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Background: Genistein (Gen), a natural polyphenolic compound, has emerged as a promising candidate for lung cancer treatment. 
However, the potential clinical application of Gen is limited due to its poor solubility, low bioavailability, and toxic side effects. To address 
these challenges, a biomimetic delivery platform with cell membranes derived from natural cells as carrier material was constructed. This 
innovative approach aims to facilitate targeted drug delivery and solve the problem of biocompatibility of synthetic materials.
Methods: First, the liposomes (LPs) loaded with Gen (LPs@Gen) was prepared using the ethanol injection method. Subsequently, 
PLTM-LPs@Gen was obtained through co-extrusion after mixing platelet membrane (PLTM) and LPs@Gen. Additionally, the 
biological and physicochemical properties of PLTM-LPs@Gen were investigated. Finally, the targeting ability, therapeutic efficacy, 
and safety of PLTM-LPs@Gen for lung cancer were evaluated using both a cell model and a tumor-bearing nude mouse model.
Results: The optimal preparation ratio for LPs@Gen was Gen: soybean lecithin: cholesterol: DSPE-PEG2000 (3:30:5:10, mass ratio), 
while the ideal fusion ratio of LPs@Gen and PLTM was 1:1. The particle size of PLTM-LPs@Gen was 108.33 ± 1.06 nm, and the 
encapsulation efficiency and drug loading were 94.29% and 3.09% respectively. Gen was released continuously and slowly from 
PLTM-LPs@Gen. Moreover, PLTM-LPs@Gen exhibited good stability within one week. The results of in vitro cellular uptake and 
in vivo distribution experiments indicated that the carrier material, PLTM-LPs, has the immune escape ability and tumor targeting 
ability. Consequently, it showed better therapeutic effects than free drugs and traditional LPs in vitro and in vivo tumor models. In 
addition, safety experiments demonstrated that PLTM-LPs@Gen possesses good biocompatibility.
Conclusion: Biomimetic nanomedicine provides a new strategy for the precision treatment of lung cancer in clinical practice.
Keywords: bionic technology, platelet membrane, genistein, liposomes, lung cancer, targeted therapy

Introduction
Lung cancer, as one of the most prevalent malignant tumors globally,1 has one of the highest mortality rate.2 Currently, 
there exist primarily three drug therapy methods: chemotherapy, targeted therapy, and immunotherapy.3 Chemotherapy 
remains the main treatment for lung cancer, but long-term or high doses of chemotherapy drugs can lead to drug 
resistance and systemic side effects.4,5 Although targeted therapy and immunotherapy can selectively inhibit tumor cells 
and minimize adverse reactions, they are only applicable to certain patients with specific gene mutations.6 Therefore, it is 
urgent to develop more efficient and safe treatments for lung cancer.

Genistein (Gen) is a kind of isoflavone compound (Figure 1) widely existing in legumes. Gen shows a significant 
inhibitory effect on various tumor cells.7–9 Previous studies have confirmed that Gen can effectively inhibit the 
proliferation of A549 and H1975 cells in vitro, induce S-phase arrest of tumor cells, and subsequently promote 
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apoptosis.10–12 It is suggested that Gen is a potential drug for the treatment of lung cancer. However, the clinical 
application of Gen is significantly limited due to its low solubility,13 short half-life,14 and poor targeting 
capabilities,15 etc.

Nanotechnology has shown broad application prospects in the field of tumor treatment and diagnosis.16 In the past, 
researchers have conducted extensive studies on various nanodelivery systems containing Gen, such as liposomes 
(LPs),17 micelles emulsion,15 and nanoparticles (NPs).18 LPs has been widely studied and used due to its stable 
properties, good biocompatibility and high availability in tumor treatment.19 Although LPs exhibits some passive 
targeting ability to tumor, a single passive targeting enables very limited enrichment of drugs at tumor sites.20 In 
addition, LPs, as the foreign substance, is easily identified and cleared by the reticuloendothelial system in the body.21–23 

Therefore, how to help drugs achieve “immune escape” and “active targeting” has become the key to tumor therapy.
To address the aforementioned challenges, a biomimetic nanodelivery system based on cell membranes has been 

developed.24 This functional coating utilizes natural biofilms as nanocarriers, combining the benefits of synthetic 
nanomaterials with biological entities. This innovative approach offers a novel solution for the issue of targeted drug 
delivery.25,26 A large amount of experimental and clinical data shows platelets play an important role in the occurrence, 
development, invasion, and metastasis of tumors, which is mainly due to the interaction between tumor cells and platelet 
surface proteins. For instance, the high expression of CD44 protein in lung cancer cells, which has a high affinity with 
P-selectin protein on the platelet surface.27 Moreover, the protein CD47 on platelet membrane (PLTM) prevents the drug 
modifying with PLTM from macrophage phagocytosis, thereby prolonging the circulation time of the drug in vivo.28 

Given the important physiological and pathological roles of platelets in the tumor environment, the PLTM-based drug 
delivery system may be a potential platform for targeted lung cancer therapy.

Therefore, in this paper, we constructed a biomimetic nanosystem, PLTM-LPs@Gen, with tumor-targeting capabil-
ities by embedding PLTM into LPs loaded with Gen (Figure 2). To explore the application prospect of this nanodelivery 
platform, the lung cancer targeting ability, therapeutic efficacy, and safety of PLTM-LPs@Gen were evaluated by 
constructing an in vitro cell model and an in vivo nude mouse model with tumor. This work provides a novel strategy 
for the targeted delivery of clinical antitumor drugs.

Material and Methods
Materials
Human lung cancer A549 cells, lung adenocarcinoma H1975 cells, RAW264.7 cells and human umbilical vein 
endothelial cells (HUVEC) were purchased by Hangzhou Jcellm Biological Technology Co., Ltd.

BALB/c (nu/nu) nude mice, male, 6 weeks old, weighting 18–22 g, were provided by the Zhejiang Experimental 
Animal Center, experimental animal production license No. SCXK (Zhejiang): 2019–0002. All nude mice were raised in 
an SPF environment with a relative humidity of 55 ± 10%, temperature of 22 ± 2 °C, and light alternated between light 
and dark for 12 h. All animal care and experimental protocols (No. 2021–052) were approved by the Experimental 
Animal Ethics Committee of Hangzhou Medical College, and all in vivo experiments were conducted in accordance with 
the NIH Guide for the Care and Use of Laboratory Animals.

Figure 1 Chemical structure of Gen.
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Gen (purity ≥ 98%) and FITC were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. Soybean 
lecithin (SL), cholesterol (CHO) and DSPE-PEG2000 were purchased from AVT (Shanghai) Pharmaceutical Technology 
Co., Ltd. DiO and DiD were obtained from Beijing Kulaibo Technology Co., Ltd. CD41 antibody was obtained from 
Abcam Plc (US), CD47 and CD62p antibodies were purchased from Proteintech (USA). DAPI was purchased from 

Figure 2 (A) Fabrication of PLTM-LPs@Gen. (B) Targeted therapy of lung cancer by PLTM-LPs@Gen. By Figdraw.
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Beijing Solarbio Science & Technology Co., Ltd. Cy5.5 was purchased from APE × BIO (USA). Annexin V-APC/PI 
apoptosis kit was obtained from Elabscience Biotechnology Co., Ltd. (Wuhan). All other reagents were analytically pure.

Preparation of LPs@Gen
LPs@Gen was prepared using the ethanol injection method.29 Briefly, Gen, SL, CHO, and DSPE-PEG2000 (mass ratio: 
3:30:5:10) were weighed in proportion and dissolved in 2 mL absolute ethanol. The mixture was slowly dropped into 
10 mL PBS (pH 7.4) buffer with constant temperature (45 °C) and magnetic stirring (150 r). Once the ethanol was 
completely evaporated, the dispersion was then sonicated for 30 min in a water bath sonicator and passed through 0.80, 
0.45, and 0.22 μm filters in turn. The final LPs@Gen product was stored at 4 °C.

Extraction and Purification of PLTM
PLTM was prepared according to the literature.30 First, the whole blood was collected from ICR mice into anticoagulant 
tubes and centrifuged at 100 g for 20 min. The platelet-rich plasma in the upper layer was transferred to 2 mL centrifuge 
tubes, and PBS buffer containing 1 mm EDTA and 1% PMSF was added. The mixed solution was centrifuged (800 g for 
20 min), then the supernatant was discarded, and PBS containing 1% PMSF was added for resuspension. The platelets 
were counted using an automatic blood cell counter. Subsequently, the purified platelets were repeatedly frozen and 
thawed at −80 °C for 3 times, then centrifuged (4000 g for 3 min) and washed with PBS containing 1% PMSF for 3 times 
to obtain PLTM.

Preparation of PLTM-LPs@Gen
The LPs@Gen and PLTM, prepared under specified conditions, were mixed in a predetermined mass ratio. After 10 min 
of ultrasound treatment in an ice bath, the mixture was successively coextruded through filtration membranes (0.80, 0.45, 
and 0.22 μm) to obtain PLTM-LPs@Gen.31 Finally, PLTM-LPs@Gen was stored at 4 °C for future use.

Fluorescence Colocalization Analysis of PLTM-LPs@Gen
The fusion of PLTM and LPs@Gen was observed using a laser confocal microscopy to determine the optimal fusion 
ratio.31,32 LPs@Gen was labeled with DiD, and PLTM was labeled with DiO and incubated on ice (both dye concentra-
tions were 1 mmol · L−1). After incubation for 10 min, DiO-labeled-PLTM and DiD-labeled-LPs@Gen were collected by 
centrifugation (12000 r, 10 min), respectively. Subsequently, the labeled LPs@Gen and PLTM were coextruded at 
different mass ratios (4:1, 2:1, 1:1, 1:2, and 1:4) through a LP extruder to form PLTM-LPs@Gen. The resulting fusion 
was detected through the colocalization of PLTM and LPs@Gen using laser confocal microscopy.

Particle Size, Zeta Potential, Morphology, and Stability of PLTM-LPs@Gen
The morphology of PLTM-LPs@Gen was observed via the transmission electron microscope (TEM). The particle size 
distribution and zeta potential of PLTM, LPs@Gen and PLTM-LPs@Gen were measured by a Mastersizer Nano-ZS90 
laser particle size analyzer. PLTM-LPs@Gen was placed at 4 °C, and the initial stability was evaluated by measuring 
changes in particle size over the course of one week.

Drug Encapsulation and Loading Efficiency of PLTM-LPs@Gen
Ultrafiltration centrifugation was used to separate free drugs and membrane-chimeric LPs from PLTM-LPs@Gen.15 

Encapsulation efficiency (EE) and drug loading (DL) were determined by HPLC. HPLC conditions are described below: 
Diamonsil C18 column (4.6 mm × 250 mm, 5 μm), mobile phase: acetonitrile-0.1% phosphoric acid (55:45), flow rate: 
1.0 mL · min−1, column temperature: 30 °C, sample volume: 20 μL, and detection wavelength: 260 nm. The formulas for 
calculating EE and DL are as follows:
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In the formulas, Wfree is the free Gen content in the preparation, W is the total amount of Gen in the preparation, and 
Wall is the total amount of carrier and drug.

Membrane Protein Analysis of PLTM-LPs@Gen
The protein expression of the samples was analyzed using 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and Western blot (WB).33 The protein lysate was added into LPs@Gen, PLTM-LPs@Gen, and PLTM for 
pyrolysis, and the protein content of the above samples was determined by a BCA kit. After BCA protein quantification, loading 
buffer was added into the mixture, which was then boiled for 10 min and electrophoresed by SDS-PAGE. After protein 
separation, the gel was stained with Coomassie brilliant blue, and the protein expression was detected using a chemiluminescence 
imager. For WB analysis, proteins were transferred to a PVDF transfer membrane after electrophoresis. The membranes were 
blocked with 5% skim milk and incubated with primary antibodies followed by secondary antibodies. Next, membranes were 
subjected to a developer for imaging using chemiluminescence reagents. Finally, the expressions of specific membrane proteins 
CD41, CD62p, and CD47 in the samples were observed by a Bio-Rad chemiluminescence imaging system.

FT-IR Detection of PLTM-LPs@Gen
PLTM, LPs@Gen, and PLTM-LPs@Gen were freeze-dried, and the obtained powder samples were mixed with KBr 
powder. The FT-IR spectrum of each sample was obtained via the FT-IR spectrometer (Perkin Elmer, Frontier, USA).

In vitro Drug Release Behavior
The in vitro release of PLTM-LPs@Gen was investigated using the dialysis method.34 A dialysis bag (MWCO: 
8000–14000 Da) containing PLTM-LPs@Gen, LPs@Gen, or free Gen was placed in 50 mL of PBS (pH 7.4) buffer 
containing 0.5% (w/v) Tween 80 and oscillated in a thermostatic oscillator (37 °C, 100 r). A sample was collected at 
a fixed time point, and an equal amount of constant-temperature dissolution medium was added to maintain a constant 
volume. The Gen content was quantified using HPLC after filtering through a 0.45 μm membrane. The cumulative 
release rate of Gen was calculated according to Formulas (3) and (4):

In the formulas, Qn is the total cumulative release of the drug, Cn is the drug concentration measured at t time, Vn is 
the total volume of the release medium, Vi is the volume of the sample taken out, Ci is the concentration measured at the 
time point before t time, and W is the total drug content of the sample.

Cell Killing Ability of PLTM-LPs@Gen
The cytotoxicity of free Gen, LPs@Gen, PLTM-LPs@Gen, and PLTM-LPs was assessed using the CCK-8 method. A549 
and H1975 cells were inoculated into 96-well plates at 1 × 104 cells/well (n = 6) for 24 h and treated with various 
concentrations (5, 10, 20, 40, 80 μM) of Gen preparations.35 After an additional 24 h, the cells were incubated with CCK-8 
solution for 1 h, and the cell proliferation rate was determined by measuring the absorbance at 450 nm using a microplate 
reader. The survival rate was calculated according to Formula (5):

In the formula, As is the absorbance of the experimental group, Ac is the absorbance of the control group, and Ab is 
the absorbance of the blank group.

Apoptosis Assay of PLTM-LPs@Gen
Apoptosis in A549 and H1975 cell lines was examined using Annexin V-APC/PI kit via flow cytometry.36 Cells were 
inoculated into 6-well plates at 2 × 105 cells/well. After 24 h, the cells were treated with free Gen, LPs@Gen, or PLTM- 
LPs@Gen (Gen concentration: 40 μM) for an additional 24 h. Following treatment, the cells were collected, digested, and 
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washed, then stained with Annexin V-APC/PI according to the instructions. Apoptosis rates of the stained cells were 
determined by the flow cytometer.

In vitro Targeting Ability of PLTM-LPs
The in vitro tumor targeting ability of PLTM-LPs was evaluated via fluorescence microscopy.37 First, the FITC 
preparations (free FITC, LPs-FITC, and PLTM-LPs-FITC) were prepared. A549 or H1975 cells were inoculated into 96- 
well plates at 1 × 104 cells/well and 12-well plates at 3 × 105 cells/well. The cells were treated with FITC preparations for 
1, 2, and 4 h. The quantitative uptake of the three samples by the cells in the 96-well plate was detected via a microplate 
reader. The uptake of the three preparations by the cells was observed using fluorescence microscopy after the cells in the 
12-well plates were fixed with paraformaldehyde, washed with PBS, stained with DAPI, and then washed again 
with PBS.

Immune Escape Ability of PLTM-LPs
Using RAW264.7 cells as the cell model, the immune escape ability of PLTM-LPs was investigated by a cell uptake test.38 

RAW264.7 cells were inoculated into 96-well plates and 12-well plates with 1 × 104 cells/well and 12-well plates at 3 × 105 

cells/well. The subsequent procedures were conducted according to the previously described method titled “In vitro 
targeting ability of PLTM-LPs”.

Establishment of Lung Cancer Transplant Tumor Model
A549 cells in the logarithmic growth phase were utilized in modeling. After digestion with pancreatic enzymes and 
centrifugation, the cells were resuspended in PBS (cell density was 2×107/mL) and placed on ice to reduce cell 
metabolism to maintain cell activity. Then, 2 × 106 cells per nude mouse were subcutaneously inoculated on the right 
side 1–2 cm away from the armpit, and subsequent tests could be performed once the tumor volume was about 100 mm3. 
The tumor volume was calculated according to Formula (6):

In the formula, V is the tumor volume, L is the length of the tumor, and W is the width of the tumor.

In vivo Targeting Distribution of PLTM-LPs
In vivo imaging of small animals was employed to assess the targeting capability of PLTM-LPs.39 The Cy5.5 prepara-
tions (LPs-Cy5.5 and PLTM-LPs-Cy5.5) were injected into nude mice with tumor via the tail vein. At 1, 6, 24, 30, and 
48 h after injection, the fluorescence intensity of tumor sites was observed via a small animal imaging instrument. At 
48 h, all nude mice were euthanized, and the heart, liver, spleen, lungs, kidneys, and tumors were harvested and placed in 
the imaging system to capture and record the signal intensity. Subsequently, the fluorescence intensity of each site was 
quantitatively analyzed.

In vivo Pharmacodynamic Evaluation of PLAM-LPs@Gen
To evaluate the therapeutic effect of different preparation groups on A549 tumor-bearing nude mice, tumor-bearing nude 
mice with tumor of about 100 mm3 were selected on the 10th day after inoculation and randomly divided into four groups 
(n = 5). These tumor-bearing nude mice were treated with normal saline, free Gen, LPs@Gen, and PLTM-LPs@Gen 
through tail vein at a dosage of 20 mg/kg,40 once every two days for a total of seven treatments. Tumor growth was 
measured and counted before each administration, and weight changes were monitored. The nude mice were euthanized 
three days after the cessation of treatment to collect tumor tissues for subsequent measurement of weight and volume.

The collected tumor tissues were fixed in paraformaldehyde and embedded in paraffin. Subsequently, the tumor 
tissues were sliced and analyzed using H&E and TUNEL staining. The necrosis and apoptosis of tumor cells among the 
different preparation groups were observed under a microscope.
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Cytotoxicity of PLTM-LPs and PLTM-LPs@Gen
HUVEC were used as model cells to investigate the cytotoxicity of PLTM-LPs and PLTM-LPs@Gen. The 96-well plates 
were inoculated with 5 × 103 HUVEC per well. After 24 h of incubation, the cells were treated with PLTM-LPs and 
PLTM-LPs@Gen at the same concentrations of carrier materials (0, 25, 50, 100, 200, and 400 μg·mL−1) for 24 h. After 
addition of CCK-8, the absorbance was measured using a microplate reader, and the cell viability was subsequently 
calculated.

In vitro Hemolysis Test
The whole blood collected from mouse eyeballs was centrifuged, washed, and diluted in normal saline to obtain 2% 
erythrocyte suspension.41 The Normal saline group was used as the negative control, and the Distilled water group was 
used as the positive control. Erythrocyte suspension was mixed with free Gen, LPs@Gen, and PLTM-LPs@Gen (Gen: 
100, 200, 400, 800, 2000 μM) and incubated in a constant-temperature water bath at 37 ± 0.5 °C for 30 min, centrifuged 
at 1800 r for 10 min. At the same time, the supernatant was absorbed, and the absorption value of the sample at 575 nm 
was measured by UV to calculate hemolysis rate (>5% indicates hemolysis).

In vivo Safety Evaluation
Male healthy BALB/c mice were divided into the five groups (n = 5): Normal saline group, PLTM-LPs group, Free Gen 
group, LPs@Gen group, and PLTM-LPs@Gen group. The mice were given the drug once every two days by tail vein 
injection for seven times. After the administration, blood samples were collected from the eyeball for hematological 
analysis and assessment of liver and kidney function indices. Thrombin time (TT) and activated partial thrombin time 
(APTT) were selected as coagulation indices; blood urea nitrogen (BUN) and creatinine (CR) were chosen as indicators 
of renal function; aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were selected as indicators of 
liver function. Finally, the heart, liver, spleen, lungs, and kidneys were removed and fixed with paraformaldehyde, and 
a histological analysis was performed after H&E staining.

Statistical Methods
Data analysis and mapping were performed using Graph Padprism 9.0 software. The analysis results were expressed 
mean ± SD, T-test or ANOVA were used for comparison between groups. P < 0.05 was considered statistically significant 
(*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001), ns represented nonsignificant difference.

Results
Preparation and Characterization of PLTM-LPs@Gen
To prepare PLTM-LPs@Gen, LPs containing Gen (LPs@Gen) was first prepared using the ethanol injection method.29 

Subsequently, platelets were isolated from the blood of ICR mice through gradient centrifugation. PLTM was then 
obtained by repeated freeze-thawing and ultrasonic purification of platelets according to the previously reported 
method.31 Finally, PLTM-LPs@Gen was obtained by mixing, incubating and co-extruding LPs@Gen and PLTM.

To determine which ratio made LPs@Gen and PLTM blend together better, five ratios were set to conduct the 
fluorescence colocalization detection of LPs@Gen and PLTM. The results are shown in Figure 3. Compared to other 
groups, when the mass ratio of PLTM to LPs@Gen was 1:1, PLTM-LPs@Gen had significant red and green fluorescence 
colocalization, indicating PLTM and LPs@Gen were successfully chimed together. Therefore, the formulation was 
prepared with the mass ratio of PLTM to LPs@Gen 1:1 for subsequent experimental study.

The EE and DL of PLTM-LPs@Gen determined by HPLC were 94.29% and 3.09%, respectively. The TEM results 
(Figure 4A) reveal that LPs@Gen (left) and PLTM-LPs@Gen (right) had a round appearance with a uniform particle 
distribution. The particle size of PLTM-LPs@Gen was larger than that of LPs@Gen, and the coating structure could be 
observed, indicating that PLTM was evenly embedded on LPs@Gen. The results of the laser particle size analyzer show 
the particle size distributions of LPs@Gen and PLTM-LPs@Gen were 87.28 ± 1.69 nm and 108.33 ± 1.06 nm, 
respectively (Figure 4B). The embedding of PLTM on LPs@Gen may have contributed to the increase in particle size, 
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which is consistent with the TEM results. Due to the high negative charge density of the cell membrane, the electro-
negativity of PLTM-LPs@Gen was enhanced compared to that of LPs@Gen (Figure 4C), resulting in a more stable 
nanosystem overall. Furthermore, the particle size of PLTM-LPs@Gen showed no significant change over a period of 
seven days (Figure 4D), suggesting that PLTM-LPs@Gen possesses good stability.

Figure 3 Colocalization of PLTM and LPs@Gen (scale bar, 10 μm).
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To investigate whether the membrane protein on the surface of PLTM could be transferred to the surface of LPs@Gen 
under the preparation conditions of this study, the expression of total protein on PLTM-LPs@Gen was determined using 
SDS-PAGE. The results (Figure 5A) show that PLTM-LPs@Gen was consistent with the protein present on PLTM, while 
the negative control LPs@Gen did not express any protein, indicating that PLTM and LPs@Gen were successfully fused 
without significant protein damage during the preparation. On this basis, WB was used to further analyze the specific 
membrane proteins on PLTM-LPs@Gen. CD41, a signature protein in PLTM membrane, plays a vital role in coagulation. 
CD62p specifically recognizes and binds to CD44 on the surface of a cancer cell membrane. CD47 confers the ability of 
PLTM-LPs@Gen immune escape. As shown in Figure 5B, CD41, CD62p, and CD47 were expressed in PLTM and 
PLTM-LPs@Gen, but not in LPs@Gen. This indicates that PLTM-LPs@Gen retained the specific proteins of PLTM, 
thereby endowing it with the biological functions associated with PLTM.

To further prove the success of the bionic vector preparation, infrared detection of PLTM, LPs@Gen, and PLTM-LPs 
@Gen was conducted. The FT-IR results (Figure 5C) show related protein peaks in PLTM-LPs@Gen and extracted 
PLTM. A prominent peak corresponding to C-O-C stretching vibrations, attributed to the associated glycogroups in the 
PLTM film, was clearly observed at 1168 cm−1 in the spectrum of PLTM-LPs@Gen. In addition, a peak attributed to the 
protein amide I band at 1670 cm−1 was detected in the FT-IR spectra of both PLTM-LPs@Gen and PLTM. These results 

Figure 4 (A) TEM images of LPs@Gen (left) and PLTM-LPs@Gen (right). (B) Particle size results of PLTM-LPs@Gen. (C) Zeta potential results of PLTM-LPs@Gen. (D) 
Particle size change curve of PLTM-LPs@Gen.
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indicate that PLTM was successfully incorporated onto LPs, which is essential for PLTM-LPs@Gen to effectively target 
tumor sites.

In vitro Release Behavior of PLTM-LPs@Gen
The release behavior of Gen in PBS (pH 7.4) containing 0.5% (w/v) Tween 80 was investigated. The results of the 
in vitro drug release from PLTM-LPs@Gen are presented in Figure 6. Under this release condition, the Free Gen group 
exhibited rapid drug release, with 90.68% of the drug released after 4 h. In contrast, the LPs@Gen and PLTM-LPs@Gen 
groups demonstrated slower drug release rates. At 4 h, the cumulative drug release rates of the LPs@Gen and the PLTM- 

Figure 5 (A) SDS-PAGE results of whole protein expression. (B) Expression of characteristic proteins of WB. (C) FT-IR spectra of PLTM, LPs@Gen, and PLTM-LPs@Gen 
(I. phosphate and carbohydrate region; II. amide bands; III. C-H lipid stretch; IV. O-H and N-H stretch).
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LPs@Gen groups were 61.91% and 57.68%, respectively. By 24 h, drug release was completed in the Free Gen group, 
while 83.59% and 76.88% of the drug had been released in the LPs@Gen and PLTM-LPs@Gen groups, respectively. 
These findings indicate that PLTM-LPs could confer a sustained release effect for Gen in vitro. In addition, to explore the 
release mechanism of Gen, the release curve of PLTM-LPs@Gen was fitted to various models. The results (Table 1) 
show that the drug release behavior of PLTM-LPs@Gen had the highest fitting degree with the Weibull model (R2 = 
0.9548). These findings establish a foundation for subsequent cell and animal experiments of PLTM-LPs@Gen.

In vitro Anticancer Assay of PLTM-LPs@Gen
To evaluate the effect of PLTM-LPs@Gen on lung cancer in vitro, we assessed the viability and apoptosis of A549 and H1975 
cells. The cytotoxic effects of the three groups of Gen preparations are illustrated in (Figure 7A and B). As the concentration of 
Gen increased, all drug intervention groups exhibited a significant inhibitory effect on A549 and H1975 cells, confirming the 
anti-lung cancer properties of Gen.42 Compared with the Free Gen and LPs@Gen groups, the PLTM-LPs@Gen group showed 
the strongest inhibitory effect. At a Gen concentration of 40 μM, PLTM-LPs@Gen inhibited 63.55% and 71.25% of A549 and 
H1975 cells, respectively. When the Gen concentration reached 80 μM, the inhibition rates of PLTM-LPs@Gen on both lung 
cancer cell lines exceeded 90%.

As illustrated in (Figure 7C and D), the cytotoxic effects of PLTM-LPs@Gen became increasingly pronounced with 
prolonged treatment duration, surpassing those observed with free Gen. Furthermore, the cytotoxicity assessments of the blank 
carrier reveal no significant differences between the cells treated with PLTM-LPs and the untreated control (Figure 7E and F), 
indicating that the carrier material exhibits minimal toxicity towards tumor cells. Additionally, we assessed the capacity of 
each formulation to induce apoptosis in tumor cells. In both cell lines examined, PLTM-LPs@Gen demonstrated a comparable 

Figure 6 Release curve of PLTM-LPs@Gen.

Table 1 Release Fitting Equation for PLTM-LPs@Gen

Model Equation Correlation 
Coefficient (R2)

Zero order processes Q = 0.0216 t + 0.3903 0.5987

First order processes ln (1-Q) = −0.0514 t - 0.5184 0.7043
Higuchi Q = 0.1415 t1/2 + 0.2134 0.8135

Ritger-Peppas ln Q = 0.3711 lnt - 1.2073 0.9244

Weibull distribution ln (1/1-Q) = 0.5276 lnt - 1.0175 0.9548

Abbreviations: Gen, Genistein; LP, Liposome; NP, Nanoparticle; PLTM, Platelet membrane; 
HUVEC, Human umbilical vein endothelial cells; SL, Soybean lecithin; CHO, Cholesterol; TEM, 
Transmission electron microscope; EE, Encapsulation efficiency; DL, Drug loading; SDS-PAGE, 
Sulphate-polyacrylamide gel electrophoresis; WB, Western blot; TT, Thrombin time; APTT, 
Activated partial thrombin time; BUN, Blood urea nitrogen; CR, Creatinine; AST, Aspartate 
aminotransferase; ALT, Alanine aminotransferase.
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ability to induce apoptosis when contrasted with free Gen and LPs@Gen (Figure 8A and B). These results underscore the 
pivotal role of PLTM in augmenting anticancer efficacy.

Cell Targeting Ability of PLTM-LPs
To investigate whether PLTM-LPs can be specifically recruited into target cells in vitro, the uptake of PLTM-LPs-FITC 
by A549 cells and H1975 cells was observed using fluorescence microscopy. Figure 9A and C show that after 
incubation for 4 h, the green fluorescence of A549 and H1975 cells treated with free FITC was weak, and the 
fluorescence intensity of the two groups of cells treated with LPs-FITC was enhanced, while two cells treated with 
PLTM-LPs-FITC was significantly enhanced. In addition, the semiquantitative fluorescence results (Figure 9B and D) 
show that as the incubation time increased, the fluorescence values of each group of preparations in A549 and H1975 
cells also rose, indicating that the intake of nanodrugs by tumor cells was time dependent. The fluorescence intensity 
of A549 and H1975 cells treated with PLTM-LPs-FITC was significantly higher than that in the Free FITC and LPs- 
FITC groups at all time points (p < 0.01). These results indicate that PLTM-LPs exhibits a greater affinity for lung 
cancer cells and is more readily internalized by tumor cells.

Figure 7 Effect of different Gen preparations on the viability of the A549 (A) and H1975 (B) cells. Toxicity of different Gen preparations on A549 (C) and H1975 (D) at 2, 
8, 24 h. Effect of PLTM-LPs on A549 (E) and H1975 (F) cell viability. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, ns indicates no significant difference.
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Figure 8 The effect of Gen preparations on apoptosis of A549 (A) and H1975 (B). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Immune Escape Ability of PLTM-LPs
To assess the immune escape ability of PLTM-LPs in vitro, the uptake capacity of macrophages to PLTM-LPs was 
investigated using fluorescence microscopy. The results from RAW264.7 cells treated with free FITC show evident green 
fluorescence (Figure 10A). In contrast, RAW264.7 cells treated with PLTM-LPs-FITC display only a weak green 
fluorescence signal compared to the Free FITC and LPs-FITC groups. The semiquantitative fluorescence results 

Figure 9 Uptake of A549 (A and B) and H1975 (C and D) to different preparation groups (scale bar, 50 μm), **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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(Figure 10B) indicate that the fluorescence value of the PLTM-LPs-FITC group was significantly lower than that of the 
Free FITC group and the LPs-FITC group at different time points (p < 0.05), indicating the phagocytosis of PLTM-LPs 
by macrophages was significantly weakened after PLTM chimerism. These results demonstrate the vector PLTM-LPs 
confers immune escape to the drug, potentially prolonging its the circulation time in vivo.

In vivo Targeting Ability of PLTM-LPs
After labeling LPs and PLTM-LPs with Cy5.5, the targeting effects of LPs-Cy5.5 and PLTM-LPs-Cy5.5 on tumor sites and 
metabolism of major organs were monitored via imaging in vivo. Figure 11A shows the fluorescence of the two carrier 
materials in the whole body of nude mice after the caudal vein injection for 1 h, which may be the distribution of NPs to the 
whole body after entering the blood circulation. After 6 h of injection, fluorescence was mainly observed in the liver and tumor 
sites, indicating LPs-Cy5.5 and PLTM-LPs-Cy5.5 could reach and accumulate in tumor lesions through blood circulation. By 
contrast, fluorescence in tumor sites of the PLTM-LPs-Cy5.5 group was significantly stronger than that of the LPs-Cy5.5 
group. After 24 h of injection, the fluorescence signal of tumor sites of nude mice in all groups exhibited a decreasing trend. 
However, the fluorescence signal of tumor sites of nude mice in the LPs-Cy5.5 group was significantly weaker than that in the 
PLTM-LPs-Cy5.5 group at each time point. The results show PLTM modification can improve the stability of LPs in blood, 
prolong its circulation time in vivo, and increase the distribution of the drug in tumor lesions.

After 48 h of injection, the nude mice were euthanized, and the distribution of LPs-Cy5.5 and PLTM-LPs-Cy5.5 in tissues 
was detected by the imaging system of small animals. Figure 11B and C show that the fluorescence signals of the LPs-Cy5.5 
group were mainly distributed in the liver and kidneys, while the PLTM-LPs-Cy5.5 group exhibited a primary distribution at 
tumor sites, with significantly lower accumulation in the liver and kidneys in comparison with the LPs-Cy5.5 group. These 
results further confirm that LPs can significantly improve its tumor targeting after mosaicism with PLTM.

In vivo Antitumor Effect of PLTM-LPs@Gen
Figure 12A shows the treatment protocol of PLTM-LPs@Gen for tumor-bearing nude mice. Tail vein administration was 
performed on day 10 after tumor cell inoculation (tumor size was about 100 mm3). The tumor volume growth curve of tumor- 
bearing nude mice in each group is shown in Figure 12B. The Model control group exhibited a more rapid growth rate, and the 

Figure 10 (A) Fluorescence micrographs uptake of different FITC preparations by RAW264.7 cells. (B) Mean fluorescence intensity of cellular uptake. (scale bar, 50 μm), 
*p < 0.05, **p < 0.01, and ****p < 0.0001.
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tumor volume significantly increased in contrast to the initial measurement. The tumor volume growth in the three other drug 
administration groups was comparatively slow. In particular, the PLTM-LPs@Gen group had the slowest tumor growth, with 
significant differences compared with the other treated groups (p < 0.05). The tumor inhibition efficiency followed the order: 
PLTM-LPs@Gen > LPs@Gen > Free Gen. After administration, the tumor volume of nude mice showed that the Model control 
group’s tumor volume was about 4.36 times greater than that of the PLTM-LPs@Gen group. When compared to the Free Gen 
group and the LPs@Gen group, the tumor inhibition efficiency of PLTM-LPs@Gen was increased by 2.43 and 1.44 times, 

Figure 11 (A) In vivo fluorescence imaging after injection of fluorescently labeled material, (B) ex vivo fluorescence imaging, and (C) quantitative fluorescence statistics, 
***p < 0.001.
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respectively. The in vivo tumor results (Figure 12C) also visually show that the PLTM-LPs@Gen group had the most evident 
tumor inhibitory effect, which might be related to its greater enrichment in tumor sites.

After administration, the tumor masses of nude mice were weighed, and the results are shown in Figure 12D. The 
PLTM-LPs@Gen group reduced tumor weight to the greatest extent. The findings indicate that PLTM-LPs@Gen can 
significantly inhibit tumor growth, reflecting the best anti-lung cancer ability. Additionally, to evaluate the toxic effects 
and side effects of the preparations in each group, the body weight changes of nude mice during treatment were recorded. 
The results are displayed in Figure 12E. The body weight of all treatment groups remained stable during administration, 
and all nude mice showed active mental states during the whole treatment, indicating PLTM-LPs@Gen had minimal 
influence on the body weight changes of nude mice and was safe. This result may be attributed to the use of endogenous 
materials and exogenous materials with high biocompatibility.

H&E staining results of tumor tissues (Figure 13A) show that tumor cells in the Model control group were closely 
arranged with thickened nuclear membrane, while obvious tumor cell necrosis was observed in all treatment groups. 
Notably, in the PLTM-LPs@Gen group, irregular cell arrangement, cell shrinkage, chromatin concentration, and nucleus 

Figure 12 In vivo tumor suppression results of PLTM-LPs@Gen (n = 5). (A) Treatment time schematic. (B) Tumor growth curve. (C) In vivo tumor size comparison chart. 
(D) In vitro tumor mass weight comparison results. (E) Weight changes of nude mice in each group during treatment, ***p < 0.001.
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shrinkage could were evident, and the number of tumor cell necrosis was significantly higher than that in the Free Gen 
and LPs@Gen groups. TUNEL staining results (Figure 13B) show that almost no green fluorescence was observed in the 
Model control group, indicating little apoptosis of tumor cells, while different degrees of green fluorescence were 
observed in all treatment groups. Notably, the PLTM-LPs@Gen group exhibited the strongest green fluorescence signal 
in contrast to the Free Gen and LPs@Gen groups, indicating the highest incidence of tumor cell apoptosis. These results 
indicate that PLTM-LPs@Gen significantly promotes the necrosis and apoptosis of tumor cells.

Safety Evaluation of PLTM-LPs@Gen
To evaluate the potential of PLTM-LPs@Gen for biomedical applications further, its possible toxic side effects and 
biosafety concerns were examined. First, considering the tail vein administration mode, the toxicity of the carrier material 
PLTM-LPs and PLTM-LPs@Gen on HUVEC was investigated. The survival rate of HUVEC treated with PLTM-LPs 
was not significantly altered even when the concentration was up to 400 μg · mL−1 (Figure 14A). Interestingly, after 
PLTM-LPs@Gen treatment, the cell viability was increased evidently (Figure 14B), presenting Gen can promote 
HUVEC proliferation43 and positively correlated with the Gen concentration. The above results emphasize the safety 
of bionic system. In addition, when incubated with red blood cells in vitro, the hemolysis rate of the PLTM-LPs@Gen 
group was much lower than that of the other groups. Even at the concentration as high as 2000 μM, the hemolysis rate 
remained only 1.14% (Figure 14C), indicating the constructed carrier does not readily induce hemolysis.

Platelets play a central role in clotting, and platelet particles contain substances related to clotting.44 Therefore, 
whether PLTM-LPs@Gen caused blood clotting was investigated. The results show no significant difference in the 
coagulation indices TT and APTT of PLTM-LPs@Gen compared with the Normal control group (Figure 14D and E), 
indicating that nanopreparation does not easily cause coagulation and is safe in blood. This outcome may be attributed to 
the extracted PLTM, which does not exhibit a variety of binding sites for clotting factors. As a result, its affinity for these 
factors is low, leading to difficulty in clotting once it enters the body.

In addition, the toxicity of PLTM-LPs@Gen to major organs was investigated. In terms of liver and kidney function 
indices, no significant differences were observed among the four indices of the PLTM-LPs@Gen group compared to the 
Normal control group (Figure 14F–I), indicating it would not cause significant damage the liver or kidneys. This outcome 
was also proven by the results of organ H&E staining (Figure 15). The cells in the PLTM-LPs@Gen group were closely 

Figure 13 H&E (A) and TUNEL (B) results of tumor tissue sections (scale bar, 100 μm).
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arranged without evident damage, which was no different from the Normal control group. Therefore, the above results 
prove the high safety of the constructed bionic drug delivery system.

Discussion
Recently, natural products have garnered attention as potential anticancer drugs due to their unique biological activities 
and sustainability. Among these, Gen has demonstrated significant inhibitory effects on lung cancer cells. However, as an 
insoluble drug, Gen exhibits low bioavailability in vivo, making it difficult to accumulate in the target site, thus leading to 
its limited application in clinical practice. To address these challenges, this study used LPs to encapsulate Gen within 
a phospholipid bilayer. Additionally, we fused PLTM with LPs@Gen to create the biomimetic drug delivery, PLTM- 
LPs@Gen.

Figure 14 Effect of PLTM-LPs (A) and PLTM-LPs@Gen (B) on HUVEC viability. (C) Hemolysis results of the different preparations. (D and E) Effect of different preparation 
groups on in vivo coagulation indices of normal mice. (F–I) Effect of different preparation groups on serum biochemical indexes of normal mice (n = 3), *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001, ns indicates no significant difference.
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SL and CHO were used as the lipid materials in this LPs prescription, because they are highly biocompatible and 
approved by the FDA and have been used in the marketed LPs products.45 However, LPs@Gen prepared from SL and 
CHO was prone to precipitate due to poor stability. DSPE-PEG2000 is able to encapsulate in the polar groups of LPs in 
the form of covalent bonds, promoting vesicle formation and thus preventing drug leakage.46 Therefore, to enhance the 
stability of the formulation, DSPE-PEG2000 was incorporated. In addition, as a functionalized polyethylene glycol 
material, DSPE-PEG2000 possesses a prolonged circulation capability, which significantly improves the blood circula-
tion time of drugs, thereby enabling the nanopreparations the ability to passively target tumors.47

The efficient fusion of PLTM and LPs@Gen is a critical step in the preparation of PLTM-LPs@Gen. In this study, the 
optimal fusion ratio of the two components was determined to be 1:1 through colocalization screening, which was also 
confirmed by Sun et al.48 However, the targeting ability of PLTM-LPs@Gen is associated with the amount of membrane 
protein, so it is essential to evaluate the in vitro and in vivo targeting effect of PLTM-LPs@Gen obtained at different 
ratios of the two to further determine the optimal fusion ratio to achieve the therapeutic effect.

The state and location of the drug within NPs significantly influence drug release. Drugs can be encapsulated within 
NPs, adsorbed onto their surfaces, or located in the surface or shell of the NPs, leading to variations in the drug release 
rate.49 In this study, the drug release in the PLTM-LPs@Gen group showed a biphasic phenomenon when compared with 
the Free Gen group. The “burst release” within 0–4 h may be attributed to some drugs being adsorbed onto the 
nanosurface without being fully encapsulated. After 4 h, the drug encapsulated in PLTM-LPs may be released from 
the carrier and subsequently enter the release medium through the dialysis bag.

In vitro and in vivo experiments demonstrate that PLTM-LPs@Gen exhibits superior targeting and immune escape 
capabilities. PLTM-LPs-FITC was able to be ingested more by tumor cells than in the Free FITC and LPs-FITC groups, 

Figure 15 H&E of different Gen preparations and carrier material on major organs of normal mice (scale bar, 100 μm).
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which may result from the interaction of CD44 receptor highly expressed on the surface of lung cancer cells with CD62p 
protein on PLTM. CD44 protein is a transmembrane glycoprotein, and recent studies have shown that it plays 
a significant role in the initiation and progression of tumors.50 The abundant CD62p on the surface of PLTM specifically 
binds to the CD44 protein on the surface of tumor cells, facilitating the accumulation of drugs at tumor sites. Lipid NPs 
efficiently deliver their contents to target cells through membrane fusion, thereby regulating the function of these cells. 
Wang et al51 also found that the PLTM coated bufalin PLGA NP exhibited a significantly higher uptake efficiency by 
H22 liver cancer cells because CD62p on the surface of PLTM could be targeted to bind to the CD44 receptor of H22 
liver cancer cells. The cellular uptake efficiency of PLTM coated bufalin NP was about 7.4 times higher than that of 
uncoated bufalin NP. Additionally, the in vivo biodistribution results indicated that the accumulation of PLTM-LPs at the 
tumor site was significantly higher than that of LPs not coated with PLTM. Hu et al41 also confirmed that polymer NPs 
coated with PLTM can effectively target the bone microenvironment and myeloma cells. In summary, PLTM enhances 
the ability of delivery systems to target tumors, which is crucial for improving therapeutic efficacy. As previously 
mentioned, PLTM disguised nanomaterials retain the proteins of the protomembrane, including CD47, which signals 
“Don’t eat me” to macrophages.52 Consequently, the phagocytosis of macrophages to LPs@Gen coated with PLTM was 
significantly reduced. Jing et al53 found that, compared to conventional preparation, the uptake rate of adriamycin by 
RAW264.7 cells was decreased by 67.5% after coating adriamycin with PLTM, which significantly enhanced the immune 
escape capability. This finding was further corroborated by the in vitro immune escape results and in vivo distribution 
results in this study.

In vitro cytotoxicity assays demonstrate a time-dependent growth inhibition of PLTM-LPs@Gen on the A549 and 
H1975 cells. At 2 h, the inhibition rate of PLTM-LPs@Gen on A549 cells was not significantly different from that of free 
Gen, which may be attributed to the slow release of Gen from the NPs. At 8 and 24 h, the inhibition rate of PLTM-LPs 
@Gen was significantly higher than that of LPs@Gen, likely due to the interaction between PLTM proteins and CD44 in 
lung cancer cells. Ying et al54 found that the inhibition rate of camptothecin on breast cancer cells increased by 3.9 times 
when encapsulated in a macrophage membrane, suggesting that bionic technology could be used to improve the efficacy 
of anticancer drugs. Furthermore, the results regarding cell viability and apoptosis demonstrate that PLTM significantly 
improves the therapeutic efficacy of LPs@Gen. Additionally, the carrier material PLTM-LPs exhibited no significant 
cytotoxic effects on A549 and H1975 cells, indicating that PLTM-LPs can be considered a relatively safe drug carrier. 
The tumor suppression rate is a crucial indicator for evaluating the effectiveness of the preparation in vivo efficacy 
assessments. The PLTM-LPs@Gen treatment group significantly inhibited tumor cell proliferation and reduced both the 
weight and volume of tumors in nude mice, further indicating that PLTM-LPs@Gen is a highly effective biomimetic 
nanoplatform for the treatment of lung cancer.

To evaluate the safety of the biomimetic drug delivery system, its biosafety was analyzed both in vitro and in vivo. Given 
that the administration method of the preparation is tail vein injection, HUVEC was selected as the model cell to evaluate the 
cytotoxicity of the carrier material. The results show that the carrier material did not significantly inhibit the activity of 
HUVEC. Liu et al31 also found that LP carriers in biomimetic cell membranes exhibit lower toxicity to normal HUVEC. 
Consistent with previous studies,55 Gen promoted the proliferation of HUVEC, suggesting potential cardiovascular protective 
effects. Blood compatibility is affected by the injection of NPs directly into the systemic circulation.56 An in vitro hemolysis 
test demonstrated that PLTM-LPs@Gen exhibited high blood compatibility and did not induce significant hemolysis of red 
blood cells. Furthermore, the systemic toxicity of PLTM-LPs@Gen was assessed in relation to blood and organ health, and the 
biosafety evaluation results indicate no significant toxicity associated with PLTM-LPs@Gen. In conclusion, PLTM-LPs@Gen 
demonstrates good biocompatibility and serves as a safe platform for antitumor therapy.

Conclusions
This paper successfully constructed a bionic NP drug delivery system, PLTM-LPs@Gen, which disguised by natural 
material PLTM. The in vitro and in vivo experimental results show that the bionic carrier significantly enhanced the 
antitumor efficiency of drugs without evident toxic effects. The reason may be that PLTM-LPs@Gen can simulate platelets 
to specifically send an “Eat me” signal to tumor cells, thus “inducing” tumor cells to “eat” anticancer drugs, to improve 
potentially the active targeting ability of drugs to tumors. Additionally, PLTM-LPs@Gen can emit a “Don’t eat me” signal 
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to macrophages to prevent the drug delivery system from being recognized and cleared by the reticuloendothelial system, 
potentially extending the circulation time of drugs in the body, thereby enhancing the passive targeting ability of drugs. In 
summary, the bionic drug delivery system effectively enhances drug efficacy while minimizing toxic side effects. This 
bionic strategy holds potential advantages and clinical transformation prospects for targeted therapy of various types of 
tumors, including lung cancer.
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