M-Lip were lysed by radioimmunoprecipita-
tion assay (RIPA) lysis buffer (Dingguo, China). A bicin-
choninic acid protein assay (BCA) kit was then used to 
assay the protein concentration. The sample was mixed 
with SDS-PAGE sample loading buffer (Dingguo, China) 
and heated at 100  °C for 5  min. Samples with the same 
amount of protein (10 μL/well) were then loaded on an 
8% SDS-PAGE gel and electrophoresed for 2  h under 
constant pressure. The obtained gels were stained with 
Komas blue for 2 h and analyzed with Quantity One 1-D 
analysis software (Bio-Rad, Hercules, USA). Western blot 
analysis of SK-BR-3 cell membrane, Ptb-M-Lip and Ptb-
M-Lip-Her surface proteins (ErbB-2, EGFR, EpCAM, 
N-cadherin, and Galectin-3) further verified the success-
ful encapsulation of SK-BR-3 cell membrane.

In vitro drug release study
The release properties of Ptb-M-Lip-Her in  vitro were 
investigated using phosphate buffer solution as the 
release medium. Ptb-M-Lip-Her was placed in a dialysis 
bag (MWCO 3500). At the predetermined time, 3  mL 
of solution was taken and then injected into the same 
volume of PBS. The absorbance of Ptb was measured at 
260  nm by an ultraviolet spectrophotometer (UV-2000, 
languages, Franksville, WI), and the cumulative release 
was calculated. The experiment was repeated three times, 
and the results were averaged and expressed as the stand-
ard deviation (± SD).
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In vitro cell assay
Cell culture
SK-BR-3 cells were cultured in McCoy’s 5A medium 
containing 10% FBS and 1% penicillin-streptomycin in a 
37  °C incubator with 5%  CO2 under saturated humidity. 
SK-BR-3 cells were digested with 2.5% trypsin at passage. 
In addition, FBS supplemented with 10% DMSO was 
used to preserve cells at − 80 °C.

Cell uptake
SK-BR-3 cells were inoculated in a confocal dish and 
cultured for 12  h in an incubator containing 5%  CO2 
and saturated humidity at 37 °C. Then, the medium was 
removed, and FITC-labeled Ptb-Lip, Ptb-M-Lip and Ptb-
M-lip-Her were added. The cells were incubated at 37 °C 
for 2 h and washed three times with PBS. The cells were 
then fixed with 4% paraformaldehyde for 15 min, per-
meabilized with 0.1% Triton for 10 min, and sealed with 
1% BSA at 37 °C for 30 min. Finally, the cytoskeleton and 
nucleus were stained with phalloidin and Hoechst 33,342 
at 37  °C, respectively, and cell uptake was observed by 
confocal laser scanning microscope (CLSM, BioTek 
Instruments, Winooski, VT).

Flow cytometry was used to assess cell uptake. SK-BR-3 
cells were digested and inoculated in 6-well plates for 
24 h. Then, the medium was removed, and FITC-labeled 
Ptb-Lip, Ptb-M-Lip and Ptb-M-Lip-Her were added for 
incubation for 2  h. Cell uptake was measured by flow 
cytometry (Agilent Biosciences Inc., Santa Clara, CA).

Homotypic targeting
To verify the homologous targeting of Ptb-M-Lip, we 
evaluated the uptake of Ptb-M-Lip in different cancer 
cells. SK-BR-3, A549, and C6 cells were seeded in confo-
cal dishes at a density of 5 ×  103 and then incubated with 
Ptb-M-Lip for 2 h for cellular uptake as described above. 
Finally, the uptake of Ptb-M-Lip by different cancer cells 
was observed by CLSM.

Cytotoxicity analysis
To evaluate the toxicity of Ptb, Ptb-M-Lip and Ptb-M-
Lip-Her on SK-BR-3 cells, an MTT assay was used to 
detect the inhibitory effect of Ptb on SK-BR-3 cell prolif-
eration. After the cells were digested, cell counting plates 
were used to count the cells, and according to the count-
ing results, the cell suspensions were diluted into cell 
suspensions with a concentration of 5 ×  104 cells/mL by 
medium. Cell suspensions (100 μL) were inoculated into 
96-well plates and cultured for 24 h. After cell adhesion, 
Ptb, Ptb-M-Lip and Ptb-M-Lip-Her were diluted to dif-
ferent concentrations (equivalent concentrations of Ptb 
were 0.2, 0.4, 0.8, 1, 4, and 8  μg/mL), added to 96-well 
plates and incubated for 48 h. MTT (5 mg/mL) solution 

was added away from the light and incubated in the dark 
for 4  h. Then, the supernatant in the 96-well plate was 
discarded, and 100 μL DMSO was added and shaken 
in the dark at a low speed for 15  min. The optical den-
sity (OD) was measured and recorded at 492 nm using a 
microplate reader (VERSA max, Molecular Devices, Sun-
nyvale, CA) after the formazan was completely dissolved. 
The following formula was used to calculate cell viability:

Live and dead cell staining
SK-BR-3 cells were inoculated into 24-well plates and 
cultured for 24  h. Ptb, Ptb-M-Lip and Ptb-M-Lip-Her 
(equivalent to 0.8 μg/mL Ptb) were added for 24 h. Cal-
cein-AM/PI detection working solution (500 μL) was 
added to each well. Then, the cells were incubated in 
37 °C darkness for 40 min, rinsed with PBS and observed 
under a fluorescence microscope (Leica, Wetzlar, 
Germany).

Flow cytometric detection of apoptosis
SK-BR-3 cells were digested and inoculated into 6-well 
plates at 1 ×  105 cells/well for 24 h. Then, Ptb, Ptb-M-Lip 
and Ptb-M-Lip-Her (equivalent to 0.8  µg/mL Ptb) were 
added to the 6-well plate for 48 h. The cells were digested 
with trypsin and then washed with PBS 3 times. The cells 
were resuspended in 500 μL binding buffer, added to 5 μL 
Annexin V-FITC and 7-AAD, and incubated for 15 min 
away from light. Finally, apoptosis was detected by flow 
cytometry (Agilent Biosciences Inc., Santa Clara, CA).

Detection of mitochondrial membrane potential
SK-BR-3 cells were inoculated into 12-well plates and 
cultured for 24  h. Then, Ptb, Ptb-M-Lip and Ptb-M-
Lip-Her (equivalent to 0.8  µg/mL Ptb) were added for 
24 h. JC-1 staining solution was added and incubated at 
37 °C for 30 min in the dark. Finally, SK-BR-3 cells were 
observed with a fluorescence microscope (Leica, Wetzlar, 
Germany).

Immunofluorescence to detect apoptosis
SK-BR-3 cells were inoculated into 24-well plates and 
cultured for 24 h. Then, Ptb, Ptb-M-Lip and Ptb-M-Lip-
Her (equivalent to 0.8 µg/mL Ptb) were added for 24 h. 
The cells were washed with PBS 3 times, fixed with 4% 
paraformaldehyde for 30  min, and drilled with 0.5% 
Triton for 15  min. The cells were then sealed with goat 
serum for 2 h and incubated at 4 °C overnight with anti-
Caspase-3. The next day, the cells were incubated with 

Cell viability = ODt/ODc × 100%
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the secondary antibody at room temperature for 2 h, and 
Hoechst 33,342 and phalloidin were added for 15  min. 
Finally, SK-BR-3 cells were observed under a fluorescence 
microscope (Leica, Wetzlar, Germany).

Western blot
Western blotting was used to detect the expression 
level of apoptotic proteins in SK-BR-3 cells. SK-BR-3 
cells were first cultured in a culture flask, and then Ptb, 
Ptb-M-Lip and Ptb-M-Lip-Her (equivalent to 0.8  µg/
mL Ptb) were added for 48  h. The cells were gently 
scraped from the flask over ice. Cells were collected and 
washed with PBS 3 times. RIPA lysis buffer was added 
to each sample and incubated on ice for 30 min. After 
centrifugation at 4  °C and 12,000  rpm for 30  min, the 
protein concentration in each sample was determined 
using a BCA protein assay kit. For western blot analy-
sis, the protein (10 μL) in each sample was electropho-
retically separated on a polyacrylamide gel and then 
transferred to a polyvinylidene fluoride (PVDF) film. 
The PVDF membrane was incubated in 1% BSA for 
2 h and then incubated with primary antibodies (anti-
Bcl-2, anti-Bax, and anti-Caspase-3) overnight at 4  °C. 
The next day, the secondary antibody was added and 
incubated at room temperature for 2 h. The membrane 
was treated with ECL chromogenic agent. Expression 
analysis was performed by Quantity One 1-D analysis 
software (Bio-Rad, Hercules, USA).

In vivo experiment
Establishment of the mouse tumor model
BALB/c nude mice (females, 18–20  g) were purchased 
from Beijing Weitonglihua Experimental Animal Tech-
nology Co., Ltd. (Beijing, China). All mice were housed 
in the SPF Laboratory Animal Center of Jinzhou Medical 
University. The experiment was conducted in accordance 
with the Animal Management Regulations of Jinzhou 
Medical College. SK-BR-3 cells (5 ×  106) were injected 
into the adipose pad of the right mammary gland of nude 
mice. One week later, there was a mass in the fat pad of 
the right breast, indicating the successful establishment 
of the tumor model.

In vivo antitumor effect and safety
When the tumor volume reached 100  mm3, the nude 
mice were randomly divided into four groups: the control 
group, Ptb group, Ptb-M-Lip group and Ptb-M-Lip-Her 
group. Different preparations (equivalent to Ptb 10  mg/
kg) were injected into the caudal vein, and the control 
group was given normal saline. The drug was adminis-
tered every three days for a total of 7 doses. We measured 

the longest and shortest tumor diameters and mouse 
body weight before each administration. The tumor vol-
ume was calculated as follows:

The tumor inhibition rate was obtained according to 
the following formula:

where  Wt is the mean weight of the tumor for each drug 
treatment group and  Wc is the mean weight of the tumor 
for the control group.

The mice were killed after the last administration, and 
the tumor tissue and major organs (heart, liver, spleen, 
lung, and kidney) were removed. The tissues were fixed 
with 4% paraformaldehyde for 24  h, dehydrated and 
embedded in paraffin. Sections were stained with hema-
toxylin and eosin (H&E) and Ki-67 immunohistochemical 
staining. The sections were observed with a fluorescence 
microscope (Leica DMI 4000B, Wetzlar, Germany).

In vivo imaging
To further verify the targeting ability of Ptb-M-Lip-Her, 
FITC-labeled Ptb, Ptb-M-Lip, and Ptb-M-Lip-Her were 
injected into the tail vein of tumor-bearing nude mice. 
The mice were killed 3 h later, and the heart, liver, spleen, 
lung, kidney and tumor were removed. Fluorescence sig-
nal intensity in tumors and major organs was observed 
at 518 nm and 494 nm using an in vivo imaging system 
(IVIS Spectrum, PerkinElmer, Waltham, MA).

Statistical analysis
The statistical analysis was performed using GraphPad 
Prism (version 8.0), and the results of all experiments 
were reported as the mean ± SD. When the P value was 
less than 0.05, it was considered statistically significant.

Results and discussion
Characterization of Ptb‑M‑Lip‑Her
The preparation process of Ptb-M-Lip-Her is shown in 
Scheme  1. The SK-BR-3 cell membrane was extracted 
from SK-BR-3 cells, and then Herceptin was connected 
to the surface of the cell membrane by amide bonds 
to obtain the functionalized SK-BR-3 cell membrane. 
Liposomes were prepared by thin film dispersion. The 
lipid membranes were hydrated with a saline solution 
containing Herceptin-modified cell membranes and 
pyrotinib. The system was then ultrasonicated in an ice 
bath and continuously extruded through a polycarbon-
ate membrane to obtain Ptb-M-Lip-Her. The material 
was purified by a dextran gel column and administered 
to mice by caudal vein injection. Liposomes fused with 

Volume of tumor = longest diameter × (shortest diameter)2/2.

Tumor inhibition rate = (1−Wt/Wc)× 100%
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cell membranes have homologous targeting and can 
actively target tumor tissues. At the same time, the HER2 
receptor is highly expressed in tumor tissues. Herceptin, 
modified on the cell membrane surface, as a targeting 
ligand for HER2 receptors, further enhances the target-
ing and antitumor effects of Ptb-M-Lip-Her. As shown 
in Fig. 1A, the morphology and structure of Ptb-M-Lip-
Her were observed by transmission electron microscopy 
(TEM). The structure of Ptb-M-Lip-Her was complete 
and spherical, with a particle size of approximately 
140  nm. Compared with liposomes, the particle size of 
Ptb-M-Lip-Her is slightly increased. The results of TEM 
were further verified by the DLS method, and the parti-
cle size and zeta potential were determined (Fig. 1B, C). 
The particle size was 133.3 ± 2.2 nm for Lips, 134.3 ± 2.6 
nm for M-Lips, 135.1 ± 1.6 nm for Ptb-M-Lip and 
138.3 ± 3.2 nm for Ptb-M-Lip-Her, and the zeta potentials 
were − 33.9 ± 1.2 mV for Lips, − 39.6 ± 2.3 mV for M-Lip, 
− 44.1 ± 0.6  mV for Ptb-M-Lip and − 47.9 ± 2.0  mV for 
Ptb-M-Lip-Her. This demonstrated that the cell mem-
brane admixture and drug loading did not significantly 
change the size of liposomes. In the stability analysis, 
the particle size and zeta potential of Ptb-M-Lip-Her 
did not change significantly within 7  days, demonstrat-
ing the stability of the nanosystem (Fig. 1D). As shown in 
Fig. 1E, the in vitro release experiment showed that the 
cumulative release rate of pyrotinib at 24 h of Ptb-M-Lip-
Her was 74.02 ± 5.49%, which proved that the liposome 

modification of the fusion cell membrane regulated the 
drug release rate, making the drug release process slow 
and sustained. The systemic circulation time and bio-
availability of Ptb-M-Lip-Her were further improved. 
SDS-PAGE analysis showed that the electrophoretic 
bands of Ptb-M-Lip and Ptb-M-Lip-Her were consistent 
with those of the SK-BR-3 cell membrane (Fig. 1F). This 
indicated that the liposome fused with the cell mem-
brane successfully, and the composition of membrane 
surface proteins was not affected during the encapsula-
tion process. In addition, we further verified this result 
by western blot experiments. The expression of adhesion 
molecules (e.g., N-cadherin, Galectin-3, and EpCAM) 
and labeled proteins (e.g., EGFR and ErBb2) on the 
SK-BR-3 cell membrane, Ptb-M-Lip and Ptb-M-Lip-Her 
surfaces were analyzed in Fig.  1G, H. According to the 
literature, these adhesion factors and proteins are highly 
expressed on the surface of tumor cell membranes [37]. 
The western blot results showed that the bioadhesion fac-
tors and labeled proteins on the SK-BR-3 cell membrane 
were also highly enriched in Ptb-M-Lip and Ptb-M-Lip-
Her, which further proved the successful fusion between 
the cell membrane and liposomes.

Targeting study of Ptb‑M‑Lip‑Her
The targeting of Ptb-M-Lip-Her at the cellular level was 
verified by in vitro cell uptake assay and flow cytometry 
assay. FITC was used to label Ptb-Lip, Ptb-M-Lip and 

Scheme 1 Schematic diagram of the Ptb-M-Lip-Her preparation process and its antitumor effect
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Fig. 1 Characterization of Ptb-M-Lip-Her. A TEM images of Lip and Ptb-M-Lip-Her. B Particle size distribution of Lip, M-Lip, Ptb-M-Lip 
and Ptb-M-Lip-Her obtained by DLS. C Zeta potential of Lip, M-Lip, Ptb-M-Lip and Ptb-M-Lip-Her. D 7-day stability test of Ptb-M-Lip-Her. E 
Cumulative release curve of Ptb in Ptb-M-Lip-Her. F SDS-PAGE analysis of SK-BR-3 cell membrane, Ptb-M-Lip and Ptb-M-Lip-Her. G Western blot 
analysis (N-cadherin, Galectin-3, EpCAM) of SK-BR-3 cell membrane, Ptb-M-Lip and Ptb-M-Lip-Her. H Western blot analysis (EGFR, ErBb2) of SK-BR-3 
cell membrane, Ptb-M-Lip and Ptb-M-Lip-Her. All data represent mean ± SD (n = 3)

Fig. 2 Targeting study. A CLSM images of FITC-labeled Ptb-Lip, Ptb-M-Lip and Ptb-M-Lip-Her uptaken by SK-BR-3 cells. Scale bars: 50 µm. B CLSM 
images of FITC-labeled Ptb-M-Lip uptaken by SK-BR-3 cells, C6 cells and A549 cells. Scale bars: 50 µm. C The fluorescence intensity of fluorescent 
images in A. D The fluorescence intensity of fluorescent images in B. E The fluorescence intensity in different organizations. F Tissue fluorescence 
imaging of FITC-labeled Ptb-Lip, Ptb-M-Lip and Ptb-M-Lip-Her. G Cellular uptake results by SK-BR-3 cells from flow cytometry. All data represented 
the mean ± SD (n = 3) (*p < 0.05; **p < 0.01; ***p < 0.001)

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Ptb-M-Lip-Her and showed green fluorescence. The cell 
nucleus was stained with Hoechst 33,342 for blue fluores-
cence, and the cytoskeleton was stained with rhodamine 
phalloidin for red fluorescence. The uptake difference of 
Ptb-Lip, Ptb-M-Lip and Ptb-M-Lip-Her by SK-BR-3 cells 
was observed by fluorescence microscopy. As shown in 
Fig. 2A, C, SK-BR-3 cells had significantly higher uptake 
of Ptb-M-Lip than Ptb-Lip and further enhanced uptake 
of Ptb-M-Lip-Her compared with Ptb-M-Lip and Ptb-
Lip. These results indicated that the targeted delivery of 
the drug was enhanced after the fusion of the SK-BR-3 
cell membrane with liposomes, and the modification 
of the cell membrane surface with Herceptin further 
improved the targeting ability of Ptb-M-Lip-Her. To fur-
ther prove the homologous targeting of the SK-BR-3 cell 
membrane, the uptake of Ptb-M-Lip by SK-BR-3 cells, C6 
cells and A549 cells was observed by CLSM. As shown 
in Fig. 2B, D, the green fluorescence was weak in C6 cells 
and A549 cells and the strongest in SK-BR-3 cells. This 
showed that SK-BR-3 cells had the strongest uptake of 
Ptb-M-Lip. These results proved that the targeting of 
Ptb-M-Lip can be improved due to the homologous tar-
geting ability of the SK-BR-3 cell membrane after the 
fusion of liposomes with the SK-BR-3 cell membrane. 
The uptake of Ptb-Lip, Ptb-M-Lip, and Ptb-M-Lip-
Her by SK-BR-3 cells was measured by flow cytometry, 
and the results were consistent with those observed by 
CLSM (Fig.  2G). The cell uptake of Ptb-Lip, Ptb-M-Lip 
and Ptb-M-Lip-Her was 13.2 ± 2.21%, 38.4 ± 4.23% and 
89.6 ± 3.01%, respectively (Fig. 1S). The cell uptake rate of 
Ptb-M-Lip-Her was significantly higher than that of Ptb-
Lip and Ptb-M-Lip. This further demonstrated that Ptb-
M-Lip-Her had an outstanding ability to target SK-BR-3 
cells. In vivo imaging studies further validated the target-
ing of Ptb-M-Lip-Her at the animal level. FITC-labeled 
Ptb-Lip, Ptb-M-Lip, and Ptb-M-Lip-Her were injected 
into nude mice through the tail vein. The fluorescence 
intensity of tumors and major organs (heart, liver, spleen, 
lung and kidney) was then observed using a small animal 
imaging system (Fig. 2E, F). The fluorescence intensity of 
tumor sites in the Ptb-M-Lip group was higher than that 
in the Ptb-Lip group, and the fluorescence intensity of 
tumor sites in the Ptb-M-Lip-Her group was the strong-
est. These results showed that the enrichment degree of 
the Ptb-M-Lip-Her group was the highest at the tumor 

site. These results indicated that Ptb-M-Lip-Her has great 
potential in the targeted treatment of breast cancer.

In vitro apoptosis and toxicity analysis
To investigate the proapoptotic effect of Ptb-M-Lip-
Her, immunofluorescence, flow cytometry and western 
blot tests were performed in  vitro. The immunofluores-
cence experiments included Calcein-AM/PI staining, 
mitochondrial membrane potential determination and 
Caspase-3 immunofluorescence. A Calcein-AM/PI dou-
ble staining kit was used to stain living and dead cells to 
verify the cytotoxicity of SK-BR-3 cells induced by differ-
ent nanoparticles. Calcein-AM and PI can stain live cells 
green and dead cells red. As shown in Fig. 3A, D, all cells 
in the control group showed green fluorescence, indi-
cating that SK-BR-3 cells were in the proliferative stage. 
The red fluorescence of the Ptb-M-Lip group was higher 
than that of the Ptb group, indicating that Ptb-M-Lip had 
stronger toxicity to SK-BR-3 cells. The red fluorescence 
was significantly increased and the green fluorescence 
was decreased in the Ptb-M-Lip-Her group, which indi-
cated that the cells were mostly apoptotic. This proved 
that Ptb-M-Lip-Her had the most pronounced proapop-
totic effect on SK-BR-3 cells. Mitochondrial membrane 
potential reduction is a landmark event of early apopto-
sis. JC-1 is an ideal fluorescent probe for the detection 
of mitochondrial membrane potential. When the mito-
chondrial membrane potential was high, JC-1 aggregated 
in the mitochondrial matrix to form a polymer, showing 
red fluorescence. When the mitochondrial membrane 
potential decreased, JC-1 could not accumulate in the 
mitochondrial matrix and produced green fluorescence. 
The apoptosis rate can be measured by examining the 
ratio of red fluorescence to green fluorescence. The lower 
the ratio, the stronger the ability to promote apoptosis of 
tumor cells. As shown in Fig. 3C, F, the ratio of red fluo-
rescence to green fluorescence in the Ptb, Ptb-M-Lip and 
Ptb-M-Lip-Her groups gradually decreased after admin-
istration, indicating that the ability to promote apoptosis 
of SK-BR-3 cells was gradually enhanced. Among them, 
the red and green fluorescence ratio of the Ptb-M-Lip-
Her group was the lowest, indicating that Ptb-M-Lip-Her 
had the most toxic effect on SK-BR-3 cells. Then, Cas-
pase-3 immunofluorescence was used to further detect 
apoptosis. As shown in Fig. 4A, I, the green fluorescence 

(See figure on next page.)
Fig. 3 In vitro apoptosis and toxicity analysis. A Fluorescence images of live and dead cells stained with Calcein-AM/PI after different treatments. 
Green fluorescence indicates live cells, red fluorescence indicates dead cells. Scale bars: 50 µm. B Flow cytometry analysis of apoptosis ratio. C 
Fluorescence image of SK-BR-3 cells stained with JC-1 after different treatments. Scale bars: 50 µm. D Statistical analysis of the ratio of live and dead 
cells in A. E Statistical analysis of apoptosis rate in B. F The ratio changes of red fluorescence intensity to green fluorescence intensity in C. All data 
represented the mean ± SD (n = 3) (*p < 0.05; **p < 0.01; ***p < 0.001)
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Fig. 3 (See legend on previous page.)
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Fig. 4 In vitro apoptosis and toxicity analysis. A Caspase-3 immunofluorescence images of SK-BR-3 cells after different treatments. Scale bars: 
50 µm. B–D Western blotting was used to detect the expression of cytokines (Bax, Caspase-3, Bcl-2) in different groups. E–H Quantitative analysis 
of the expression levels of Caspase-3, Bax, Bcl-2 and Bax/Bcl-2. I Relative fluorescence intensity analysis of Caspase-3. J The cell viability of SK-BR-3 
cells after incubated with Ptb, Ptb-M-Lip and Ptb-M-Lip-Her. All data represented the mean ± SD (n = 3) (*p < 0.05; **p < 0.01; ***p < 0.001)
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intensity gradually increased after treatment with Ptb, 
Ptb-M-Lip and Ptb-M-Lip-Her. The results showed that 
Ptb-M-Lip-Her had the strongest apoptotic effect on 
SK-BR-3 cells. Flow cytometry was used to further quan-
titatively analyze the proapoptotic effect of Ptb-M-Lip-
Her (Fig. 3B, E). The apoptosis rate of the Ptb-M-Lip-Her 
group was 47.12 ± 2.28%, while that of the Ptb group and 
Ptb-M-Lip group were 27.93 ± 1.56% and 34.31 ± 1.49%, 
respectively. The apoptosis rate of the Ptb-M-Lip-Her 
group was significantly higher than that of the other 
groups, suggesting that the Ptb-M-Lip-Her group could 
significantly promote the apoptosis of SK-BR-3 cells. The 
expression levels of Caspase 3, Bcl-2 and Bax in tumor 
cells after administration were detected by western blot, 
which further confirmed the above conclusions. After 
SK-BR-3 cells were treated with Ptb, Ptb-M-Lip and Ptb-
M-Lip-Her, the expression of pro-apoptotic proteins 
(Caspase 3 and Bax) was gradually increased, while the 
expression of anti-apoptotic protein (Bcl-2) was gradually 
decreased (Fig. 4B–G). The ratio of Bax/Bcl-2 in the Ptb-
M-Lip-Her group was the highest (Fig. 4H). These results 
further proved that Ptb-M-Lip-Her had the most obvious 
apoptotic effect on SK-BR-3 cells. The toxicity of Ptb, Ptb-
M-Lip and Ptb-M-Lip-Her to SK-BR-3 cells was detected 
by MTT assay (Fig.  4J). When the concentration of Ptb 
was 1  μg/mL, the survival rate of Ptb-M-Lip-Her cells 
was 48.32 ± 1.29%, which was significantly lower than 
that of Ptb (74.30 ± 1.62%) and Ptb-M-Lip (61.77 ± 1.43%). 
When the concentration of Ptb reached 4 μg/mL, the cell 
viabilities of Ptb, Ptb-M-Lip and Ptb-M-Lip-Her were 
55.69 ± 1.96%, 43.00 ± 1.23% and 31.43 ± 1.89%, respec-
tively. After treatment with Ptb-M-Lip-Her, the cell via-
bility decreased with increasing Ptb concentration, and 
Ptb-M-Lip-Her showed the strongest inhibitory effect 
on SK-BR-3 cells. The IC50 values of Ptb, Ptb-M-Lip and 
Ptb-M-Lip-Her were 5.04 ± 15.31  μg/mL, 3.36 ± 6.15  μg/
mL and 2.67 ± 3.16 μg/mL, respectively. The IC50 results 
further proved that Ptb-M-Lip-Her had a good antitumor 
effect.

In vivo antitumor effect and safety
After 21  days of administration, tumor tissue was 
removed and photographed. As shown in Fig.  5B, we 
observed that the tumor size of the Ptb-M-Lip-Her group 
was significantly smaller than that of the other groups. In 
Fig.  5C, the tumor weight of the Ptb-M-Lip-Her group 
was 113.33 ± 4.21 mg, which was significantly lower than 
that of the Ptb and Ptb-M-Lip groups (423.33 ± 9.48  mg 
and 290.01 ± 8.43 mg). The tumor inhibition rates of Ptb 
and Ptb-M-Lip were 45.26 ± 6.81% and 62.50 ± 5.03%, 

respectively, while that of the Ptb-M-Lip-Her group was 
85.34 ± 3.42% (Fig.  5F). Tumor volumes in the Ptb, Ptb-
M-Lip and Ptb-M-Lip-Her groups were 436 ± 45.25  mm3, 
259 ± 31.27  mm3 and 61.33 ± 53.02  mm3, respectively, and 
the tumor volumes in the Ptb-M-Lip-Her group were sig-
nificantly lower than those in the other groups (Fig. 5H). 
These results clearly indicated that Ptb-M-Lip-Her could 
significantly inhibit tumor growth. The body weight 
changes of mice after treatment are shown in Fig. 5I. The 
body weight of mice in the Ptb group decreased gradually 
with the extension of administration time, indicating that 
the toxic side effects in the Ptb group were obvious. How-
ever, the weights of the Ptb-M-Lip and Ptb-M-Lip-Her 
groups continued to increase, and the weight of the Ptb-
M-Lip-Her group was the most significant. These results 
indicated that the active targeting ability of Ptb-M-Lip-
Her significantly reduced the side effects of pyrotinib. To 
further demonstrate the antitumor effect of Ptb-M-Lip-
Her, H&E staining and Ki67 staining were performed on 
tumor sections (Fig. 5E, G). In tumor H&E staining, the 
Ptb-M-Lip-Her group showed obvious necrosis com-
pared with the Ptb-M-Lip and Ptb groups. Ki67 immu-
nohistochemical staining showed that the brown nuclei 
of proliferating cells in the Ptb-M-Lip-Her group were 
significantly fewer than those in the other groups. These 
results all confirmed that Ptb-M-Lip-Her has obvious 
antitumor activity in  vivo. No significant pathological 
changes were observed in H&E staining images of major 
organs (heart, liver, spleen, lung, and kidney) of mice 
after different treatments, indicating that Ptb-M-Lip-Her 
had good biological safety (Fig. 5J). In conclusion, Ptb-M-
Lip-Her has great prospects in the treatment of HER2-
positive breast cancer.

Conclusion
The bionic nanosystem of trastuzumab-functionalized 
SK-BR-3 cell membrane hybrid liposome-coated pyro-
tinib (Ptb-M-Lip-Her) was successfully prepared for the 
treatment of HER2-positive breast cancer. In vitro cell 
experiments showed that Ptb-M-Lip-Her had a good 
targeting effect and promoted apoptosis of SK-BR-3 
cells. In vivo animal experiments further demonstrated 
that Ptb-M-Lip-Her could accumulate in large quan-
tities in tumors and had an obvious inhibitory effect 
on tumor growth. In conclusion, Ptb-M-Lip-Her has 
important application prospects in the targeted therapy 
of HER2-positive breast cancer.
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Fig. 5 In vivo antitumor effect and safety. A Tumor model establishment and drug administration time diagram. B Tumor images after 21 days 
of treatment in different groups. C Tumor weight after 21 days of treatment in different groups. D Photographs of tumor-bearing mice. E Tumor 
H&E staining in different treatment groups. Scale bars: 100 µm. F Tumor inhibition rate after 21 days of treatment in different groups. G Tumor Ki-67 
immunohistochemical imaging in different treatment groups. Scale bars: 100 µm. H The change curve of tumor volume of tumor-bearing mice 
during 18 days of treatment. I The weight change curve of tumor-bearing mice during 18 days of treatment. J H&E staining of the main organs 
in different treatment groups. Scale bars: 100 µm. All data represented the mean ± SD (n = 3) (*p < 0.05; **p < 0.01; ***p < 0.001)
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