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A B S T R A C T   

The abnormal activation of epidermal growth factor receptor (EGFR) drives the development of non-small cell 
lung cancer (NSCLC). The EGFR-targeting tyrosine kinase inhibitor osimertinib is frequently used to clinically 
treat NSCLC and exhibits marked efficacy in patients with NSCLC who have an EGFR mutation. However, free 
osimertinib administration exhibits an inadequate response in vivo, with only ~3% patients demonstrating a 
complete clinical response. Consequently, we designed a biomimetic nanoparticle (CMNP@Osi) comprising a 
polymeric nanoparticle core and tumor cell-derived membrane-coated shell that combines membrane-mediated 
homologous and molecular targeting for targeted drug delivery, thereby supporting a dual-target strategy for 
enhancing osimertinib efficacy. After intravenous injection, CMNP@Osi accumulates at tumor sites and displays 
enhanced uptake into cancer cells based on homologous targeting. Osimertinib is subsequently released into the 
cytoplasm, where it suppresses the phosphorylation of upstream EGFR and the downstream AKT signaling 
pathway and inhibits the proliferation of NSCLC cells. Thus, this dual-targeting strategy using a biomimetic 
nanocarrier can enhance molecular-targeted drug delivery and improve clinical efficacy.   
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1. Introduction 

Lung cancer is the first leading cause of cancer-related deaths in both 
men and women, with non-small cell lung cancer (NSCLC) responsible 
for the majority (~85% of the cases) [1]. Currently, conventional 
chemotherapy constitutes the mainstay of NSCLC treatment; however, 
its clinical efficacy remains limited. The low survival rate of patients 
with NSCLC has encouraged substantial research regarding alternative 
treatment strategies, such as molecular targeting [2]. Epidermal growth 
factor receptor (EGFR), a tyrosine kinase receptor, has been recognized 
as the most common driver for NSCLC [3–5]. Consequently, 
EGFR-targeting inhibitors, such as tyrosine kinase inhibitors (TKIs) (e.g., 
gefitinib and erlotinib), have been developed, and their clinical efficacy 
to treat advanced NSCLC has been confirmed, especially for lung 
adenocarcinoma (a subset of NSCLC) [6,7]. Upon binding to the EGFR 
tyrosine kinase domain, these small molecular inhibitors block EGFR 
phosphorylation, inhibit downstream signaling pathways and tumor 
proliferation [8]. However, the therapeutic effects of these small mo-
lecular inhibitors are usually compromised by intrinsic or acquired 
resistance, although TKIs considerably improve patient prognosis and 
prolong progression-free survival with few side effects [9]. 

Osimertinib (Osi) is a third-generation EGFR-TKI that was approved 
for treating patients with acquired resistance to first- or second- 
generation EGFR-TKIs. Osi exhibits marked efficacy for patients with 
NSCLC having EGFR mutations [10,11]. Indeed, in a few clinical NSCLC 
cases, Osi treatment extended progression-free survival compared with 
gefitinib or erlotinib treatment. Presently, Osi is considered a standard 
treatment for patients with NSCLC having EGFR mutations [12]. How-
ever, notably, a population of patients exhibited insufficient response to 
Osi treatment, similar to the responses observed for other EGFR-TKIs. 
Furthermore, most patients experienced recurrence and metastasis due 
to residual lesions, with only ~3% patients achieving complete remis-
sion [13]. The administration method of intravenous injection or oral 
ingestion (in a tablet formulation) constitutes the primary reason behind 
this insufficient response rate as they may lead to rapid blood/renal 
clearance, thereby causing low tumor accumulation and nonspecific 
distribution, resulting in an unsatisfactory treatment index and severe 
systemic toxicity [14,15]. Therefore, efforts to enhance drug enrichment 
at tumor sites and reduce systemic side effects are essential to increase 
the efficacy of Osi to clinically treat patients with NSCLC. 

Among the various strategies for improving drug delivery and ther-
apeutic efficacy, nanocarrier delivery exhibits several advantages for 
cancer therapy [16,17], including protecting the drug from biodegra-
dation [18], adjusting drug distribution in vivo [19,20], reducing sys-
temic toxicity [21,22], and improving therapeutic efficacy [23,24]. To 
date, more than a dozen nanomedicines have been approved for clinical 
use, including Doxil, Abraxanc, LipoDOX50, Onivyde, DepoCyt, 
Onpattro, and Apealea, which exhibit improved clinical profiles and 
efficacy [25]. More recently, drug-delivery strategies involving designs 
with membrane-coated biomimetic nanocarriers have demonstrated the 
potential to substantially enhance the functionality of the current 
nanoparticle platforms. This biomimetic design strategy derives inspi-
ration from cellular membranes, which are essential for biointerfacing, 
self-identification, signal transduction, and compartmentalization, 
enabling the development of membrane-camouflaged nanocarriers with 
good biocompatibility and extended clearance times [26–29]. More-
over, membrane coating may endow nanocarriers with homotypic tar-
geting capability, mediated by adhesion molecules expressed on the 
membrane, including integrin αvβ3 and tumor-specific binding proteins, 
such as Thomsen-Friedenreich antigen, E-cadherin, and Galectin-3. In 
addition, the endogenous cell membranes derived from autologous 
tumor cells might camouflage the exogenous chemically synthesized 
nanocarriers, thereby reducing their immunogenic responses. In addi-
tion, membrane proteins, including CD47, are beneficial for immune 
escape and prevent the macrophage recognition of membrane-coated 
nanocarriers. Hence, using cell membranes to functionalize 

nanocarrier surfaces is an extremely powerful design strategy to fabri-
cate biomimetic nanocarriers that leverage natural processes that have 
evolved over eons, thereby circumventing the need for exhaustive dis-
covery and validation that are often required for synthetic carriers [30]. 

However, bioinspired nanomedicine is still in its infancy and more 
effort is needed to explore novel biomimetic platforms to accelerate the 
commercialization and clinical application of nanoparticle-based drugs. 
The goal of membrane-coating technology is to create “next-generation” 
nanoparticle platforms that navigate and interact with complex bio-
logical systems and achieve enhanced and targeted drug delivery in vivo 
more effectively than the previous generation nanoparticle platforms. 
Such emerging technologies have the potential to considerably advance 
the field of nanomedicine, help improve traditional modalities, and 
enable novel applications. To promote clinical translation, the research 
priorities of bioinspired nanomedicine need to shift from discovery to 
close clinical integration. There are some challenges and safety issues 
should be addressed for further improvement cell membrane coating 
bioinspired nanocarriers. First, how to precisely characterize the integ-
rity of cell membrane-camouflaged nanoparticles in vivo has not been 
uncovered, whose integrity is determining the functionality of bio-
inspired nanocarriers during blood circulation. Second, obstacles to the 
standard protocol, quality control and large-scale production also need 
to be overcome. Last, the long-term biological effects of cell membrane- 
camouflaged nanoparticles to living organisms require careful investi-
gation. Especially, the biological safety of cancer cell membrane in the 
nanoparticles to the healthy organs should be investigated carefully 
since there are still a proportion of administrated cell membrane- 
camouflaged nanoparticles accumulated in healthy organs. Moreover, 
the safety concerns of this membrane-coating strategy mainly focus on 
immune response in vivo due to the immunogenicity of cell membranes 
deriving from various patients. Hence, for the future clinical translation, 
this strategy may become primarily an individualized treatment strategy 
for different patients. We believe that these important issues of cell 
membrane coating bioinspired nanocarriers will be further investigated 
in the near future. 

Herein, we surface-functionalized Osi-loaded polymeric nano-
particles (NP@Osi) using tumor cell membranes and obtained biomimetic 
nanoparticles (CMNP@Osi) possessing in vivo dual targeting for anti-
tumor therapy (Scheme 1). Furthermore, cancer cell membrane- 
camouflaged CMNP@Osi exhibited increased clearance time in vivo 
and homotypic targeting mediated by adhesion molecules and tumor- 
specific binding proteins closely resembling those of the source cancer 
cells. The CMNP@Osi also showed effective uptake by homologous cancer 
cells, subsequently releasing Osi into the cytoplasm, which bound to 
EGFR tyrosine kinase receptors on the interior membrane, enhancing 
molecular targeting and enabling efficient tumor growth inhibition. 
Thus, we presented a biomimetic nanocarrier strategy with combined 
homologous and molecular targeting for drug delivery to achieve dual 
targeting, which might expand the clinical application of cellular 
membrane-coating technology and improve its therapeutic efficacy. 

2. Experimental methods 

2.1. Materials 

Osimertinib was purchased from Selleck Co. Ltd. (China). Dil was 
obtained from Thermo Fisher Scientific Inc. (USA). Coumarin 6 was 
procured from Sigma-Aldrich (USA). Antibodies, including Na–K- 
ATPase (3010), GADPH (5174), Histone H3 (4499), Galectin-3 (12733), 
CD44 (3570), and E-cadherin (5296) were purchased from Cell 
Signaling Technology (USA). The Cell Counting Kit-8 (CCK-8) reagent 
was obtained from Biosharp (China). Other chemicals and reagents were 
of analytical grade and used as received. 
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2.2. Cell lines and animals 

HCC827, HFL1, LEWIS, MOVAS, and 293T cells were obtained from 
the American Type Culture Collection. The cells were cultured in RPMI 
1640 or Dulbecco’s Modified Eagle’s Medium supplemented with 10% 
fetal bovine serum (FBS), 1% (v/v) penicillin, and 1% (v/v) strepto-
mycin in an incubator at 37 ◦C and 5% CO2 atmosphere. Female BALB/c 
nude mice (5 weeks old; weighing 18–22 g) were purchased from Hunan 
SJA Laboratory Animal Co., Ltd. All animal procedures were conducted 
according to the guidelines approved by the Care and Use of Laboratory 
Animals of the South China University of Technology. 

2.3. Preparation of cancer cell membrane fragments 

The cells were cultured in 100-mm petri dishes to full confluency, 
harvested using 2 mM ethylenediaminetetraacetic acid (Sigma-Aldrich) 
in phosphate-buffered saline (PBS, pH 7.4, Invitrogen), and washed with 
PBS thrice. The collected cells were subsequently suspended in hypo-
tonic lysing buffer containing membrane protein extraction reagent and 
phenylmethanesulfonylfluoride (Beyotime). These cells were incubated 
on ice for 15 min and freeze-thawed seven times. The cell membrane 
debris and content were separated via first centrifugation at 700g for 15 
min at 4 ◦C, and then the cell membrane fragments were obtained from 
the supernatant via centrifugation at 14,000 g for 30 min at 4 ◦C. 

2.4. Synthesis of NP@Osi and CMNP@Osi 

Inner core polymeric polyphosphoester (PHEP) was synthesized as 
previously described [31,32]. Dimethyl sulfoxide (1 mL) containing 10 
mg PHEP and 1 mg Osi (Selleck) were mixed and added dropwise to 10 
mL deionized water under vigorous stirring for 2 h. The solution was 
then transferred to a dialysis bag with a 14K molecular weight cutoff and 
dialyzed against ultrapure water for 48 h. Free Osi was removed via 
filtering through a 0.45-μm filter to obtain NP@Osi. 

Subsequently, NP@Osi were surface-functionalized using the 

membrane fragments via filtering the latter through 400-nm poly-
carbonate porous membranes (Avanti) 11 times. The membranes were 
then mixed with NP@Osi and filtered through 200-nm polycarbonate 
porous membranes 11 times to obtain the biomimetic nanoparticles, 
CMNP@Osi. Then, the standard curves of the free Osi solutions (0.625, 
1.25, 2.5, 5, and 10 μg/mL) were prepared and the CMNP@Osi solution 
(100 μL) was freeze-dried and re-solve in 1 mL DMSO. After that, the 
absorbance of Osi standard curves and CMNP@Osi sample at 320 nm 
were determined by ultraviolet–vis spectrophotometer (Thermo Fisher, 
Evolution300, USA). Final, the Osi concentration in CMNP@Osi sample 
was direct calculated through the standard curve and the drug loading 
capacity (DLC) of Osi in CMNP@Osi was calculated as following equation, 
and is 5.37% ± 0.41%:  

DLC% = (MOsi/MNanocarrier) × 100%                                                         

The MOsi represented the total mass of encapsulated Osi in CMNP@Osi 

and the MNanocarrier represented the total mass of CMNP@Osi consist of 
PHEP homopolymer. 

2.5. Characterization of CMNP@Osi 

Dynamic light scattering (DLS) was performed using Zetasizer Nano 
ZSE (Malvern Instruments) at 25 ◦C to determine the size and zeta po-
tential of HCC827 cell membranes, NP@Osi, and CMNP@Osi dispersed in a 
diluted suspension. After staining with 1% (w/v) phosphotungstic acid, 
the morphologies of NP@Osi and CMNP@Osi were investigated via 
transmission electron microscopy (TEM, JEOL JEM-2010). In addition, 
the stability of CMNP@Osi was assessed by measuring size changes 
following incubation in 1 × PBS or PBS containing 10% FBS at 0, 6, 12, 
24, 48 and 72 h. 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS–PAGE) analysis was performed to analyze protein profiles after 
HCC827 cell lysis, including the separate assessment of cell membrane 
vesicles (CMV) and CMNP@Osi. The proteins were stained with Coo-
massie blue (Invitrogen) and imaged after destaining in water overnight. 

Scheme 1. Schematic showing the fabrication of biomimetic CMNP@Osi nanoparticles for HCC827 tumor therapy via tail vein injection (A) and homologous and 
molecular targeting therapy for tumors in vivo (B). 
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For western blotting, the proteins were transferred to polyvinylidene 
fluoride membranes (Millipore), which were then blocked and incu-
bated with antibodies overnight at 4 ◦C. Next, secondary antibodies, 
including anti-mouse immunoglobulin G (IgG) (Cell Signaling Tech-
nology, 7076) and anti-rabbit IgG (Cell Signaling Technology, 7074), 
were coincubated with the corresponding primary antibodies. The im-
ages were collected using ECL western blotting substrate (Millipore). 

The colocalization of the membranes and inner cores was observed 
using confocal laser scanning microscopy (CLSM). Dil (Invitrogen) was 
used to stain the cell membranes for 30 min, and coumarin 6 (Med-
ChemExpress) was loaded into the hydrophobic cores of CMNP@Osi. 
Dual fluorescence-labeled CMNP@Osi were coincubated with HCC827 
cells for 2 h. After nucleus and cell membrane staining with Hoechst 
33342 (Invitrogen, 1:1000 dilution) and CellMask Deep Red (Invitrogen, 
1:1000 dilution) for 20 min, respectively, and then washing with PBS, 
the cells were observed by CLSM (Carl Zeiss, LSM880). 

2.6. Cellular endocytic pathways 

In order to study the cellular uptake mechanisms, three specific in-
hibitors were introduced to investigate the endocytic pathways of 
CMNP@Osi and NP@Osi. HCC827 cells were incubated with various 
endocytic inhibitors, including chlorpromazine (10.0 μg/mL), amiloride 
(20.0 μg/mL), and carboxymethyl-β-cyclodextrin (5.0 mg/mL), and 
further incubated at 37 ◦C or 4 ◦C for 60 min, respectively. Subsequently, 
CMNP@Osi and NP@Osi were added and coincubated for 2 h, respectively. 
The cells were washed with PBS and collected for FACS analysis with an 
Accuri C6 flow cytometer. 

2.7. In vitro homologous targeting study 

The homologous targeting capacity of CMNP@Osi was investigated 
using fluorescence-activated cell sorting (FACS) and CLSM. The 
CMNP@Osi were labeled with coumarin 6 loaded into the hydrophobic 
inner core of the particles. Similar to the preparation of CMNP@Osi, HFL1 
cell membrane-coated NP@Osi (denoted as FMNP@Osi) were prepared 
and used as a control. Next, CMNP@Osi and FMNP@Osi were coincubated 
with HCC827, HFL1, LEWIS, MOVAS, or 293T cells for 2 h. After tryp-
sinization and washing with PBS, the cells were resuspended in PBS and 
intracellular fluorescence intensity was measured using FACS via a flow 
cytometer (Accuri C6). In addition, the HCC827 cells were coincubated 
with different formulations for 2 h and then collected for FACS and 
CLSM analyses. For CLSM, the cells were counterstained with Alexa 
Fluor546 phalloidin and DAPI (Carl Zeiss, LSM 880). 

2.8. In vitro drug release study 

NP@Osi and CMNP@Osi (1 mL, 35 μg/mL) loaded in dialysis bags 
(MW, 3500) were immersed in 20 mL of PB buffer (0.02 mM) and 
incubated at 37 ◦C. At pre-determined time points, 0.2 mL of the me-
dium was drawn out and added with an equal volume of fresh medium. 
Then, the osimertinib concentration was determined using HPLC 
analysis. 

2.9. In vitro antiproliferation and cell apoptosis assays 

The in vitro antiproliferation assay used HCC827 cells seeded into 
96-well plates at a density of 5 × 103 cells/well in 0.1 mL RPMI 1640 
media with 10% FBS. After 24 h, the cells were incubated with fresh 
media containing free Osi, NP@Osi, or CMNP@Osi with concentrations 
ranging from 2 to 64 nM. Following incubation for 72 h, cell viability 
was measured using the CCK-8 assay. 

Following independent treatment with free Osi, NP@Osi, or 
CMNP@Osi using 50 nM Osi, the HCC827 cells were assessed using 
Annexin V-FITC apoptosis detection kit (Beyotime) whose results were 
analyzed using FACS. The HCC827 cells treated with PBS were used as a 

negative control. 

2.10. Cell migration assay 

A wound-healing migration assay was performed to investigate the 
inhibition of cell migration of CMNP@Osi. The HCC827 cells were 
incubated at 90%–100% confluence in the culture plate wells, and the 
media were replaced with serum-free media for 24 h. Then, three scratch 
lines were made using a 200-μL sterile micropipette tip, and the cells 
were washed twice with warm serum-free media. Subsequently, the cells 
were independently treated with free Osi, NP@Osi, and CMNP@Osi using 
50 nM Osi for 24 and 48 h. Finally, cell migration was imaged using a 
microscope (Nikon Eclipse Ti). 

2.11. In vivo biodistribution and tumor homologous targeting 

The distribution of CMNP@Osi in vivo was conjugated and labeled 
with Cy5.5 NHS ester and encapsulated in the hydrophobic core of 
CMNP@Osi. Cy5.5-labeled CMNP@Osi was injected intravenously into 
HCC827 tumor-bearing mice and imaged using IVIS LuminaLT system 
(PerkinElmer) at different time points. At 48 h postinjection, the mice 
were euthanized to collect their primary organs and tumors for imaging. 
Cy5.5-labeled naked NP@Osi served as a control. 

2.12. In vivo antitumor efficacy 

Blbc/nude mice with HCC827 xenograft tumors (~50 mm3) were 
randomly divided into four groups (n = 5/group). The mice were 
intravenously injected with PBS, free Osi, NP@Osi, or CMNP@Osi using an 
Osi dose of 1.0 mg/kg every three days. The body weight and tumor size 
were monitored every three days. The mice were euthanized on day 21, 
and the tumor tissues were excised, weighed, and imaged. Further, the 
harvested tumor tissues were paraffin-embedded and sectioned for he-
matoxylin and eosin (H&E) and immunohistochemical (terminal deox-
ynucleotidyl transferase dUTP nick-end labeling [TUNEL] and ki67) 
staining. Moreover, portions of tumor tissue samples were homogenized 
and analyzed for total EGFR, phosphorylated EGFR, total AKT, and total 
phosphorylated AKT levels via western blotting. Finally, the tumor tis-
sues from PBS- or CMNP@Osi-treated mice were collected for mRNA 
sequencing. 

2.13. In vivo pharmacokinetics 

ICR mice were randomly grouped (n = 3 in each group) and injected 
intravenously with free osimertinib, NP@Osi and CMNP@Osi, respec-
tively, at the Osi dose of 1 mg/kg. At pre-determined time points, blood 
samples were collected from the retro-orbital plexus of the eye, and 
serum samples were obtained by centrifugation. Osimertinib in the 
serum was extracted with ethyl acetate and quantified using HPLC 
analysis. 

2.14. Biocompatibility evaluation 

Following treatment, the mice were euthanized and their whole 
blood was collected. Serum was obtained following centrifugation 
(14000 rpm, 10 min) for routine blood tests and biochemical examina-
tion. The histopathology of the organ tissues was assessed using paraffin 
sections following H&E staining. 

2.15. Transcriptomic mRNA sequencing analysis 

The tumor tissues from the mice following PBS or CMNP@Osi treat-
ments were collected for mRNA sequencing. Fragments per kilobase of 
exon per million mapped fragment data were processed via data 
cleaning, quality control, and normalization to yield 17,796 annotated 
mRNA sequences. The differentially expressed genes (DEGs) were 
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identified using the limma package, with p-values of <0.05 and absolute 
values of fold change over a cutoff calculated as mean fold change plus 
two standard deviations. 

Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways, and Gene Set Enrichment Analysis (GSEA) were used 
to identify the functional and pathway enrichment of DEGs using clus-
terProfiler package via R software. For GSEA analysis, the annotated 
gene sets “c2.all.v7.5.1.symbols.gmt,” and “c6.all.v7.5.1.symbols.gmt” 
were downloaded from the Molecular Signatures Database. A pro-
tein–protein interaction network for DEGs was constructed via the 
connections retrieved from the STRING database and visualized using 
cytoHubba algorithm via Cytoscape software (Version 3.8.2). The gene 
functions in G2/M checkpoint, DNA damage repair, and apoptosis were 
obtained based on the “Hallmark gene sets” from the Molecular Signa-
tures Database (Supplementary Table 1). The expression of the specific 
gene sets was compared and visualized using heatmap package via R 
software. 

2.16. Statistical analysis 

GraphPad Prism 8 was used for the data analyses. All values were 
expressed as mean ± SD (standard deviation). The differences between 
the groups were determined using two-tailed Student’s t-tests and one- 
way analysis of variance. A p-value of <0.05 was considered statisti-
cally significant. 

3. Results and discussion 

3.1. Preparation and characterization of the biomimetic CMNP@Osi 

Firstly, the inner core NP@Osi particles were prepared with 

homopolymer PHEP and Osimertinib according to nanoprecipitation 
method (Fig. S1). DLS analysis revealed that the vesicles derived from 
the HCC827 cell membranes exhibited a hydrodynamic diameter of 
~300 nm and that of the NP@Osi core was ~80 nm. Then, CMNP@Osi was 
obtained following the co-fusion of vesicles and NP@Osi and the size 
distribution of CMNP@Osi at different NP@Osi to membrane protein mass 
ratio were evaluated. As showed in Fig. S2, DLS analysis revealed that 
excess cell membrane is not conducive for particles preparation, and the 
CMNP@Osi exhibited a uniform particle size distribution at a lower mass 
ratio (NP/membrane fragments). Hence, we prepared CMNP@Osi at the 
ratio of NP/membrane protein is 1:0.0625 for the following experiments 
and the final diameter of the CMNP@Osi was ~100 nm (Fig. 1A). The 
obtained CMNP@Osi display a negative charge similar to that of mem-
brane vesicles (Fig. 1B). This charge differs from that of naked NP@Osi, 
thereby demonstrating the successful fabrication of biomimetic 
CMNP@Osi. 

The morphology of CMNP@Osi was examined via TEM; both naked 
NP@Osi and CMNP@Osi exhibited a spherical morphology. Conversely, 
membrane-coated CMNP@Osi demonstrated a distinct core-shell struc-
ture, and the coating membrane was visualized around the polymeric 
particles (Fig. 1C). Further, the proteins of CMNP@Osi, HCC827 cell 
membranes, and raw cell lysates were analyzed via SDS-PAGE. The 
proteins were retained on the cell membranes and in CMNP@Osi, even 
after hypotonic treatment and extrusion. Thus, the cell membrane pro-
teins of the HCC827 cells were successfully transferred to CMNP@Osi 

(Fig. 1D). 
Cell membrane-specific and intracellular representative proteins 

were further analyzed via western blotting. HCC827 cell lysates were 
rich in GAPDH, a cytoplasmic protein marker, and histone H3, a nuclear 
protein marker. Conversely, cell membrane vesicles (CMV) and 
CMNP@Osi displayed considerable enrichment of Na+/K + -ATPase, a 

Fig. 1. Preparation and characterization of CMNP@Osi. (A) Size and (B) zeta potential of NP@Osi, CMNP@Osi, and cell membrane vesicles (CMV). (C) Representative 
transmission electron microscopy images of (i, ii) naked NP@Osi and (iii, iv) CMNP@Osi. (D) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis protein marker 
analysis of (I) CMNP@Osi, (II) CMV, and (III) HCC827 cell lysate. (E) Representative protein marker analysis of HCC827 cell lysate, CMV, and CMNP@Osi via western 
blotting assay, including GAPDH, histone H3, and Na+/K + -ATPase. (F) Time-dependent stability of CMNP@Osi or bared NP@Osi in 10% fetal bovine serum and 
phosphate-buffered saline solution. (G) Confocal laser scanning microscopy images of HCC827 cells coincubated with dual fluorescent dye-labeled CMNP@Osi. 
Hoechst 33342: blue nuclei label, Cellmask Deep Red: light purple HCC827 cell membrane label, C6: green NP@Osi inner core label, Dil: red shell membrane label. 
Scale Bar: 10 μm. 
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plasma membrane marker, demonstrating the successful extraction of 
plasma membrane-associated proteins with negligible cytoplasmic/nu-
clear proteins (Fig. 1E). The plasma membrane coating imparts 
CMNP@Osi with good colloidal stability in PBS or 10% FBS (Fig. 1F), 
while the size of bared NP@Osi solution gradual increased along with 
prolong times under same condition. Moreover, the drug release curve 
revealed that Osi was gradually released from CMNP@Osi and NP@Osi, 
indicating the Osimertinib release according to free diffusion and the 
membrane coating does not affect Osi release (Fig. S3). Furthermore, 
NP@Osi inner core and surface coating were labeled with coumarin 6 
(C6) and Dil, respectively, and coincubated with HCC827 cells for 2 h. 
The intracellular distribution of CMNP@Osi after uptake was observed by 
CLSM (Fig. 1G). The fluorescence signals of the inner NP@Osi (green) and 
coating membrane (red) demonstrated intracellular excellent colocali-
zation. Thus, CMNP@Osi was efficiently internalized by the homologous 
cancer cells while maintaining an intact core-shell structure. 

3.2. Enhanced uptake of CMNP@Osi in vitro via homologous targeting 

The homotypic targeting of CMNP@Osi was assessed via the analysis 
of primary surface adhesion molecules, including Galectin-3, E-cad-
herin, and CD44, using western blotting. All proteins were enriched in 
purified HCC827 membrane vesicles and CMNP@Osi, indicating that 
three representative homotypic cell adhesion proteins were successfully 
transferred to the shell of CMNP@Osi. Further, the HCC827 cells were 
coincubated with different particle formulations. After 2 h of incubation, 
the HCC827 cells were analyzed using FACS. The HCC827 cells coin-
cubated with CMNP@Osi exhibited 2.1-fold and 1.9-fold higher intra-
cellular fluorescence (Fig. 2B and C) than that exhibited with NP@Osi and 
FMNP@Osi (negative control, HCC827 cells replaced with HFL1 cells 
membrane-coated NP@Osi) treatment, respectively. Similarly, increased 

fluorescence (C6) was observed in the CLSM images of the HCC827 cells, 
demonstrating a higher uptake of homotypic-coated nanoparticles 
(CMNP@Osi) than heterotypic FMNP@Osi (Fig. 2D). In addidtion, the 
endocytosis mechanism study indicated that the cellular uptake of 
CMNP@Osi mainly through clathrin-dependent endocytosis and is an 
energy-dependent process (Fig. S4). Hence, homotypic targeting was 
concluded to be specific for homogeneous membranes. 

Further, CMNP@Osi uptake by various cell types was investigated 
using FACS. Compared with naked NP@Osi, intracellular FACS fluores-
cence and mean fluorescence intensity (MFI) following CMNP@Osi 

treatment of HCC822 cells was significantly increased. However, 
negligible differences were observed following the treatment of het-
erotypic cells, including HFL1, LEWIS, MOVAS or 293T cells (Fig. 2E and 
F). Thus, CMNP@Osi displays better affinity toward its homotypic cells. 
The superior targeting to homologous cancer cells of CMNP@Osi may be 
driven by the adhesive molecules in the homotypic membranes. 

3.3. CMNP@Osi delivery of Osi significantly improved molecular targeting 
in vitro 

CCK-8 assays were performed to assess the antiproliferation effects of 
CMNP@Osi in HCC827 cells. CMNP@Osi exhibited the best efficacy and 
the lowest half maximal inhibitory concentration (IC50) of 14.23 nM. 
The calculated IC50 of free Osi and NP@Osi were 37.60 and 27.86 nM, 
respectively (Fig. 3A). We hypothesized that the homologous targeting 
of CMNP@Osi increased the cellular uptake. Moreover, the antitumor 
effects of different formulations were evaluated for apoptosis (Fig. 3B 
and C). CMNP@Osi induced the most pronounced effect (52.87%), 3.56- 
and 4.20-fold higher than that of NP@Osi and free Osi. Notably, the 
CMNP@Osi also could efficiently kill tumor cells at acidic environment 
(Fig. S5). Next, the antiproliferation activity of CMNP@Osi was also 

Fig. 2. In vitro cellular uptake and specific homolo-
gous targeting capacity of CMNP@Osi. (A) Membrane 
protein analysis of the raw HCC827 cell lysate, cell 
membrane vesicles (CMV) and CMNP@Osi via western 
blotting. (B) Fluorescence-activated cell sorting 
(FACS) analysis and (C) mean fluorescence intensity 
(MFI) of the HCC827 cells incubated with different 
particle formulations, including PBS, NP@Osi, 
FMNP@Osi, or CMNP@Osi. Data are means ± s.d. (n =
3). (D) Representative confocal laser scanning mi-
croscopy images of the HCC827 cells coincubated 
with different particle formulations (green). The 
nuclei were stained with DAPI (blue) and the actin 
cytoskeleton with Alexa Fluor™ 546 (red). (E) FACS 
analysis and (F) MFI of cells incubated with NP@Osi 

and CMNP@Osi. Data are means ± s.d. (n = 3). Sta-
tistical significance was calculated via Student’s t-test 
(two-tails), *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001. ns: no significant difference.   
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evident in the results of the wound-healing assays. The cell migration 
rate following CMNP@Osi treatment remained at ~10.68% at 48 h. 
Conversely, the cell migration rate in the cells treated with control, free 
Osi, and NP@Osi were 55.21%, 38.54%, and 30.11%, respectively. Thus, 
CMNP@Osi significantly inhibited the migration and proliferation of 
HCC827 cells (Fig. 3D–E). Thus, the homologous membrane-coating 
functionalization significantly improved the potential antitumor activ-
ity of nanoparticles in vitro owing to its superior targeting to homolo-
gous cancer cells. 

3.4. Homologous targeting of biomimetic nanoparticles CMNP@Osi 

accumulated in tumor tissues and their superior therapeutic efficacy 

We further investigated the distribution of biomimetic CMNP@Osi in 
vivo. The mice were imaged using Xenogen IVIS Lumina system 
following the intravenous administration of Cy5.5-labeled CMNP@Osi or 
naked NP@Osi. Cy5.5 fluorescence intensity reached maxima at 6 h at the 
tumor sites following CMNP@Osi or NP@Osi treatment. However, the 
fluorescence signals following CMNP@Osi treatment was significantly 
stronger than those following naked NP@Osi treatment (Fig. 4A). 

Fig. 3. In vitro efficacy of different formulations in 
HCC827. (A) Cytotoxicity of free Osi, NP@Osi, and 
CMNP@Osi toward HCC827 cells after 72 h. (B) 
Fluorescence-activated cell sorting analysis and (C) 
quantification of apoptosis induced by different for-
mulations. Data are means ± s.d. (n = 3). (D) Scratch 
assay and (E) quantification of cell migration after 
treatment with different formulations. Data are 
means ± s.d. (n = 3). Statistical significance was 
calculated via Student’s t-test (two-tails), *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001. ns: no 
significant difference.   

Fig. 4. In vivo homologous targeting and distribution 
of CMNP@Osi. (A) Distribution of NP@Osi and 
CMNP@Osi in nude mice bearing HCC827 xenograft 
tumors imaged at different postinjection times. (B) 
Distribution and (C) quantitation of Cy5.5 fluores-
cence signals in the main organs and tumors. (1) 
Tumor, (2) heart, (3) liver, (4) spleen, (5) lungs, and 
(6) kidneys. Data are means ± s.d. (n = 3). (D) In vivo 
Osimertinib plasma concentration-time profile of free 
Osi, NP@Osi and CMNP@Osi after intravenous admin-
istration to mice (n = 3). Statistical significance was 
calculated via Student’s t-test (two-tails), *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001.   
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Subsequently, the higher Cy5.5 fluorescence following CMNP@Osi 

treatment was sustained at the tumor sites up to 48 h after the injection. 
The major organs and tumor tissues were separated and imaged 48 h 
following the injection. The mice treated with CMNP@Osi displayed 
stronger Cy5.5 fluorescence in tumor tissues, indicating that the 
membrane-coated particles had accumulated in the tumors (Fig. 4B, the 
raw images were showed in Fig. S7). Notably, the fluorescence signals 
were weaker in the major organs than in the tumors, including the heart, 
liver, spleen, lungs, and kidneys, reflecting effective targeting and sug-
gesting less systemic toxicity in vivo. Moreover, the quantitation of 
fluorescence signals in the tumor tissues showed that CMNP@Osi group 
exhibited 1.9-fold higher signals than that of NP@Osi (Fig. 4C). Addi-
tionally, the pharmacokinetics of free Osi, NP@Osi and CMNP@Osi were 
also determined. In comparison to free Osi and NP@Osi, CMNP@Osi effi-
ciently prolonged circulation (Fig. 4D) and the pharmacokinetic pa-
rameters were calculated (Table S1). It suggested that endogenous 
tumor cells membrane coating could reduce the elimination by reticu-
loendothelial system and enhance blood retention of biomimetic 
nanoparticles. 

The anticancer activity of CMNP@Osi in vivo was evaluated in 
HCC827 xenograft tumor-bearing blab/c nude mice. The mice were 
randomly categorized into four groups (n = 5/group) and intravenously 
injected with PBS, free Osi, NP@Osi, or CMNP@Osi at an Osi dose of 1.0 
mg/kg every three days. The tumor size was monitored across the entire 
treatment period. The tumor growth curves revealed a superior efficacy 
of CMNP@Osi compared with that of either naked NP@Osi or free Osi 
(Fig. 5A–C; Fig. S6). In particular, tumor growth was almost completely 

suppressed following CMNP@Osi treatment. Subsequently, H&E and 
immunofluorescence staining (Ki-67 and TUNEL) of the tumor tissues 
revealed enhanced tumor cell apoptosis or necrosis and reduced prolif-
eration following CMNP@Osi treatment (Fig. 5D, the raw images were 
showed in Fig. S8). Moreover, the body weight of mice did not show 
apparent change during the treatments regardless of which formulation 
was used (Fig. 5E). This finding suggests the favorable biocompatibility 
of CMNP@Osi. The negligible alterations in the results of the routine 
blood tests and lack of significant histopathology in the major organs 
were consistent with this finding of in vivo biocompatibility 
(Figs. S9–10). 

We also explored the phosphorylation status of EGFR and down-
stream AKT proteins following CMNP@Osi treatment. Western blotting 
revealed little or no effect of CMNP@Osi treatment on the protein 
expression of EGFR and AKT compared with that of NP@Osi and free Osi. 
However, the phosphorylation levels of EGFR and AKT proteins were 
significantly decreased following CMNP@Osi treatment (Fig. 5F). More-
over, CMNP@Osi treatment produced the lowest ratio of phosphorylated 
to nonphosphorylated EGFR and AKT proteins (Fig. 5G and H). Hence, 
CMNP@Osi enhanced the molecular targeting and anticancer activity of 
Osi. 

3.5. Tumor mRNA analysis 

The pathways and mechanisms of CMNP@Osi action in vivo were 
assessed using mRNA sequences following CMNP@Osi or PBS treatment. 
In total, 17,796 genes were analyzed. The differential expression of 466 

Fig. 5. Antitumor and antiproliferation activities of biomimetic CMNP@Osi in vivo. (A) Growth curves of HCC827 xenograft tumors and (B) tumor weights following 
different treatments for 21 days. (C) Images of tumor tissues following treatment. (D) Representative images of hematoxylin and eosin staining and immunofluo-
rescence of terminal deoxynucleotidyl transferase dUTP nick-end labeling and Ki67 in tumor sections following treatments. (E) Mouse body weight curves over 21 
days of treatment. Representative immunoblotting images (F) and quantitative relative phosphorylated-epidermal growth factor receptor (G) and p-AKT (H) protein 
levels via western blotting. Data are means ± s.d. (n = 3). Statistical significance was calculated via Student’s t-test (two-tails), *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001. 
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genes was recognized using the criteria of fold change of ≥2-fold of 
mean fold change plus two standard deviations, log2 |fold change| 
≥0.80 and p < 0.05; 310 DEGs were upregulated and 156 were down-
regulated (Fig. 6A). KEGG pathway analysis (Fig. 6B) further revealed 
the correlated pathways of the DEGs that were simultaneously involved 
in mTOR signaling, cell cycle, Ras signaling, apoptosis, and Foxo 
signaling. GO annotation functional analysis (Fig. 6C) suggested that the 
DEGs were associated with intrinsic apoptotic signaling, cell cycle G2/M 
phase transition, cell growth regulation, G2/M transition of the mitotic 
cell cycle, and apoptotic signaling regulation of processes that regulate 
GTPase regulator activity, cadherin binding, transcription coregulator 
activity, and transcription coactivator activity of molecular function. 
The possible associations with apoptosis, cell cycle G2/M phase transi-
tion, and transcription were notable following CMNP@Osi treatment. 
Further, GSEA confirmed the overexpression of oncogenic genes 
EGFRM, ERBB2, MEK, mTOR, and PTEN in EGFR-related HCC827 tu-
mors (Fig. 6D). The tumor cells were arrested at G2/M of the cell cycle 
and exhibited negligible downregulation of apoptosis and the hedgehog 
pathways (Fig. 6E). 

The downstream regulation and relevant proteins in the tumor tissue 
following CMNP@Osi treatment were explored using protein–protein 
interactions (Fig. 7A and B). The hub genes RPA1, ATR, KAT5, MDC1, 
XRCC3, and UBB were upregulated and CXCL1, IL1A, IL6, MMP9, and 
SPRR1B were downregulated following CMNP@Osi treatment. These 

genes participate in G2/M checkpoint, DNA damage repair, and 
apoptosis. Notably, ATR is sensitive to double-strand DNA breakage that 
causes G2 cell cycle arrest and induces apoptosis in aberrantly repli-
cating cells. MDC1 is also a critical tumor suppressor gene involved in 
DNA damage repair [33–35]. These genes were upregulated following 
CMNP@Osi treatment and may prevent cell proliferation by inhibiting 
the replication of malignant cells, thereby interfering with carcinogen-
esis. Moreover, increased G2/M arrest might induce apoptosis in 
stressed tumor cells. Next, we used our heatmap to identify differences 
in gene expression between CMNP@Osi and PBS treatments. 
Translation-related genes were downregulated and G2/M cell 
cycle–related genes were significantly upregulated following CMNP@Osi 

treatment (Fig. 7C and D). Overall, CMNP@Osi treatment induced the 
arrest EGFR-related cancer cells at the G2/M phase, upregulated tumor 
suppressor genes, and induced cell apoptosis by inhibiting cell replica-
tion, thereby improving cancer therapy efficacy. 

4. Conclusion 

Compared with other bioinspired nanoparticles, such as protein and 
glycans along with their derivatives-modified nanoparticles, the use of 
natural cell membranes to directly fabricate nanocarriers or as coating 
materials for synthetic nanoparticulate cores is convenient and less 
expensive. The membranes may endow the nanoparticles with cell-like 

Fig. 6. mRNA sequence analysis. (A) Volcano plot of 
gene expression of upregulated (310) and down-
regulated (156) genes (log2 |fold change| ≥ 0.80 and 
p < 0.05) following CMNP@Osi treatment. (B) Kyoto 
Encyclopedia of Genes and Genomes pathway and (C) 
GO annotation analysis of the differentially expressed 
genes. (D) Gene Set Enrichment Analysis (GSEA) of 
the oncogene signature for epidermal growth factor 
receptor-related genes. (E) GSEA of G2/M checkpoint 
and apoptosis in tumor cells following CMNP@Osi 

treatment in the canonical curated pathways.   
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biological functions. We successfully developed a biomimetic nano-
carrier CMNP@Osi with homologous targeting, drawing on previously 
reported designs for cell membrane-coated nanocarriers. We focused on 
the clinical applications of bioinspired nanoparticles for tumor therapy 
and demonstrated improved molecular targeting of Osi. Intravenously 
administered CMNP@Osi preferentially accumulated in tumor tissues and 
demonstrated enhanced uptake into cancer cells mediated by surface 
adhesion molecules and tumor-specific binding proteins, including 
Galectin-3, E-cadherin and CD44. Subsequently, CMNP@Osi released the 
tyrosine kinase inhibitor, Osi, into the cytoplasm, which suppressed the 
phosphorylation of EGFR and the key downstream protein AKT, which 
cis crucial for the proliferation of NSCLC cells. Biomimetic CMNP@Osi 

efficiently inhibited the proliferation of homologous HCC827 tumor 
cells and tissues both in vitro and in vivo. In addition, CMNP@Osi 

induced EGFR-related cancer cell arrest at the G2/M phase, upregulated 
tumor suppressor genes, and activated cell apoptosis. Notably, bio-
mimetic particles substantially enhanced responses to Osi in vivo and 
achieved complete inhibition of EGFR-related NSCLC tumor prolifera-
tion. Compare with previously reported bionic nanocarriers, our study 
developed a customized molecular targeting strategy that combines 
homologous- and molecular drug-targeting, thereby rendering the 
strategy dual targeting and encouraging its clinical implementation and 
the applications of cellular membrane-coating technology. 

However, there still is a weakness in vivo model of this study, only a 
subcutaneous tumor model was established for investigating the efficacy 
of CMNP@Osi. Subcutaneous tumor model acted as an important tumor 
model in preclinical research because of short establishment cycle, high 
rate of tumor formation, easy operation and low cost. Notably, the in 
vivo tumor models which are close to pathophysiological situation (eg. 
Orthotropic cancer) are indispensable to further demonstrate the effi-
cacy of our strategy. Hence, priority will give to the construction of 
orthotropic tumor models for study is important in future study works. 

Based on our results, homologous targeting might also be achieved in 
other types of cancer cells. Moreover, a shift in focus from bioinspired 
discovery to process development and integration with clinical needs 
will be required as methods and workflows are developed for the reliable 

scaling up of fabrication and solutions for clinical problems. Overall, 
studies will continue to explore biomimetic design, and bioinspired 
nanomedicine may drastically alter the landscape of nanomedicine. 
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