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A B S T R A C T

Drug resistance to chemotherapy in treating cancers becomes an increasingly serious challenge, which leads to 
treatment failure and poor patient survival. Drug-resistant cancer cells normally reduce intracellular accumu
lation of drugs by controlling drug uptake and promoting drug efflux, which severely limits the efficacy of 
chemotherapy. To overcome this problem, a membrane fused drug delivery system (MF-DDS) was constructed to 
treat cisplatin (DDP)-resistant lung cancer (A549-DDP) by delivering DDP via membrane fusion using a com
plementary coiled-coil forming peptides (CP8K4/CP8E4). The lipopeptide CP8K4 was pre-incubated firstly and 
decorated on the surface of A549-DDP cells, and then the cells interacted with the lipopeptide CP8E4 modified on 
the lipid bilayer (LB) coated PLGA nanoparticles loading DDP (PLGA-DDP@LB-CP8E4), leaded to the direct 
cytosolic DDP delivery and cancer cell death. Compared with free DDP, this MF-DDS achieved a 13.42-folds 
reduced IC50 value of A549-DDP cells in vitro, and tumor size was down-regulated, showing only 1/5.26 of 
the original weight in vivo. Meanwhile, the anti-drug resistant mechanism was explored, where the MF-DDS 
inhibited the expression of efflux protein genes, including MRP1, MRP2, and ABCG2, leading to increased 
intracellular drug accumulations. Altogether, this MF-DDS effectively delivered DDP into DDP-resistant cancer 
cells, making it a promising and improved pharmacological therapeutic approach for drug-resistant tumor 
treatment.

1. Introduction

Chemotherapy, as a commonly used treatment for lung cancer, 
typically involves the use of chemotherapy drugs such as cisplatin 
(DDP), which is the first platinum chemotherapeutic drug approved by 
the Food and Drug Administration (FDA) to treat multiple cancers [1,2]. 
DDP exerts anticancer effects on non-small cell lung cancer (NSCLC), 
and its most prominent action is DNA damage, which further induces 
cell apoptosis [3]. However, prolonged or inappropriate use of anti
cancer drugs can lead to the acquisition of resistance by cancer cells, 
thereby reducing the efficacy of cancer treatment [4]. DDP resistance in 

chemotherapy involves multiple mechanisms, including reducing 
intracellular drug accumulation by cancer cells through reducing drug 
uptake and facilitating drug efflux, increasing drug inactivation and 
DNA repairment [5,6].

General solutions to drug resistance in chemotherapy are based on 
earlier detection of tumors, adaptive monitoring during therapy, 
improved pharmacological principles, and recognition of cancer cell 
dependence [7]. Based on the improved pharmacological principles, 
nano-drugs, especially nanoparticle-based drug delivery systems 
(NDDs), have been proven recently to result in more effective responses, 
including tumor cell targeting, decreased side effects, and lessoned 
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chemoresistance [8,9]. To address different mechanisms of DDP resis
tance, NDDs have been designed and used to treat DDP-resistant tumors 
with a diagnostic and therapeutic focus on reversing drug resistance 
[10,11]. For instance, Cao et al. prepared self-assembled cationic NDDs 
consisting of polyethylene glycol block polylactic acid, hydrophobic 
polylactic acid cisplatin precursor, and cationic lipids, which signifi
cantly improved cellular uptake of DDP via enhanced endocytosis and 

reversal of DDP resistance [12]. He et al. constructed a lipid coated 
nanoscale coordination polymer nanoparticles loaded with DDP and 
siRNA that target multidrug resistance (MDR) genes to down-regulate 
MDR gene expression to inhibit DDP efflux, thereby increasing the 
synergistic therapeutic of chemotherapy [13].

Endocytosis, as a traditional entry route for NDDs that can be 
encapsulated by lysosomes and degraded by biological enzymes, leads to 

Scheme 1. Schematic illustration of the membrane fusion-based drug delivery system preparation and then combated the DDP-resistant lung cancer. (A) Step 1: the 
preparation process of lipopeptide CP8E4 modified DDP drug delivery system (PLGA-DDP@LB-CP8E4). (B) Step 2: lipopeptide CP8K4 was pre-incubated with living 
cells in vitro, and the CP8K4 was pre-injected around the tumor for 1 h, then the PLGA-DDP@LB-CP8E4 was injected around the tumor in vivo. (C) Step 3: the 
membrane fusion drug delivery process mediated by CP8K4/CP8E4 and the mechanism relating to the expression of ABC transporters were explored.
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the inactivation of the loads [14]. To overcome this problem, we pre
viously designed a functionalized system containing cholesterol-coupled 
pegylated peptides K and E (CPK and CPE) with strong interaction force. 
We firstly anchored the positively charged CPK on the cell membrane of 
cancer cells and modified CPE on liposome, which delivered the drugs 
through form the coiled-coil peptides with strong interaction mediated 
membrane fusion instead of disrupting the integrity of the biological 
membrane, achieving the membrane fusion in cancer cells and in vivo 
model, showed much higher lysosome escape and drug delivery effi
ciency compared with traditional intracellular pathway, which further 
leads to high rate of cancer cell apoptosis [15–18]. Poly(lactic-co-gly
colic acid) (PLGA) is one of the most successfully developed biode
gradable polymers approved by the FDA, which was suitable for 
constructing drug delivery systems loaded with all types of drugs like 
hydrophilic or hydrophobic small molecules, or macromolecule drugs, 
which suitable for loading DDP with poor water solubility (about 1 mg/ 
mL) and low lipophilicity [19,20]. It was the first time to apply this drug 
delivery system to against drug-resistant cancer.

Here, we constructed PLGA nanoparticles loaded with DDP and lipid- 
coated to fuse with the cell membrane. As shown in Scheme 1, we 
constructed a lipopeptide-modified MF-DDS that greatly enhanced the 
intracellular accumulation of DDP based on complementary coiled-coil 
forming peptides (CP8K4/CP8E4). Firstly, CP8E4 was modified on lipid 
film and subsequently coated on the surface of PLGA nanoparticles 
loaded with DDP to constitute a functionalized lipopeptide-modified 
lipid bilayer (LB) coated DDP delivery system (PLGA-DDP@LB-CP8E4) 
(Step 1), then CP8K4 with a positive charge was pre-incubated and 
loaded on the surface of the A549-DDP cell membrane (Step 2). After 
lipopeptides recognition, binding, and internalization, the DDP was 
significantly delivered and the delivering mechanism was explored, 
resulting in cell apoptosis of DDP-resistant cancer cells in vitro and in vivo 
(Step 3). This approach improved the efficiency of drug-resistant cancer 
cell killing and held a promising therapeutic strategy for drug-resistant 
cancers.

2. Experimental section

2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA, P133293), N,N-Dimethylforma
mide (DMF, D112000), Ethyl acetate (EA, E116136), Dichloromethane 
(CH2Cl2, D116146), Methanol (MeOH, M116118), and o-phenylenedi
amine (o-PDA, P103813) were obtained from Aladdin (Shanghai, 
China). Polyvinyl alcohol (PVA, 363170) was obtained from VETEC 
(USA). 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 850375P), 
Dioleoyl phosphoethanolamine (DOPE, 850725P), Cholesterol (CHO, 
228111), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(7- 
nitro-2-1,3-benzoxadiazol-4-yl)(ammonium salt) (DOPE-NBD, 
810145P) were obtained from Avanti Lipid (Alabaster, USA). Cisplatin 
(DDP, HY-17394), Doxorubicin hydrochloride (DOX, HY-15142), Pro
pidium iodide (PI, HY-D0815), Rhodamine 123 (Rhod-123, HY- 
D0816), Wortmannin (HY-10197), Chlorpromazine (HY-12708), Gen
istein (HY-14596), Nocodazole (HY-13520), and Cell Counting Kit-8 
(CCK-8, HY-K0301) was obtained from MedChemExpress (Madison, 
USA). Lyso-Tracker Green DND-26 (C1047S) was obtained from Beyo
time (China). Annexin V-FITC/PI Apoptosis kit (K2003) was obtained 
from APExBIO (Houston, USA). Modified Hematoxylin-Eosin (H&E) 
staining kit (G1121) and Hoechst 33342 (C0031) were obtained from 
Solarbio Science & Technology (Beijing, China). Ki67 monoclonal 
antibody (ab16667) and Alexa Fluor 488-conjugated donkey anti-rabbit 
antibody (ab150075) were obtained from Abcam (Cambridge, MA, 
USA). A one-step TUNEL in situ apoptosis kit (E-CK-A320, Green, FITC) 
was obtained from Elabscience (China). The cell culture products were 
all obtained from GIBCO (Grand Island, USA).

2.2. Preparation of CP8E4 modified lipid bilayer coating drug-loaded 
PLGA nanoparticles (PLGA@LB-CP8E4)

We used the O/W solvent evaporation method to prepare PLGA 
nanoparticles, which was described with some modifications [21]. 0.5 
mL 10 mg PLGA solution (Ethyl acetate as solvent) was mixed with 0.5 
mL 2 % PVA aqueous solution (wt%), then an ultrasound cell crusher 
was used to emulsify for 5 min (4 s on, 6 s off) at 70 W. Subsequently, 
nitrogen blowing was used to remove the organic solvent. The obtained 
dry film was resuspended with 1 mL PBS, and the final concentration 
was 5 mg/mL.

The DDP-loaded PLGA nanoparticles (PLGA-DDP), DOX-loaded 
PLGA nanoparticles (PLGA-DOX), and PI-loaded PLGA nanoparticles 
(PLGA-PI) were used the W/O/W solvent evaporation method. First of 
all, 0.5 mL 2 mg/mL DDP, 0.5 mL 1 mg/mL DOX, or 0.5 mL 1 mg/mL PI 
aqueous solution was mixed with 0.5 mL 10 mg/mL PLGA (Ethyl acetate 
as solvent), respectively, then an ultrasound cell crusher was used to 
emulsify for 5 min (4 s on, 6 s off) at 70 W. Subsequently, the 0.5 mL 2 % 
PVA aqueous solution (wt%) was added and then emulsified for 5 min 
(4 s on, 6 s off) at 70 W. After that, nitrogen blowing was used to remove 
the organic solvent and samples were stored at 4 ◦C for further use.

The lipid film was prepared as described [22]. Dissolved DOPC, 
DOPE, CHO, and CP8E4 in a molar ratio of 49.5: 24.75: 24.75: 1 (mol/ 
mol) in a mixed solvent of CH2Cl2-MeOH (2:1, v/v) to form a lipid film 
under the atmosphere of nitrogen. After that, the 1 mM CP8E4 modified 
lipid film was added to 5 mg/mL PLGA, PLGA-DDP, PLGA-DOX, or 
PLGA-PI in 4 mL deionized water, respectively, which was mixed and 
treated ultrasonically in the water bath for 10 min. Subsequently, the 
mixture was repeatedly extruded through liposome extruders (Avanti 
Lipid, Alabaster, USA) with the pore size of 400 to 200 nm poly
carbonate porous membranes in turns for 20 times. Finally, the samples 
were centrifuged at 12,000 rpm for 10 min in 4 ◦C conditions and then 
stored at 4 ◦C for further use.

2.3. Nanoparticle characterization

Dynamic light scattering (DLS, Malvern instruments, ZEN3600, UK) 
was used to acquire the hydrodynamic diameter, polydispersity index 
(PDI), and surface charge of nanoparticles. Transmission electron mi
croscopy (TEM, Fei, TECNAI, G2, F20, USA) was used to examine the 
morphology of the nanoparticles. Thermal gravimetric analyzer (TGA, 
TGA55, USA) was used to quantitatively analyze the modification of the 
LB and CP8E4.

2.4. Lipid mixing assay

The lipid mixing assay was as described [16]. The CP8E4-decorated 
lipid bilayer had no fluorescent labels, while the CP8K4-decorated lipid 
bilayer was loaded with DOPE-NBD and DOPE-LR in a molar ratio of 
DOPC: DOPE: CHO: DOPE-NBD: DOPE-LR = 49.5: 24.75: 24.75: 0.5: 0.5 
mol%. Then, the lipid bilayer was coated on the surface of PLGA or drug- 
loaded PLGA nanoparticles that used the method in part “2.2.”. The 0 % 
value was determined by measuring DOPE-NBD emission of 100 μL 
fluorescent-labeled PLGA@LB-CP8K4 to which was added 100 μL PBS 
buffer. The F(t) was the fluorescence intensity that 100 μL fluorescent- 
labeled PLGA@LB-CP8K4 (The preparation method was consistent 
with part “2.2.” that replaced CP8E8 with equimolar CP8K8) was mixed 
with PLGA@LB-CP8E4 at time t (measured every 30 s for 30 min). The 
100 % value was determined using PLGA@LB-CP8K4 and PLGA@LB- 
CP8E4, which all contained half the concentrations of DOPE-NBD and 
DOPE-LR (0.25 mol%). The percentage of fluorescence increase (%F(t)) 
is calculated with the following equation:

%F(t) = (F(t)-F0) / (Fmax-F0) (1–1).
And the fluorescence intensity was continuously and closed detected 

by a microplate reader (TECAN, groedig, Austria).
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2.5. Encapsulation efficiency and release characteristic

We used the o-phenylenediamine (o-PDA) colorimetric assay to 
determine the DDP concentrations [23]. The 300 μL DDP solution was 
added into an equal amount of 2 mg/mL o-PDA solution (DMF as sol
vent), then heated to 100 ◦C in a metal bath for 10 min. Finally, the 
absorbance at 703 nm was detected by a microplate reader. The content 
of DDP was calculated according to the standard curve, and the encap
sulation efficiency (EE%) of DDP was further calculated with the 
following equation:

EE% = 100 - Abs703 after centrifuge/Abs703 before centrifuge ×
100 (1–2).

The release characteristics of DDP in PLGA-DDP@LB-CP8E4 were 
determined at 37 ◦C for 0–48 h in 50 mL PBS buffer with magnetic 
stirring. 1 mL dissolution medium was removed and 1 mL fresh PBS 
buffer was added. The release characteristics of DDP were further 
calculated with the following equation:

Xn (%) = Cn × V × D/W × 100 % (1–3).
X (%) = Xn + (X1 + X2 + ⋅⋅⋅Xn-1) × Vi/V (1–4).
Xn is the degree of released DDP at different time points, Cn is the 

concentration of DDP measured per time point, V is the volume of the 
total release medium, D is the dilution factor, W is the initial DDP 
dosage, X is the cumulative release degree, and Vi is the volume of the 
release medium took out for per time point.

2.6. Cell culture

Human lung cancer cell lines A549 and cisplatin-resistant human 
lung cancer cell lines A549-DDP were incubated in Roswell Park Me
morial Institute 1640 medium (RPMI-1640) supplemented with 10 % 
heat inactivated fetal bovine serum (FBS) at 37 ◦C in humectant con
ditions that contained 5 % CO2 and 95 % air. The culture medium for 
A549-DDP cells was also supplemented with 2 μg/mL DDP to maintain 
drug resistance.

2.7. Construction of A549-DDP cell microspheres

A549-DDP cells were seeded in ultra-low adsorption 96-well U-plates 
at cell numbers of 1000 per well. Subsequently, 96-well U-plates were 
centrifuged at 1000 rpm for 1 min and cultured in 37 ◦C, 5 % CO2 hu
mectant conditions for 4 days to form A549-DDP cell microspheres, 
while replaced the old medium with fresh medium every two days.

2.8. Evaluation of P-glycoprotein (P-gp) function using rhodamine 123 
(Rhod-123) efflux assay

We compared the retention of Rhod-123 in A549 and A549-DDP cells 
per unit of time as a functional indicator for the evaluations of P-gp 
activity [24]. A549-DDP and A549 cells were seeded into a 96-well black 
plate for 24 h, 3 μM Rhodamine 123 incubated with cells for 0.5, 1, 2, 
and 4 h. After that, we washed the cells with warm PBS buffer three 
times and incubated with Hoechst 33342 for 10 min. The Operetta High 
Content Analysis (HCA) system (PerkinElmer, Boston, MA, USA) ob
tained the visual images and then quantified them with Image J 
software.

2.9. Cytotoxicity measurement

A549-DDP cells were seeded into a 96-well plate for 24 h, then 
incubated for another 24 h with a concentration range from 0 to 5 μM of 
CP8K4, and from 0 to 1000 μg/mL of PLGA, PLGA@LB, and PLGA@LB- 
CP8E4. In the group of CP8K4 + PLGA@LB-CP8E4, the 2.5 μM CP8K4 was 
incubated with cells for 30 min and then incubated with 0 to 1000 μg/ 
mL of PLGA@LB-CP8E4 for 24 h. Then the medium was removed and 
cells were washed three times with warm PBS buffer. Subsequently, cells 
were incubated with 100 μL fresh culture medium that contained 10 μL 

CCK8 solution at 37 ◦C for 2 h. Finally, the absorbance at 450 nm was 
detected by a microplate reader.

2.10. Membrane fusion measurement

The DOX-PLGA and PI-PLGA nanoparticles were coated with the 
molar ratio of 1 % NBD-PE labeled on the surface of lipid bilayer (LB), 
respectively. There were 6 groups: (1) CP8K4 + PLGA-DOX@LB-CP8E4 or 
PLGA-PI@LB-CP8E4 group; (2) CP8K4 + PLGA-DOX@LB or PLGA-PI@LB 
group; (3) CP8K4 + PLGA@LB-CP8E4 + free DOX or free PI group; (4) 
PLGA-DOX@LB-CP8E4 or PLGA-PI@LB-CP8E4 group; (5) PLGA- 
DOX@LB or PLGA-PI@LB group, and (6) free DOX or free PI group. 
Firstly, a medium that contained 2.5 μM CP8K4 was incubated with 
A549-DDP cells or A549-DDP cell microspheres for 30 min, then washed 
cells three times with fresh medium, and these nanoparticles or free drug 
were incubated with cells for 30 min. Subsequently, cells were washed 
three times with fresh medium and fixed with 4 % paraformaldehyde for 
15 min at room temperature, followed by treating with Hoechst 33342 
for 15 min. The HCA system obtained the visual images and quantified 
with Image J software.

2.11. Lysosome colocalization study

A549-DDP cells were seeded on a cell glass sheet and then treated 
with CP8K4 for 30 min, and then PLGA-DOX@LB-CP8E4 were incubated 
with cells for 0.5, 2, 6, and 12 h, respectively, and 5 nM LysoTracker 
DND-26 was incubated with cells for 30 min. After that, the cells were 
fixed with 4 % paraformaldehyde for 15 min and then incubated with 
Hoechst 33342 for 15 min. The images were observed by an upright 
fluorescence microscope (Leica THUNDER, Germany). We used the PCC 
and MOC values to evaluate lysosome colocalization [25,26]. PCC 
(Pearson correlation coefficient): value can be − 1 to +1, +1 indicates 
perfect correlation, − 1 indicates perfect but negative correlation, 0 in
dicates the absence of a relationship. MOC (Mande's overlap coefficient): 
value can be 0 to 1, where 1 indicates complete overlap and 0 indicates 
complete separation.

2.12. Examination of DOX distribution inside A549-DDP cell 
microspheres

To observe the distribution of DOX in A549-DDP cell microspheres 
after delivery DOX. We prepared PLGA-DOX@LB and PLGA-DOX@LB- 
CP8E4, then performed the experiments according to the steps and 
groups of “2.10. Membrane fusion measurement”. Subsequently, A549- 
DDP cell microspheres were sectioned to obtain cell microsphere sec
tions and labeled nuclei. The distribution of DOX in the cell microsphere 
sections was observed by an inverted fluorescence microscope (Leica 
Microsystems CMS GmbH ErnstLeitz-Str.17–37, Germany).

2.13. Endocytosis inhibition measurements

A549-DDP cells and A549-DDP cell microspheres were incubated 
with 40 μM nocodazole, 0.25 μM wortmannin, 40 μM chlorpromazine, 
or 200 μM genistein in the medium, respectively. After 3 h pre- 
incubation with these endocytosis inhibitors, cells were treated with 
CP8K4 for 30 min in the presence of inhibitors. Subsequently, cells were 
washed three times with fresh medium and then PLGA-DOX@LB-CP8E4 
was incubated for 30 min in the presence of inhibitors. The control 
group was treated with inhibitors and PLGA-DOX@LB-CP8E4 without 
pre-incubation with CP8K4. Then, cells were washed, fixed with 4 % 
paraformaldehyde for 15 min, and incubated with Hoechst 33342 for 15 
min. The HCA system obtained the visual images and quantified with 
Image J software.
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2.14. Quantitative real-time polymerase chain reaction (qRT-PCR)

A549-DDP cells were treated with CP8K4 for 30 min and then PLGA- 
DOX@LB-CP8E4 for 12 and 24 h, the control group was incubated with 
the medium. After that, according to the manufacturer's protocol, total 
RNA samples from the A549-DDP cells were extracted using TRIzol® 
reagent (15596018CN, Invitrogen). Then, the Nanodrop 2000 was used 
to quantify RNA concentrations. Subsequently, the RNA samples were 
reverse transcribed into complementary DNA (cDNA) using TransScript 
One-Step gDNA Removal and cDNA Synthesis SuperMix (AT341–02, 
TransGen Biotech, Beijing, China). cDNA amplification was performed 
using the LightCycler 480 (Roche) with PerfectStart® Green qPCR 
SuperMix (AQ601–01-V2, TransGen Biotech, Beijing, China). The se
quences of primers for qRT-PCR were listed in Table S1.

2.15. Living/dead cell staining

There were five groups: (1) Control group; (2) free DDP group; (3) 
PLGA-DDP@LB-CP8E4 group; (4) CP8K4 + PLGA-DDP@LB group; (5) 
CP8K4 + PLGA-DDP@LB-CP8E4 group. A549-DDP cells or A549-DDP cell 
microspheres were incubated with 2.5 μM CP8K4 for 30 min, then 
washed cells and incubated these nanoparticles or free drug were with 
cells for 24 h. After that, 2 μM Calcein-AM and 4.5 μM PI were co- 
incubated with these A549-DDP cells or cell microspheres for 20 min 
at room temperature. At last, the HCA system obtained the visual 
images.

2.16. Apoptosis experiments

The A549-DDP cell microspheres were treated with the MF-DDS for 
24 h, and the groups were the same as the part of “2.15. living/dead cell 
staining”. After that, microspheres were collected and digested using 
trypsin at 37 ◦C for 5 min, gently blow to obtain single-cell suspension 
and then washed cells. After that, the Annexin V-FITC/PI apoptosis kit 
was used to label cells and detected cells by flow cytometry (AFC2, 
Invitrogen, Carlsbad, CA, USA.) and quantified by Flowjo V10 software.

2.17. A549-DDP tumor-bearing nude mice model

BALB/c nude mice (4 weeks, 16–18 g, male) were purchased from 
the SPF (Beijing) biotechnology (Beijing, China). The mice were kept in 
Tianjin University of Traditional Chinese Medicine Animal Centre, 
conducting experiments by the rearing environment of the breeding 
room and the ethical system stipulated by the Animal Ethics Committee. 
After 1 week of adaptive feeding, A549-DDP cells (5 × 106 cells in 100 
μL cold PBS buffer) were injected subcutaneously into the right flanks of 
each mouse. When the tumor grew to 100 mm3 (Tumor volume = (L ×
W2) × 1/2, Length (L) and width (W)), mice were further random 
divided into five groups (n = 5 per group) as follows: 1) Control group, 
2) free DDP group, 3) CP8K4 + PLGA-DDP@LB group, 4) PLGA- 
DDP@LB-CP8E4 group, and 5) CP8K4 + PLGA-DDP@LB-CP8E4 group. 
Mouse in groups 3) and 5) were injected 125 μL 1 mM CP8K4 PBS buffer 
solution per mouse by peritumoral injection method, and mice in other 
groups were injected with an equal amount of PBS buffer, after 1 h, the 
free DDP or DDP-loaded nanoparticles were injected at the dose of 1 mg/ 
kg DDP by the peritumoral injection method at the same sites every 7 
days for 3 weeks, the tumor volume and mouse body weight were 
recorded every 3 days. In the end, the mice were euthanized to obtain 
tumor tissue and then fixed, dehydrated, and sliced for later use. All 
animal experiments were carried out by the guidelines of the Institution 
Animal Care and Use Committee of Tianjin University of Traditional 
Chinese Medicine.

2.18. H&E staining

The H&E staining was used to observe the pathological structure of 

tumors. Tumor tissue sections were dewaxed, stained with hematoxylin 
for 30 s, differentiated in a 1 % hydrochloric acid ethanol (v/v) solution 
for 1 s, blue with bluing solution for 5 s, and dye with eosin for 90 s. 
Meanwhile, the slices required 60 of running water flushing after each 
step. Finally, the tumor tissue slices were observed using an inverted 
fluorescence microscope.

2.19. Tunel staining

One-step TUNEL in situ apoptosis kit was used to label the apoptotic 
cells in the tumors, and we followed the steps described in the manual. 
Tumor tissue sections were dewaxed, penetrated cells, tunel staining 
working solution was used to label apoptotic cells and labeled nucleus. 
At last, the tumor tissue slides were observed by an upright fluorescence 
microscope and quantified using Flowjo V10 software.

2.20. Immunofluorescence staining

The tumor tissue sections were prepared rid of paraffin, used the 0.2 
% Triton-X 100 for 10 min, followed by subjecting to antigen retrieval, 
and blocked the nonspecific antibody bindings for 1.5 h. Subsequently, 
the sections were incubated with the Ki67 monoclonal antibody (1:250) 
at 4 ◦C overnight, and incubated with the Alexa Fluor® 647-conjugated 
donkey anti-rabbit antibody (1:500) for 1.5 h at 37 ◦C, and then incu
bated with Hoechst 33342 for 5 min at 37 ◦C. Finally, the tumor tissue 
sections were observed by an upright fluorescence microscope and 
quantified using Image J software.

2.21. Biosafety evaluation in vivo

We determined the acute toxicity of the MF-DDS due to the fact that 
the MF-DDS can deliver a large amount of drugs into cells in a short 
period of time. So, a 3-folds dose was selected over the pharmacody
namic evaluation experiments in vivo. All healthy BALB/c nude mice 
were randomly divided into two groups (n = 5 per group): the control 
group and the CP8K4 + PLGA@LB-CP8E4 group. The mice in the CP8K4 
+ PLGA@LB-CP8E4 group were injected 125 μL 3 mM CP8K4 PBS buffer 
solution per mouse by subcutaneous injection into the right flanks. 
Meanwhile, the mice in the control group were injected with an equal 
amount of PBS buffer using the same method. After 1 h, 3-folds dose 
(compared with the dose of pharmacodynamic evaluation in vivo) of 
PLGA@LB-CP8E4 nanoparticles in 125 μL PBS buffer or the same amount 
of PBS buffer in the control group was subcutaneously injected, 
respectively. Mouse body weights were recorded every 24 h, and the 
mice were euthanized and obtained the major organs at 48 h, including 
the heart, liver, spleen, lung, and kidney, were collected to calculate the 
organ index (organ weight / body weight) and for H&E staining.

2.22. Statistical analysis

All data were expressed as mean ± SD from at least three indepen
dent experiments. The differences between the two groups were 
analyzed for significance (p < 0.05) by t-test or by one-way analysis of 
variance when more than two groups were compared. All analyses used 
GraphPad (GraphPad Prism 10, San Diego, CA, United States).

3. Results

3.1. Preparation and characterizations of PLGA@LB-CP8E4

We prepared the CP8E4 modified lipid bilayer (LB) coating PLGA 
nanoparticles (PLGA@LB-CP8E4) and observed them under transmission 
electron microscopy (TEM). TEM result showed the classic core-shell 
structure of PLGA@LB-CP8E4 in Fig. 1A. The lipid film was uniformly 
coated on the surface of PLGA, indicating the feasibility of the prepa
ration process. Subsequently, the hydrodynamic diameter, 
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polydispersity index (PDI), and surface charge of PLGA, PLGA@LB, and 
PLGA@LB-CP8E4 with/without DDP were determined and compared by 
dynamic light scattering (DLS) (Fig. 1B,C). The size of nanoparticles was 
around 210 nm, marginally affected after lipid coating and lipopeptide 
modification, and all the PDI values were less than 0.1, indicating that 
all the synthesis nanoparticles had a narrow size distribution. It is worth 
mentioning that the surface charge was lower after lipid coating on the 
surface of PLGA, modification of CP8E4 with a negative charge further 
reduced the surface charge of the nanoparticles (Fig. 1C). Subsequently, 
we examined the particle size stability of PLGA@LB-CP8E4 (Fig. S1A) 
and PLGA-DDP@LB-CP8E4 (Fig. S1B), which were dispersed in deion
ized water, PBS buffer, and RPMI-1640 medium in 15 days. The slight 
size changes of PLGA@LB-CP8E4 and PLGA-DDP@LB-CP8E4 nano
particles showed high stability.

In our previous study, a lipid mixing assay using the lipopeptide 
CP4E4/CP4K4 modified liposomes or solid lipid nanoparticles showed 
great fusogenicity [16,27]. To verify whether the lipopeptide CP8E4/ 
CP8K4 modified LB coated PLGA nanoparticles possess fusigenicity, the 
fluorescence resonance energy transfer (FRET) assay was conducted 
[28]. The surface charge of PLGA@LB-CP8K4 was elevated compared 
with PLGA@LB, which indicated the successful positive charged CP8K4 
peptide modification (Table S2). Results showed that the fluorescence 
intensity of DOPE-NBD was increased, indicating lipid fusion occurred 
and the load of DDP did not affect the lipid fusion (Fig. 1D and S2). Next, 
a thermal gravimetric analyzer (TGA) was used to determine the 
modification mass percentages of the LB and CP8E4 for the PLGA and 
PLGA@LB, respectively (Fig. 1E). The PLGA nanoparticles remained 
22.28 % weight at 500 ◦C, and the remained of PLGA@LB was 11.29 %, 
indicating that 10.99 % weight of LB was coated onto the surface of 
PLGA. The PLGA@LB-CP8E4 remained 10.80 % weight, which implied 
that 0.49 % weight of CP8E4 was modified on the PLGA@LB.

We used the o-phenylenediamine (o-PDA) colorimetric assay to 
detect the concentrations of DDP [23], and the encapsulation efficiency 
(EE%) of DDP in PLGA@LB-CP8E4 was 21.26 ± 3.72 %. The release 

curve of DDP was time-dependent, with about 23.42 ± 4.77 % of DDP 
released at 12 h and 32.78 ± 0.65 % at 48 h for PLGA-DDP@LB, and the 
modification of CP8E4 did not affect the release of DDP (Fig. 1F). In 
conclusion, we have successfully constructed a coiled-coil lipopeptides 
modified DDP loaded MF-DDS with high stability.

3.2. Intracellular drug delivery via membrane fusion in DDP-resistant 
cancer cell model in vitro

We first identified the fluorescence intensity of Rhod-123 in A549- 
DDP and A549 cells, the indicator of P-glycoprotein (P-gp) activity 
relating to drug resistance [24]. The result showed that the fluorescence 
intensity of Rhod-123 in A549-DDP cells was significantly lower than in 
A549 cells at each time point, indicating that A549-DDP cells have more 
expression of P-gp activity that could accelerate drug efflux (Fig. S3). 
After incubation with DDP, the IC50 value of A549-DDP cells (25.9 μg/ 
mL) was significantly higher than A549 cells (5.88 μg/mL) (Fig. S4). The 
results demonstrated that the A549-DDP can be used as drug-resistant 
cancer cells for further study.

To investigate whether CP8E4 and CP8K4 could promote membrane 
fusion between the lipid bilayer and living A549-DDP cell membrane. 
Since DDP shows non-fluorescent, we chose a fluorescently anti-tumor 
model drug, doxorubicin (DOX), in the subsequent visualization study, 
which is also a water-soluble and small molecule chemotherapeutic 
agent that targets DNA in the nucleus for chemotherapy [29]. Mean
while, we used propidium iodide (PI) for further verification, which is a 
DNA-intercalating fluorescent dye, cell membrane of living cells was 
impermeable and stained DNA only when cell membrane integrity was 
disrupted [30]. The PLGA-DOX@LB-CP8E4 and PLGA-PI@LB-CP8E4 
showed slightly changed of larger size and PDI value, and similar surface 
charge compared with PLGA@LB-CP8E4 (Fig. S5 and Table S2). Also, 
FRET results showed that this coiled-coiled lipopeptides-mediated 
membrane fusion was not affected after PLGA loading with DOX 
(Fig. S5E,F).

Fig. 1. Characterizations of nanoparticles. (A) The TEM image of PLGA@LB-CP8E4, scare bar = 100 nm. (B) DLS measured the size, polydispersity index (PDI), and 
(C) surface charge of PLGA, PLGA@LB, and PLGA@LB-CP8E4 with (DDP-loaded) or without (DDP-free) loaded with DDP. (D) Lipid mixing between PLGA@LB-CP8E4 
and PLGA@LB-CP8K4. The number on the y-axis represents the percentage increase of fluorescence (from DOPE-NBD) due to liposome membrane fusion as incubated 
time increases. (E) The thermal gravimetric analysis of PLGA, PLGA@LB, and PLGA@LB-CP8E4. The number on the y-axis represents the percentage decrease in 
sample weight due to temperature increases as time increases. (F) DDP release curves of PLGA-DDP@LB and PLGA-DDP@LB-CP8E4. Values shown are mean ± S.D., 
the experiment was performed in three replicates.
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Subsequently, we examined the coiled-coil lipopeptides modified 
MF-DDS (CP8K4 + PLGA@LB-CP8E4) on cells. A549-DDP cells were pre- 
incubated with CP8K4 for 30 min before being incubated with the 
fluorescence labeling PLGA@LB-CP8E4 for 30 min. The core of PLGA 
contained the DOX or PI with red-fluorescent, and the coated LB labeled 
DOPE-NBD lipid with green-fluorescent to localize the LB. The red- 
fluorescent was observed in the cytoplasm and nucleus, and the green 
fluorescence from the DOPE-NBD was observed on the cell membrane at 

the same time, indicating that membrane fusion and the content release 
had occurred (Fig. 2A(a) and Fig. S6A). However, the results of the 
control group showed an inconspicuous fluorescence signal of DOX or PI 
in the cytoplasm and DOPE-NBD labeled cell membrane when CP8K4 or 
CP8E4 lipopeptides were omitted, indicating that these two peptides 
mediated membrane fusion are strictly required (Fig. 2A(b,d) and 
Fig. S6B,D). To further rule out the possibility that the membrane fusion 
process leads to transient membrane instability that would allow the free 

Fig. 2. Delivery of DOX by membrane fusion on A549-DDP cells. (A) Images of A549-DDP cells that were (a,b,c) pre-incubated with CP8K4 or (d,e,f) medium for 30 
min, removed medium and washed three times with fresh medium, followed by treatment with (a,d) DOPE-NBD labeled PLGA-DOX@LB-CP8E4, (b,e) DOPE-NBD 
labeled PLGA-DOX@LB, (c) DOPE-NBD labeled PLGA@LB-CP8E4 plus free DOX, and (f) free DOX for 30 min. DOX (red channel, Ex/Em = 490/590 nm), DOPE- 
NBD (green channel, Ex/Em = 460/534 nm), and Hoechst 33342 (blue channel, Ex/Em = 346/460 nm). Scale bar = 50 μm. (B) Confocal images of the A549- 
DDP cells incubated with CP8K4 for 30 min, then incubated with PLGA-DOX@LB-CP8E4 for 30 min, the lysosome was labeled using a lyso-tracker DND-26 (green 
channel, Ex/Em = 504/511 nm) and nucleus were labeled using Hoechst 33342. Scale bar = 10 μm. (C) Quantitative co-localization analysis of DOX and lysosomes in 
the dashed arrow area of the merge channel as a function of time using Image J.
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drug to enter cells. The control group of the CP8K4-treated A549-DDP 
cells, after incubated with the PLGA@LB-CP8E4 and free DOX or PI, 
could only clearly observe the fluorescence of DOPE-NBD on the cell 
membrane (Fig. 2A(c) and Fig. S6C). Also, a feeble fluorescence signal 
was observed in the group of PLGA-DOX@LB or PLGA-PI@LB modified 
with DOPE-NBD and the group of free DOX or PI when all of the two 
lipopeptides were omitted (Fig. 2A(e,f) and Fig. S6E,F). Drug-loaded 
nanoparticles usually enter cells via the endocytosis pathway, which 
often fails to escape lysosomal phagocytosis and results in low delivery 
efficiency. Subsequently, we used the MF-DDS to deliver the DOX and 
simultaneously labeled lysosomes. As shown in Fig. 2B, we observed that 
almost all the DOX fluorescence signals could not be co-localized with 

lysosomal fluorescence signals. And we calculated the Pearson correla
tion coefficient (PCC) was 0.28 and the Mander's overlap coefficient 
(MOC) was 0.362, they were both used to quantify the degree of 
colocalization between fluorophores [25,26]. In addition, partial DOX 
signals can be observed in the nucleus after 2 h delivery and an increased 
DOX fluorescence signal can also be observed in the nucleus with 
increasing time, and the low PCC and MOC values indicated that the MF- 
DDS can avoid uptake by lysosomes (Fig. S7).

The 3D cell culture system can narrow the gap between 2D cell and 
animal models by simulating complex cell heterogeneity and in
teractions, as well as tumor microenvironment conditions more closely 
and overcome the limitations of traditional 2D cell models [31]. 

Fig. 3. Delivery of DOX by membrane fusion on A549-DDP cell microspheres. (A) Images of A549-DDP cell microspheres were (a,b,c) pre-incubated with CP8K4 or 
(d,e,f) medium for 30 min, removed medium and washed three times with fresh medium, and then followed by treatment with (a,d) DOPE-NBD labeled PLGA- 
DOX@LB-CP8E4, (b,e) DOPE-NBD labeled PLGA-DOX@LB, (c) DOPE-NBD labeled PLGA@LB-CP8E4 plus free DOX, and (f) free DOX for 30 min. (B) Slicing sections of 
A549-DDP cell microspheres after being treated with CP8K4 for 30 min and then treated with PLGA-DOX@LB-CP8E4 for 30 min. Scare bar = 200 μm.
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Therefore, we constructed a DDP-resistant 3D lung cell microsphere 
model using A549-DDP cells in vitro to mimic the lesion micro- 
environment of the tumor. Cell microspheres were also incubated with 
CP8K4 for 30 min before being incubated with the DOPE-NBD labeled 
PLGA-DOX@LB-CP8E4. As shown in Fig. 3A, the fluorescence result 
showed that the DOPE-NBD labeled on the lipid coating appeared in the 
outermost part of the cell microsphere. In contrast, the PLGA-loaded 
DOX appeared in the inner part of the cell microsphere. Consistent 
with the results of membrane fusion in the 2D cell model, the other 
control groups showed feeble DOX fluorescence signals, further proving 
that MF-DDS effectively delivers drugs in the 3D model. Similarly, the 
inner structure of sections of 3D cell microspheres was also performed. 
We found a higher DOX fluorescence intensity in the outermost cells of 
the 3D cell microspheres and a homogeneous DOX distribution inside 
the 3D cell microspheres (Fig. 3B). Quantitative results showed that 
there was no significant difference in the uptake of DOX by cell micro
spheres in the non-membrane fusion mediated DOX delivery group. 
Importantly, the MF-DDS allowed 10.69-folds DOX accumulations in the 

cell microspheres compared with the free DOX group (Fig. S8). These 
results demonstrated that the MF-DDS could deliver a large amount of 
DOX into cells in a short time and showed much higher delivery effi
ciency than the endocytosis pathway, and the membrane fusion delivery 
of drugs can largely avoid the uptake by lysosomes and penetrate into 
the interior of the cancer cell microspheres.

3.3. Cell uptake mechanism of MF-DDS in DDP-resistant cancer cell 
model

To further demonstrate that membrane fusion is the primary mech
anism of our drug delivery system, several well-characterized inhibitors 
(nocodazole, wortmannin, chlorpromazine, and genistein) of inhibiting 
endocytotic pathways were tested. Wortmannin, a selective PI3K in
hibitor, inhibits micropinocytosis [32], nocodazole as a microtubule 
formation inhibitor used to inhibit intracellular trafficking [33], chlor
promazine inhibits lattice-protein-mediated endocytosis [34], and gen
istein inhibits caveola-dependent endocytosis [35]. In the 2D cell culture 

Fig. 4. Investigation of the cell uptake mechanism of the MF-DDS. Effect of endocytosis inhibitors on delivery of DOX by the MF-DDS to A549-DDP cells and A549- 
DDP cell microspheres. Cells were incubated with medium (Control), or medium containing 0.25 μM wortmannin, 40 μM chlorpromazine, 200 μM genistein, or 40 
μM nocodazole for 3 h, then incubated with (A) CP8K4 or (B) fresh medium for 30 min in the presence of inhibitors, and then treated PLGA-DOX@LB-CP8E4 for 30 
min. Cellular uptake was measured by the HCA system and the results were normalized with the control group. (C) Images and (D) quantification of DOX uptake in 
A549-DDP cell microspheres in the presence of endocytosis inhibitors after the A549-DDP cell microspheres that pre-incubated with CP8K4 for 30 min, and then 
incubated with DOPE-NBD labeled PLGA-DOX@LB-CP8E4 for 30 min. Scale bar = 200 μm, n = 6, values shown are mean ± S.D.
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model, A549-DDP cells were pre-incubated with each inhibitor for 3 h, 
and then cells were incubated with CP8K4 for 30 min, and then treated 
with PLGA-DOX@LB-CP8E4 for 30 min. The results showed that the DOX 
uptake by A549-DDP cells showed a slight effect by these inhibitors 
(Fig. 4A). However, the PLGA-DOX@LB-CP8E4 delivery system without 
pre-incubated with CP8K4 and the use of endocytosis inhibitors inhibited 
the delivery of DOX, and lattice-protein induced endocytosis was the 
major delivery approach (Fig. 4B).

Next, the inhibitors mentioned above were used to block the corre
sponding endocytosis pathways in the DDP-resistant 3D lung cancer cell 
microsphere, under the conditions of CP8K4 and CP8E4 intro action 
systems (Fig. 4C,D). The green fluorescence of NBD presented on the 
surface of the microsphere, while the red fluorescence of DOX mainly 
showed inside of the microspheres could still be observed after using the 
endocytosis inhibitors. The inhibitors did not interfere with the progress 
of membrane fusion, and the quantitative results demonstrated that 
membrane fusion showed the primary role in the uptake of drugs in the 
MF-DDS, which was consistent with the results in the 2D cell model. 
These results further supported that the dominant pathway for intra
cellular delivery of MF-DDS was via direct membrane fusion between the 
lipid membrane and the cell membrane of living cancer cells.

3.4. The expression of efflux receptor genes was inhibited after membrane 
fused delivery

Cancer cells upregulate the expression of related drug transporters in 
response to sustained stimulation of chemotherapy drugs, further lead
ing to the development of drug resistance in cancer cells, with a 
particular focus on the over-expressed ATP-binding cassette (ABC) 
transporter proteins mediated drug efflux mechanism, mainly includes 
MDR1 (P-glycoprotein, P-gp), multidrug resistance-associated proteins 
(MRPs), lung drug resistance proteins (LRPs), and breast cancer resis
tance proteins (BCRPs, ABCG2) that were normally high expressed on 
the NSCLC cell line [36,37]. Therefore, we examined whether this MF- 
DDS mediated fusion of artificial lipid membranes and cell membranes 
would affect the expression of ABC transporter proteins, including 
MDR1, MDR2, MRP1 (ABCC1), MRP2 (ABCC2), LRP, and ABCG2 in 
A549-DDP cells after the membrane fused with PLGA@LB-CP8E4 for 12 
and 24 h. Interestingly, results showed that membrane fusion could 
significantly reduce gene expression of ABC transporter proteins like 
MRP1 at 24 h (Fig. S9A). Meanwhile, the gene expression of MRP2 and 
ABCG2 at 12 h was significantly decreased compared with the control 
group (Fig. S9B,C). No significant changes were observed in the 
expression of other ABC transporter proteins-related genes, such as 
MRD1, MRD2, and LRP (Fig. S9D–F). This may be due to the membrane 
fusion led to a large accumulation of artificial lipids in the cell within a 
short period and affected lipid metabolism reprogramming, which in 
turn reduced the expression of drug-resistant genes and against drug 
resistance in cancer cells [38,39]. Altogether, this result suggested that 
this MF-DDS synergistically combated DDP-resistant lung cancers by 
rapidly delivering the drug while decreasing the expression of efflux 
receptors.

3.5. The killing capability of the MF-DDS with DDP-resistant lung cancer 
cell model in vitro

The artificial lipid membrane we prepared will fuse with the cell 
membrane, and due to the positively charged CP8K4 lipopeptide, this 
may lead to cell death. Therefore, we investigated the impact of CP8K4 
and non-drug loaded MF-DDS on the viability of A549-DDP cells. The 
results showed no significant cytotoxicity in CP8K4 and the MF-DDS 
(Fig. S10A). Also, this MF-DDS has low cytotoxicity in the membrane 
fusion mediated by the coiled-coil lipopeptides, and the cell viability can 
still be maintained above 90 % at the concentration of 1000 μg/mL 
(Fig. S10B). Subsequently, to overcome the DDP resistance of the A549- 
DDP cancer cell model, we loaded DDP into the MF-DDS and the DDP 

was delivered in large quantities to the cytoplasm by membrane fusing. 
Results showed that 13.42-folds increased the killing efficiency of A549- 
DDP cells after delivering the DDP through membrane fusion (IC50 =

1.93 μg/mL) compared to free DDP (IC50 = 25.90 μg/mL) (Fig. 5A,B & 
Fig. S4D). Next, we visualized the cell-killing effect in each group using 
a cell dead-live staining assay, in which Calcein-AM labeled living cells 
exhibited green fluorescence and PI labeled dead cells exhibited red 
fluorescence. As shown in Fig. S11, the CP8K4 + PLGA-DDP@LB-CP8E4 
group, led to the highest number of PI-labeled dead cells, with almost all 
labeled cells. In the control group, nearly no red fluorescence signal was 
shown.

Afterward, we evaluated the therapeutic efficiency of the MF-DDS 
under the complicated heterogeneous microenvironments using the 
3D DDP-resistant lung cancer cell microspheres model. We processed 
tissue sections of the administered DDP-resistant microspheres and 
performed H&E staining, which allowed direct observation of the 
morphological and tissue structural changes (Fig. 5C). The dense 
arrangement of cells, like the solid tumor, could be observed in the 
control group. Meanwhile, the MF-DDS caused cellular damage and 
apoptosis in the periphery of the cell microspheres, but it could also 
significantly damage tumor necrosis in the central region of the micro
spheres. Subsequently, we examined the distribution of living and dead 
cells in microspheres after the drug was treated with living/dead cell 
staining. The results showed that PI labeled the dead cells in the mi
crospheres at the center in the control group (Fig. 5D), mainly due to the 
lack of oxygen and nutrients in the core of microspheres leading to the 
production of the dead cells. After delivery of the DDP via membrane 
fusion, a large number of apoptotic cells were labeled, accompanied by a 
reduction in the proportion of live cells. This result was consistent with 
the H&E staining and further demonstrated that the membrane fusion 
systems effectively deliver the DDP drug into the interior of the micro
spheres and efficiently kill the drug-resistant cancer cells. Subsequently, 
we quantified apoptotic cells in the DDP-resistant microspheres model 
using the Annexin V-FITC/PI detection assay. As shown in Fig. 5E,F, the 
CP8K4 þ PLGA-DDP@LB-CP8E4 group induced the most efficient cell 
apoptosis in the DDP-resistant microspheres by 89.95 ± 0.28 %, yet 
other treatment groups with DDP, CP8K4 þ PLGA-DDP@LB, and PLGA- 
DDP@LB-CP8E4 just caused cell apoptosis the DDP-resistant micro
spheres by 20.80 ± 0.83 %, 24.55 ± 0.74 %, and 25.33 ± 0.83 %, 
respectively. These results indicated that this MF-DDS can effectively 
induce the apoptosis of DDP-resistant lung cancer cells.

3.6. The MF-DDS combated the DDP-resistant lung cancer and showed 
high biosafety in vivo

Although in vitro 3D cell microsphere models can best mimic solid 
tumors in vivo, the complexity of the microenvironment and the pres
ence of many non-target cells make it challenging to apply the MF-DDS 
in vivo. Therefore, we established the A549-DDP subcutaneous lung 
cancer model to further investigate the inhibition of proliferation and 
killing of cancer cells by MF-DDS in vivo (Fig. 6A). After 19 days, there 
was no significant difference in the relative tumor volume of all control 
groups (including control, DDP, CP8K4 + PLGA@LB, and PLGA@LB- 
CP8E4 groups), while in the MF-DDS group (CP8K4 + PLGA@LB-CP8E4 
group) significantly inhibited the tumor size in vivo (Fig. 6B). Also, the 
MF-DDS group exhibited a smaller tumor weight of 5.26-folds than free 
DDP groups and 5.23 to 5.44-folds than that of other NDDs groups 
(Fig. 6C,D). To further confirm the potential therapeutic effect of MF- 
DDS in vivo, we performed H&E, Ki67, and tunel staining of tumor tis
sue sections. H&E staining of tumor tissue sections showed histo
morphological changes after treatment, in which MF-DDS severely lysed 
tumor cells and significantly reduced the density and integrity of the 
tumor (Fig. 6E). In addition, MF-DDS led to a significant increase in 
tunel positivity area, indicating that the MF-DDS could effectively 
induce tumor cell apoptosis in vivo (Fig. 6F,H). Meanwhile, Ki67 protein 
expression was significantly reduced, suggesting that tumor cell 
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Fig. 5. The MF-DDS against DDP-resistant lung cancer cell model in vitro. (A) The cell viability of A549-DDP cells that were incubated with CP8K4 for 30 min, and 
then incubated with PLGA-DDP@LB or PLGA-DDP@LB-CP8E4 that loaded with different concentrations of DDP from 0 to 25 μg/mL for 24 h. (B) The IC50 curve of 
A549-DDP cells after incubated with CP8K4 for 30 min, and then incubated with PLGA-DDP@LB-CP8E4 for 24 h. (C) H&E staining of A549-DDP cell microspheres, 
scale bar = 100 μm. (D) Calcein-AM/PI living/dead cell staining of A549-DDP cell microspheres, scale bar = 200 μm. Calcein-AM (green channel, Ex/Em = 494/517 
nm), PI (red channel, Ex/Em = 535/617 nm). (E) Annexin V/PI cell apoptosis assay of A549-DDP cell microspheres, and the (F) quantitative analysis of the apoptosis 
rate in A549-DDP cells microspheres. n = 5, Values shown are mean ± S.D.
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Fig. 6. The MF-DDS against DDP-resistant lung cancer model in vivo. (A) Schematic of CP8K4 + PLGA@LB-CP8E4 mediated anti-tumor therapy in a mouse model. (B) 
The average tumor growth kinetics in different groups. (C) Qualification of excised tumor weight and the (D) representative photographs. (E) The H&E staining of 
tumor tissue sections. (F) The Tunel staining and (H) qualification of the percentages of tunel positive cells in tumor tissue sections. (G) The immunofluorescence 
staining of Ki67 and (I) qualification of the percentages of Ki67 positive cells in tumor tissue sections. (J) The body weight changes of mice. Values shown are mean 
± S.D., ****p < 0.0001, vs. Control group, ns indicates no statistical significance. n = 5, scale bar = 100 μm.
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proliferation was inhibited (Fig. 6G,I). Meanwhile, there was no sig
nificant difference in the body weights of the mice in each group 
(Fig. 6J). These results indicated that MF-DDS could efficiently suppress 
the proliferation and induce apoptosis of DDP-resistant lung cancer cells 
in vivo.

The MF-DDS enabled rapid intracellular drug delivery and excellent 
cancer cell killing efficiency, it may cause acute toxicity of concern in 
vivo. Thus, we selected 3-folds dose than the pharmacodynamic evalu
ation portion in vivo and then injected MF-DDS without DDP loading 
using the same injection method and site in vivo. The results showed that 
the body weight and organ index of mice in the MF-DDS group were not 
significantly different from those in the control group after 48 h 
(Fig. S12A,B). Also, H&E staining of major organs in the area of sub
cutaneous injections showed no significant histological changes, indi
cating the safty of this drug delivery system (Fig. S12C).

4. Conclusion and discussion

In summary, we constructed a coiled-coil lipopeptide modified lipid 
coating PLGA nanoparticles for the intracellular delivery of drugs to 
combat DDP-resistant lung cancer. This membrane fused drug delivery 
system allows quick drug accumulation in cells via membrane fusion, 
and exhibited excellent therapeutic efficacy for 13.42-folds reduced IC50 
value of A549-DDP cells in vitro and 5.26 folds smaller tumor weight in 
vivo compared with free DDP, which significantly reduced the dose of 
chemotherapeutic drugs used and effectively reversed tumor resistance. 
Additionally, the lipid membrane fusion inhibited the gene expression of 
ABC transporter proteins, including MRP1, MRP2, and ABCG2, at the 
beginning of 12 or 24 h. This membrane fused drug delivery strategy 
provides valuable insights into drug-resistant tumor treatment 
strategies.

Drug resistance of DDP limits its clinical application, where NDDs 
can help solve the chemoresistance by developing stimuli-responsive 
and actively targeted, targeting of the tumor microenvironment and 
immunotherapy, and other novel NDDs. NDDs can be designed to 
address the resistance mechanism of DDP-resistant that promote the 
endocytosis of DDP-loaded NDDs in DDP-resistant cancer cells, enhance 
intracellular DDP accumulation, and combat the DDP-resistant cancer 
cells. Most NDDs enter the cytoplasm via endocytosis, bypassing the 
intrinsic transport pathways of DDP, and thus combat the pathway of 
DDP entering cells through membrane transport proteins (like copper 
transport proteins CTR1 and CTR2) that showed low levels on the DDP- 
resistant cancer cells [9,40]. However, the endocytosis pathway is 
inevitably encapsulated by endosomes or/and lysosomes, which can 
lead to an increased risk of DDP degradation. Our study provided a novel 
approach that delivered drugs into cells by membrane fusing with cell 
membrane and could avoid uptake by lysosomes as much as possible, 
which greatly reduced the risk of DDP degradation showing a major 
advantage. Furthermore, this MF-DDS could inhibit the expression of 
efflux receptor genes (including MRP1, MRP2, and ABCG2 highly 
expressed on the DDP-resistant cancer cells) after the membrane fused 
with A549-DDP cells, although the expression of MRP2 and ABCG2 
genes decreased at 12 h and returned to normal at 24 h, results showed 
quickly accumulation of drug in cells also reach lethal concentrations, 
subsequently leading the cell apoptosis in vivo. Altogether, our MF-DDS 
could increase DDP entry and lead to high intracellular DDP concen
tration while inhibiting DDP efflux, improving drug-resistant cancer cell 
killing efficiency. We believe that this drug delivery strategy shows a 
promising therapeutic strategy for drug-resistant tumor treatment, and 
could be combined with some modification strategies such as lipid 
coatings with chemotaxis-responsive ability, specific targeting ligands 
modifications, and environmentally responsive nanoparticles or coat
ings in vivo to realize more anti-drug resistant disease treatments.
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[34] M. Otręba, L. Kośmider, A. Rzepecka-Stojko, Antiviral activity of chlorpromazine, 
fluphenazine, perphenazine, prochlorperazine, and thioridazine towards RNA- 
viruses, Eur. J. Pharmacol. 887 (2020) 173553.

[35] J. Lee, M. Twomey, C. Machado, G. Gomez, M. Doshi, A.J. Gesquiere, J.H. Moon, 
Caveolae-mediated endocytosis of conjugated polymer nanoparticles, Macromol. 
Biosci. 13 (2013) 913.

[36] R.W. Robey, K.M. Pluchino, M.D. Hall, A.T. Fojo, S.E. Bates, M.M. Gottesman, 
Revisiting the role of ABC transporters in multidrug-resistant cancer, Nat. Rev. 
Cancer 18 (2018) 452.

[37] M.S. Pote, R.N. Gacche, ATP-binding cassette efflux transporters and MDR in 
cancer, Drug Discov. Today 28 (2023) 103537.

[38] Q. Huang, Q. Wang, D. Li, X. Wei, Y. Jia, Z. Zhang, B. Ai, X. Cao, T. Guo, Y. Liao, 
Co-administration of 20(S)-protopanaxatriol (g-PPT) and EGFR-TKI overcomes 
EGFR-TKI resistance by decreasing SCD1 induced lipid accumulation in non-small 
cell lung cancer, J. Exp. Clin. Cancer Res. 38 (2019) 129.

[39] M. Bacci, N. Lorito, A. Smiriglia, A. Morandi, Fat and furious: lipid metabolism in 
antitumoral therapy response and resistance, Trends Cancer 7 (2021) 198–213.

[40] M.D. Hall, M. Okabe, D.W. Shen, X.J. Liang, M.M. Gottesman, The role of cellular 
accumulation in determining sensitivity to platinum-based chemotherapy, Annu. 
Rev. Pharmacol. Toxicol. 48 (2008) 495.

X. Wang et al.                                                                                                                                                                                                                                   Journal of Controlled Release 379 (2025) 45–58 

58 

http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0070
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0070
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0075
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0075
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0075
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0080
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0080
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0080
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0085
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0085
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0085
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0090
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0090
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0090
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0095
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0095
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0095
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0100
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0100
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0100
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0105
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0105
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0105
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0105
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0110
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0110
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0110
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0115
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0115
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0115
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0115
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0120
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0120
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0120
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0125
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0125
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0125
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0130
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0130
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0130
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0135
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0135
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0135
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0140
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0140
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0140
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0145
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0145
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0145
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0150
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0150
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0155
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0155
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0160
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0160
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0160
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0160
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0165
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0165
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0165
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0170
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0170
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0170
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0175
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0175
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0175
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0180
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0180
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0180
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0185
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0185
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0190
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0190
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0190
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0190
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0195
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0195
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0200
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0200
http://refhub.elsevier.com/S0168-3659(25)00006-9/rf0200

	Combating cisplatin-resistant lung cancer using a coiled-coil lipopeptides modified membrane fused drug delivery system
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Preparation of CP8E4 modified lipid bilayer coating drug-loaded PLGA nanoparticles (PLGA@LB-CP8E4)
	2.3 Nanoparticle characterization
	2.4 Lipid mixing assay
	2.5 Encapsulation efficiency and release characteristic
	2.6 Cell culture
	2.7 Construction of A549-DDP cell microspheres
	2.8 Evaluation of P-glycoprotein (P-gp) function using rhodamine 123 (Rhod-123) efflux assay
	2.9 Cytotoxicity measurement
	2.10 Membrane fusion measurement
	2.11 Lysosome colocalization study
	2.12 Examination of DOX distribution inside A549-DDP cell microspheres
	2.13 Endocytosis inhibition measurements
	2.14 Quantitative real-time polymerase chain reaction (qRT-PCR)
	2.15 Living/dead cell staining
	2.16 Apoptosis experiments
	2.17 A549-DDP tumor-bearing nude mice model
	2.18 H&E staining
	2.19 Tunel staining
	2.20 Immunofluorescence staining
	2.21 Biosafety evaluation in vivo
	2.22 Statistical analysis

	3 Results
	3.1 Preparation and characterizations of PLGA@LB-CP8E4
	3.2 Intracellular drug delivery via membrane fusion in DDP-resistant cancer cell model in vitro
	3.3 Cell uptake mechanism of MF-DDS in DDP-resistant cancer cell model
	3.4 The expression of efflux receptor genes was inhibited after membrane fused delivery
	3.5 The killing capability of the MF-DDS with DDP-resistant lung cancer cell model in vitro
	3.6 The MF-DDS combated the DDP-resistant lung cancer and showed high biosafety in vivo

	4 Conclusion and discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	datalink4
	Acknowledgements
	Appendix A Supplementary data
	References


