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Introduction
Lung cancer is one of the most prevalent malignancy 
tumors and the leading cause of cancer-related death 
in the globe, which accounts for approximately 2  mil-
lion new incidences and 1.76  million deaths annually 
[1]. Patients who suffer from lung cancer receive clini-
cal treatments with surgery, chemotherapy, radiotherapy, 
immunotherapy, or the multimodal combination of these 
therapies mentioned above [2, 3] However, the present 
approaches showed limited therapeutic effects on lung 
cancer [4]. Thus, novel strategies for precisely eliminating 
tumors are demanded in lung cancer treatment.
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Abstract
Epigenetic regulation has emerged as a promising therapeutic strategy for lung cancer treatment, which can 
facilitate the antitumor responses by modulating epigenetic dysregulation of target proteins in lung cancer. The 
proteolysis-targeting chimera (PROTAC) reagent, dBET6 shows effective inhibition of bromodomain-containing 
protein 4 (BRD4) that exerts antitumor efficacy by degrading BRD4 via the ubiquitin-proteasome system. 
Nevertheless, the low tissue specificity and bioavailability impede its therapeutic effects and clinical translation 
on lung cancer treatment. Herein, we developed a type of dual targeting and bioresponsive nano-PROTAC (c R 
GD/L LC membrane/D S-P LGA/d B ET6, named RLDPB), which was constructed by using the pH and glutathione 
(GSH)-responsive polymer, disulfide bond-linked poly(lactic-co-glycolic acid) (PLGA-S-S-PLGA, DS-PLGA) to load 
the PROTAC agent dBET6, and further camouflaged with the homotypic LLC cell membranes, followed by the 
conjugation with cRGD ligand to the surface of the nanoparticles. Notably, RLDPB showed enhanced celluar uptake 
by lung cancer cells in vitro and accumulation in the tumors via the dual targeting structure including cRGD and 
LLC membrane. The pH/GSH responsiveness improved the release of dBET6 from the DS-PLGA-based nanoparticles 
within the cells. RLDPB was demonstrated to facilitate tumor regression by inducing the apoptosis of lung cancer 
cells with the degradation of BRD4. Thus, RLDPB can be considered a powerful tool to suppress lung cancer, which 
opens a new avenue to treat lung cancer by PROTAC.
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Epigenetic regulation has emerged as a promising ther-
apeutic strategy for cancer treatment, in which epigenetic 
drugs can facilitate the antitumor responses by modulat-
ing the target protein or gene expression in tumors with 
epigenetic dysregulation [5, 6]. Genome-wide studies of 
lung cancer reveal that bromodomain-containing protein 
4 (BRD4), one of the epigenetic reader proteins in the 
bromo- and extra-terminal domain (BET) motif family, 
exhibits apparent epigenetic dysregulation and promotes 
tumor growth in lung cancer. Importantly, the BRD4 
inhibitions lead to tumor regressions by inducing cell 
apoptosis through the Caspase-3 pathway, highlighting 

that BRD4 is the potential target for lung cancer ther-
apy [7]. So far, various BET inhibitors such as JQ1 and 
I-BET762 (GSK525762, Molibresib), have been demon-
strated to show antitumor effects in early clinical devel-
opment [8]. Nevertheless, the low tissue specificity and 
acquired BETi resistance limit their applications in can-
cer therapy [9]. More effective BET regulators are in great 
demand for lung cancer therapy.

Proteolysis-targeting chimera (termed PROTAC) has 
become an effective tool to degrade the targeted protein, 
which exerts a powerful effect on cancer therapy [10, 11]. 
Recently, dBET6, a PROTAC reagent of BRD4, has been 

Graphical abstract 

Keywords PROTAC, dBET6, Dual targeting, Bioresponsiveness, Lung cancer



Page 3 of 17Guan et al. Journal of Nanobiotechnology          (2024) 22:692 

proven to effectively eliminate lung cancers by induc-
ing cell apoptosis with the targeted degradation of BRD4 
[12]. However, the low tissue specificity and bioavail-
ability obstructed its clinical translation on lung cancer 
treatment. Improving the specificity and bioavailability of 
dBET6 may contribute to facilitating lung cancer therapy. 
Various approaches have been developed to carry the 
PROTAC regents. Ping et al. developed a bioorthogonal 
PROTAC prodrug capable of degrading the target protein 
and treating the tumor precisely [13]. Sheng et al. syn-
thesized a drugtamer-PROTAC conjugation to enhance 
tumor targeting and antitumor potency [14]. Li et al. 
introduced a ClickRNA-PROTAC system, which selec-
tively degraded proteins of interest in tumor cells [15]. 
Nanotechnology was also used to construct the PROTAC 
formulations. Yu et al. presented the polymeric PROTAC 
(POLY-PROTAC) nanotherapeutics for tumor-specific 
protein degradation [16]. Pu et al. developed a semicon-
ducting polymer nano-PROTAC with phototherapeutic 
and activatable protein degradation abilities for photo-
immunometabolic cancer therapy [17]. Su et al. used 
cationic liposomes to co-deliver PROTAC and siRNA to 
attain enhanced protein clearance efficiency and tumor 
therapeutic effects [18]. These studies represented the 
latest progress in PROTAC delivery, which contributed 
to the potential clinical applications. To further improve 
the therapeutic effects, the surface properties and the 
drug release should be focused on, for the factors are 
closely related to whether the drug can achieve the lesion 
sites and run out from the vehicles, which determines the 
drug availability directly.

Biomimetic technology is a revolutionized approach to 
improve the surface function of nanoparticles [19–21]. 
Ascribed to the endowed functions by the biomimetic 
structure, the nanoparticles showed enhanced accu-
mulation in the tumor sites with prolonged circulation 
and selective delivery to the tumor, which improved the 
therapeutic effects and inhibited tumor growth effec-
tively [22–24]. To further improve the specific delivery 
of cargo, the modification by targeting ligands on the 
biomimetic nanoparticles is a convenient and effective 
approach [25]. The short peptide cyclo-arginine-glycine-
aspartic acid (cRGD) is a targeting ligand binding to avb3 
integrin protein expressed in lung cancer, which has been 
successfully applied to achieve enhanced antitumor effect 
for lung cancer targeting treatment [26]. However, the 
direct conjugation with cRGD on the surface of the lung 
cell membrane is challenged by the potential auto-agglu-
tination induced by the binding between cRGD and avb3 
on the surface of biomimetic nanoparticles. Approaches 
such as RNAi or knockout of avb3 by gene editing suffer 
from a complicated process and may lead to cell death, 
which increases the difficulties in collecting cell mem-
branes on a large scale. Thus, the solution on this issue 

may endow the nanoparticles with dual targeting capabil-
ity and improved stability.

The release efficiency is another important parameter 
for the effective lung cancer therapy. Although dBET6 
shows powerful degradation effects on BRD4, its intra-
cellular release is usually limited to the biodegradation 
of the vehicles. The Food and Drug Administration-
approved polymer, poly(lactic-co-glycolic acid (PLGA) 
shows excellent performance in drug delivery, based on 
the characteristics such as high loading efficiency, high 
biosafety, and biodegradation. However, previous work 
indicated that PLGA-based nanoparticles suffered from 
partial degradation within the endo/lysosomes, and a 
large amount of intact or damaged nanoparticles may 
escape in the process of endosomal recycling [27, 28]. 
The behaviors may greatly impede the cargo release 
intracellularly and reduce the therapeutic effects, espe-
cially for the challenged diseases including cancer. 
Our previous work indicated that the pH and glutathi-
one (GSH)-responsive polymer, disulfide bond-linked 
poly(lactic-co-glycolic acid) (PLGA-S-S-PLGA, DS-
PLGA) was endowed with enhanced properties in the 
responsive release of PROTAC regents, which showed 
great potential in drug delivery [29].

In the present work, a type of dual targeting and bio-
responsive nano-PROTAC (named RLDPB) was devel-
oped to induce the degradation of BRD4 in lung cancer 
cells, which was expected to improve the precise treat-
ment of lung cancer. The nano-PROTAC was constructed 
by the use of pH/Glutathione (GSH)-responsive poly-
mer (PLGA-S-S-PLGA, DS-PLGA) to load the PROTAC 
agent dBET6 as a core, and further camouflage with lung 
cancer cell membranes. The avb3 on the surface of biomi-
metic nanoparticles were blocked, followed by the modi-
fication with cRGD ligands on the surface (Scheme 1A). 
RLDPB was hypothesized to improve the specific delivery 
greatly due to the functions of the dual targeting effect, 
which was achieved by the homotypic targeting of LLC 
membranes and the binding with avb3 integrin induced 
by cRGD. RLDPB triggered the stimulated release of 
dBET6 within the lung cancer cells endowed with the 
pH/GSH responsive ability of DS-PLGA, which precisely 
degraded BRD4, facilitating cell apoptosis, and tumor 
suppression in lung cancer treatment (Scheme 1B). This 
work developed a type of nano-PROTAC with dual tar-
geting and bioresponsiveness, which might be considered 
a promising nanodrug for lung cancer therapy.

Materials and methods
Materials
The peptide conjugation, including cyclo-arginine-gly-
cine-aspartic acid-polyethylene glycol (cRGD-PEG) and 
cyclo-arginine-glycine-aspartic acid-polyethylene gly-
col- 1,2-distearoyl-sn-glycero-3-phosphoethanolamine 
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(cRGD-PEG-DSPE) were purchased from Ruixibio (Xi’an, 
China). PLGA10k-S-S-PLGA10k (DS-PLGA) was also 
purchased from Ruixibio (Xi’an, China). dBET6 was pro-
vided by Selleck Chemicals (Houston, USA). 1,1’-diocta-
decyl-3,3,3’,3’-tetramethylindotricarbocyaninc iodide 
(DiR, purity > 98%), 1,1’-dioctadecyl-3,3,3’,3’-tetrame-
thylindodicarbocyanine perchlorate (DiD, purity > 98%), 
Actin tracker Red-555, Hoechst 33,342, and Annexin 
V-FITC/PI Apoptosis Detection kit was purchased from 
Thermo Fisher (Massachusetts, USA). Membrane protein 
extraction kit, BCA protein assay kit, cell counting kit-8 
(CCK-8), Calcein-AM/PI double-stained kit and were 
provided by Beyotime (Jiangsu, China). Mouse Lewis 
lung carcinoma cells (LLC cells) were purchased from the 
Shanghai Institute of Cell Biology (Shanghai, China). Dul-
becco’s modified Eagle’s medium (DMEM), fetal bovine 
serum (FBS), and the antibiotics penicillin-streptomycin 

were purchased from Hyclone (Logan, USA). C57BL/6 
mice (6-week-old, 20 g weight) were purchased from SPF 
(Beijing) Biotechnology Co., Ltd. (Beijing, China).

Preparation of dBET6 loading DS-PLGA
dBET6-loaded DS-PLGA nanoparticles (DS-PLGA/
dBET6, DPB) were prepared by the O/W emulsion 
method with minor modification [29]. Briefly, the poly-
mer DS-PLGA was dissolved in ethyl acetate/dichloro-
methane (volume ratio of 3/7, 1 mL), and the PROTAC 
agent dBET6 was dissolved in dichloromethane, respec-
tively. The dissolved DS-PLGA and dBET6 were mixed as 
the oil phase. Then, the oil phase was dropwise added into 
a 3% polyvinyl alcohol solution (PVA, weight/volume, 
4 mL) under an ice bath with sonication (150 W, 5 min) 
to obtain the O/W emulsion. After stirring with 10 mL 
double-distilled water (ddH2O) at room temperature and 

Scheme 1 Schematic illustration of the preparation of nano-PROTAC (RLDPB) and its therapeutic effects on lung cancer. (A) The preparation of RLDPB. 
(B) RLDPB induced therapeutic effects on lung cancer
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evaporating the organic solvent for 4  h, dBET6 loaded 
DS-PLGA nanoparticles (DPB) were collected by centrif-
ugation (12 000 g, 40 min), followed by the washing with 
phosphate buffer saline (PBS), and finally resuspended in 
PBS for use.

To optimize the formulation of DPB, the nanostructure 
was prepared with different weight ratios of DS-PLGA to 
dBET6 (1, 2.5, 5, 10, 15, 20, 30, 40, and 50) by the O/W 
emulsion method. To track the in vitro and in vivo dis-
tribution of nanoparticles, the fluorescent dyes of DiD or 
DiR were selected to substitute dBET6 and prepared with 
0.1% (weight/weight) of the DP.

Construction of cRGD/LLCM/DS-PLGA/dBET6 (RLDPB)
RLDPB was constructed according to the previous work 
with minor modifications [30]. Firstly, LLC cell mem-
brane (LLCM) was extracted from LLC cells by the 
membrane protein extraction kit according to the manu-
facturer’s protocol, followed by the quantification of cell 
membrane proteins by Bicinchoninic acid (BCA) assay. 
DPB and LLCM at different weight ratios were mixed 
under sonication (80 W, 5 min) on ice to obtain LLCM/
DS-PLGA/dBET6 (LDPB) [31]. Afterward, the peptide 
conjugate, cRGD-PEG was incubated with LDPB suspen-
sions in different cRGD-PEG/LLCM ratios (0.5:1, 1:1, 2:1, 
4:1, weight ratio) for 4 h, followed by the wash with PBS 
thrice.

To confirm the blockage of avb3 on the biomimetic 
nanoparticles, different formulations including DPB, 
LDPB, and RLDPB were incubated with the 5% BSA for 
1  h, and then incubated with the avb3 antibody (1:200, 
Abcam, USA) overnight. After washing by PBS thrice, 
the treated nanoparticles were incubated with the cor-
responding horseradish peroxidase (HRP)-conjugated 
secondary antibodies (antibody concentration of 1:1000, 
Abcam, USA) for 1 h, followed by another PBS washing 
thrice. Finally, the samples were imaged and detected by 
the chemiluminescence imaging system (GE, USA).

After confirming the blockage of avb3 on the nanopart-
ciels, cRGD-PEG-DSPE was incubated with LDPB for 
4  h, followed by extruding 20 times to obtain RLDPB. 
Nanoparticles including RLDP, LDPB, DiD labeled 
nanoparticles (LDP/DiD and RLDP/DiD), and DiR 
labeled nanoparticles (LDP/DiR and RLDP/DiR) were 
also constructed by the same procedure.

To verify the successful conjugation of cRGD-PEG-
DSPE to the surface of nanoparticles, the Fluorescence 
resonance energy transfer (FRET) analysis was per-
formed. Briefly, the fluorescence dye Cyanine 3 (Cy3) 
was used to replace dBET6, and the LLCM camouflaged 
nanoparticles LDP/Cy3 was prepared. After the blocking 
with cRGD-PEG, the fluorescein isothiocyanate (FITC) 
labeled cRGD-PEG-DSPE (FITC-cRGD-PEG-DSPE) 
was added to LDP/Cy3 suspension at different weight 

ratios. The emission spectra were recorded at an excita-
tion wavelength of 488 nm with an RF-6000 Fluorescence 
spectrophotometer (SHIMADZU, Japan).

Characterization of the constructed nanoparticles
Transmission electron microscopy (TEM, JEOL, Japan) 
was used to observe the morphology of DPB, LDPB, and 
RLDPB. The Zeta sizer Nano ZS90 instrument (Mal-
vern, UK) was used to measure the particle size and zeta 
potential of DPB and RLDPB. The prepared RLDPB were 
suspended in the PBS, and the stability of the nanopar-
ticles was evaluated by the particle size and zeta potential 
via the zeta sizer within 96 h. The nanoparticles were also 
characterized by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE). Briefly, LLCM, DPB, 
LDPB, and RLDPB was lysed with Radio Immunopre-
cipitation Assay (RIPA) Lysis buffer. The proteins were 
boiled to denature, and the concentration of proteins was 
quantified by BCA assay. The samples with the protein 
concentration of 30 µg was added to the well on the SDS-
PAGE gel. The protein components were detected by 
SDS-PAGE. The gel was stained with Coomassie brilliant 
for 10 min and washed to clear with PBS.

To evaluate the responsiveness of pH and GSH, RLDPB 
was exposed to acidic and GSH environments. Briefly, 
RLDPB were incubated for 72  h with various concen-
trations of GSH (0, 5, and 10 mM) at pH 5.5 and 7.4, 
respectively. After that, the morphology of RLDPB was 
observed with TEM (JEOL, Japan).

To measure the drug entrapment efficiency and loading 
efficiency by DS-PLGA, the unencapsulated dBET6 was 
removed by the repeated washing of PBS and then deter-
mined at 260 nm by a UV-2600i Ultraviolet-vision spec-
trophotometer (SHIMADZU, Japan). The entrapment 
efficiency and loading efficiency of these nanoparticles 
were calculated by the following formula:

 Entrapment efficiency (%) = [(Wi − Ws)/Wi] × 100 (1)

 Loading efficiency (%) = [(Wi − Ws)/Wt] × 100 (2)

Where Wi is the total weight of dBET6 initially added in 
the formulation, Ws is the weight of dBET6 in superna-
tants, and Wt is the total weight of the nanoparticles.

In vitro drug release assay
The in vitro drug release was tested by the dialysis 
method in acidic/GSH environments. Briefly, the RLDPB 
suspensions (containing 200  µg/mL dBET6, 1 mL) were 
placed into the dialysis bag with a molecular weight of 
14 000 Da. Then, the samples were dialyzed in 15 mL of 
drug release medium with a shaking speed of 120 r/min 
at 37 °C. The phosphate buffer saline (PBS) solution (con-
taining different GSH concentrations of 0, 5, and 10 mM, 
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with pH 5.5 and pH 7.0) was chosen as the drug release 
medium. The release medium (1 mL) was taken out at 
each predetermined time interval, and measured by the 
UV-2600i Ultraviolet-vision spectrophotometer (SHI-
MADZU, Japan) at 260  nm to calculate the release rate 
of dBET6.

Cell culture
Lewis lung carcinoma (LLC) cells were cultured in Dul-
becco’s modified Eagle’s (DMEM) medium (Hyclone, 
USA) supplemented with 10% fetal bovine serum (FBS, 
Hyclone, USA) and 1% penicillin/streptomycin, and 
incubated in the humidified atmosphere with 5% CO2 at 
37 °C.

Cellular uptake
Cellular uptakes of the nanoparticles were measured by 
confocal laser scanning microscopy imaging (CLSM) and 
flow cytometry (FACS). Briefly, LLC cells (with a cell den-
sity of 2 × 105 cells per well) were seeded into the confocal 
dishes and incubated for 24 h. The cells were incubated 
with different DiD-labeled nanoparticles (nanoparticles 
concentration ranging from 50 µg/mL to 400 µg/mL) or 
predetermined time (3, 6, 9, and 12  h). After that, the 
treated cells were washed with PBS thrice and fixed with 
4% paraformaldehyde for 15  min. Then, the cells were 
stained with the actin tracker red-555 for 50  min, fol-
lowed by the cell nuclei staining by the Hoechst 33,342 
for 15 min. Finally, the treated cells were observed by the 
CLSM analysis (Zeiss LSM 880, Germany). Cells with-
out any treatments were chosen as the negative controls. 
Meanwhile, cells were treated and collected in the same 
manner for quantitative flow cytometry analysis with a 
Beckman EPICS XL FACS (Beckman, USA).

Hemolysis assay
The hemolysis assay was carried out to evaluate the 
biocompatibility of RLDPB. Briefly, the whole blood 
was obtained from the C57BL/6 mice with the heparin 
sodium treatment. The red blood cells (RBCs) were col-
lected by centrifugation at 3000 g for 5 min, followed by 
thrice washing and resuspending by PBS. Then, dBET6, 
DPB, LDPB, and RLDPB (dBET6 equivalent to 7.5  µg/
mL) were incubated in the 2% RBCs suspension (1 mL) 
for 1  h, followed by the centrifugation at 10,000  g for 
10 min, respectively. The supernatant was determined at 
540 nm by a microplate reader (Thermo, USA) to calcu-
late the hemolysis percentage according to the following 
formula. Meanwhile, RBCs without any treatment served 
as the negative controls, and RBCs treated with 0.2% Tri-
ton X-100 were selected as the positive controls.

 Hemolysis (%) = [(As − Ac)/At − Ac] × 100% (3)

Where As stands for the absorbance of the tested sam-
ples, Ac stands for the absorbance of the negative con-
trols, and At stands for the absorbance of Triton X-100.

Cell counting kit-8 assay
The cytotoxicity of RLDPB was investigated by the cell 
viability measured with the cell counting kit-8 assay 
(CCK-8). LLC cells at a cell density of 5 × 103 cells per well 
were seeded into the 96-well plates and cultured for 24 h. 
Cells were co-incubated with RLDPB (dBET6 concentra-
tion, 0 ~ 10 µg/mL) for 24 h. Then, CCK-8 solution (10%) 
was added into each well and incubated with the treated 
cells for 4 h. After that, the absorbance of each well was 
determined at 450  nm by a microplate reader (Thermo, 
USA) to calculate the cell viability according to the fol-
lowing formula. LLC cells without RLDPB treatment 
were selected as the negative control.

 Cell viability(%) = [(As − Ab)/Ac − Ab] × 100% (4)

Where As represents the absorbance of the tested sam-
ples, Ab represents the absorbance of blank wells, and Ac 
represents the absorbance of the negative controls.

Live/Dead staining assay
The cytotoxicity of RLDPB was also investigated by Live/
Dead staining. LLC cells with a cell density of 3 × 105 cells 
per well were seeded into the confocal dishes and cul-
tured for 24 h. Then, cells were incubated with RLDP, free 
dBET6, DPB, LDPB, and RLDPB (dBET6 equivalent to 
7.5 µg/mL) for 24 h, respectively. The Live/Dead staining 
kit containing calcein-AM and propidium iodide (PI) was 
used to stain the treated cells for 10 min, followed by the 
fluorescence microscopy observation CLSM (Zeiss 880, 
Germany). The untreated LLC cells served as the nega-
tive control.

Cell apoptosis assay
To investigate the cell apoptosis, LLC cells (cell density of 
3 × 105 cells per well) were seeded into the 6-well plates 
and cultured for 24 h. LLC cells were incubated with dif-
ferent formulations including RLDP, free dBET6, DPB, 
LDPB, and RLDPB (dBET6 equivalent to 7.5 µg/mL) for 
24  h, respectively. The Annexin V-FITC/PI apoptosis 
detection Kit (Thermo Fisher Scientific Inc., USA) was 
used to stain the treated cells for 15 min. The stained cells 
were collected, and their cell apoptosis rates were mea-
sured by flow cytometry with an EPICS XL FACS (Beck-
man, USA).

Cell colony assay
To investigate the cell colony ability, LLC cells with a cell 
density of 500 cells per well were cultured in the 6-well 
plates for 24  h. The cells were treated with different 
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formulations including RLDP, free dBET6, DPB, LDPB, 
and RLDPB (dBET6 equivalent to 7.5  µg/mL), respec-
tively. After 24  h incubation, the treated cells were cul-
tured with fresh culture medium for 7 d. The cells were 
fixed with 4% paraformaldehyde for 15 min, followed by 
the cell staining with 0.1% crystal violets. The cells were 
imaged by a camera before the cell washing.

Western blotting analysis
LLC cells were treated with different formulations includ-
ing RLDP, free dBET6, DPB, LDPB, and RLDPB (dBET6 
equivalent to 7.5 µg/mL), respectively. After 24 h incuba-
tion, the treated cells were collected and lysed with the 
RIPA buffer. The cell lysates were centrifuged for 10 min 
at 10 000  g at 4  °C, and the supernatant was collected 
to measure the protein content by the BCA protein kit 
(Beyotime, China). The extracted proteins (20  µg/well) 
were boiled in the loading buffer and separated by a 10% 
SDS-PAGE. Afterward, each sample was transferred to 
polyvinylidene fluoride membranes (PVDF), blocked the 
nonspecific binding with 5% skim milk, and sequentially 
incubated overnight with the specific antibodies as fol-
lows: Caspase 3, Cleaved Caspase 3, and BRD4 (Abcam, 
USA). After washing with TBST buffer thrice, the mem-
branes were incubated with the corresponding horserad-
ish peroxidase (HRP)-conjugated secondary antibodies 
(Abcam, USA) for 2  h, followed by TBST buffer wash. 
The protein expression signals were detected by the che-
miluminescence imaging system (GE, USA). Tubulin was 
used as a loading control.

Circulation lifetime
The healthy C57BL/6 mice were randomly divided into 4 
groups (n = 3). The formulations, including DiR, DP/DiR, 
LDP/DiD, and RLDP/DiR (DiR equivalent to 0.75 mg/kg) 
were administrated to the groups, respectively. The blood 
was collected at 2, 4, 6, 8, 12, 24, and 48 h. After frozen-
thawed thrice, the blood samples were centrifuged at 
12,000 rpm for 15 min. The DiR content in the superna-
tant was detected by using a microplate reader (Thermo, 
USA).

Biodistribution by in vivo imaging
The biodistribution of RLDP was performed on the LLC 
tumor-bearing mice by in vivo imaging. C57BL/6 mice 
were subcutaneously injected with LLC cells suspen-
sion (2 × 106 cells), on the right armpits of the flanks. 
When the tumor reached approximately 100 mm3, the 
LLC tumor-bearing mice were randomly divided into 
five groups as follows: saline (negative control, NC), DiR, 
DP/DiR, LDP/DiR, and RLDP/DiR (n = 3/group). The dif-
ferent formulations (with the DiR dosage of 0.75 mg/kg) 
were intravenously injected into the LLC tumor-bearing 
mice via tail veins, respectively. At the predetermined 

time intervals (2, 4, 8, 12, 24, and 48 h), the treated mice 
were anesthetized with 2% isoflurane. The fluorescence 
images of the treated mice and their tumor tissues were 
captured with the near-infrared (NIR) in vivo imaging 
system by the excitation length of 750 nm and the emis-
sion filters of 780  nm (PerkinElmer, USA). To further 
investigate the biodistribution in vivo, the DiR signals in 
the tumors were also accessed by photoacoustic imaging 
(PerkinElmer, USA). After 48 h post-injection, the treated 
mice were sacrificed, and their major organs (including 
heart, liver, spleen lung, and kidney) and the dissected 
tumors were collected for ex vivo imaging. The fluores-
cence intensity was semi-quantified by the living imaging 
software (IVIS Lumina XRMS Series III, PerkinElmer, 
USA).

In vivo antitumor efficacy assessment
The in vivo antitumor efficacy of RLDPB was also inves-
tigated in the LLC tumor-bearing mouse model. The LLC 
tumor-bearing mice with tumor volumes of approxi-
mately 50 mm3 were randomly divided into six groups 
as follows: saline (negative control, NC), RLDP, dBET6, 
DPB, LDPB, and RLDPB (n = 5/group). The formulations 
were intravenously injected into the LLC tumor-bear-
ing mice through the tail vein with the dosage of BET6 
at 2.5  mg/kg every 2 days. Tumor volumes and body 
weights of the treated mice were measured every 2 days. 
The relative tumor volumes were calculated according to 
the formulas as follows.

 Tumor volume = LW2/2 (5)

 Relative tumor volume = Vt/V0 (6)

Where Vt represents the tumor volume tested during 
administration, and V0 represents the initial tumor vol-
ume measured before administration.

On the 18th day, the major organs (including hearts, 
livers, spleens, lungs, and kidneys) and tumor tissues 
from the treated mice were collected. The collected tis-
sues were fixed in 4% formalin for 24 h, then embedded 
with paraffin and sliced for hematoxylin-eosin (H&E) 
staining. To confirm the anti-apoptosis of RLDPB in 
tumors, the sliced tumor tissues were investigated with 
TdT-mediated dUTP Nick-End Labeling (TUNEL) and 
Ki67 staining, respectively. The nuclei of the tumor tis-
sues were stained with Hoechst.

Statistical analysis
All experiments were performed at least three times. 
Data were represented as the mean value ± standard 
deviations (SD). The statistical significance between 
the two groups was measured using the unpaired Stu-
dent’s t-test, Double-tail Student’s t-test, or Analysis 
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of variance (ANOVA) with Tukey’s post hoc test (two 
or more groups) by SPSS 13.0 software (SPSS, USA), in 
which *P < 0.05, **P < 0.01, and ***P < 0.001 were pre-
sented as statistical significances.

Results
Construction and characterization of RLDPB
The epigenetic reader BRD4 plays an important role in 
lung cancer progression, which has been reported as a 
potential therapeutic target for lung cancer treatment 
[32]. dBET6 is a PROTAC reagent for the selective deg-
radation of BRD4, which induces apoptosis on lung can-
cer cells and is considered an attractive approach for 
lung cancer treatment. However, the clinical application 
of dBET6 is impeded by its poor solubility, low tissue 
specificity, and low bioavailability. The pH/GSH respon-
sive polymer DS-PLGA was used to load dBET (DPB) 
by the O/W emulsion method. To optimize the loading 
efficiency and entrapment efficiency, DPB was prepared 
with different ratios of DS-PLGA to dBET6. DPB showed 
excellent loading efficiency (~ 15%) and entrapment effi-
ciency (~ 85%) with a DS-PLGA/dBET6 ratio of 5:1. 
Thus, DPB were prepared at a DS-PLGA/dBET6 weight 
ratio of 5:1 for further investigation (Fig. S1). DPB was 
further coated by LLCM (Scheme 1), with LLCM to DPB 
at a weight ratio of 2 exhibited a good condition of size 
and polydispersity index (PDI) (Fig. S2). Thus, the LLCM 
camouflaged nanoparticles (LDPB) were formed.

It was demonstrated that the avb3 integrin receptors 
were overexpressed on LLC cell membranes [6], and 
the peptide cRGD was a targeting ligand of avb3 integ-
rin receptor [33]. To block the avb3 integrin receptor on 
LDPB, we used cRGD-PEG to incubate with LDPB in 
different cRGD/LLCM ratios. To confirm the successful 
blockage of avb3 integrin receptor, the treated nanopar-
ticles were incubated with the avb3 antibodies. Many avb3 
antibodies were bound to LDPB, evidenced by the blot 
through the chemiluminescence imaging system (Fig. S3). 
After the treatment with cRGD-PEG, the binding of avb3 
antibodies were reduced significantly with the cRGD/
LLCM ratio increasing to 2:1 and 4:1, implying that the 
excessive cRGD blocking the avb3 integrin receptors on 
LLC cell membranes (Fig. S3). The blockage of avb3 integ-
rin receptors was performed with a cRGD/LLCM ratio of 
2:1 for further investigation. Next, the excessive cRGD-
PEG-DSPE was incubated with the cRGD-PEG-blocked 
nanoparticles and the resulting RLDPB was formed. 
FRET analysis confirmed the successful conjugation of 
cRGD-PEG-DSPE to the surface of nanoparticles, dem-
onstrated by emission characteristic peak of FITC and 
Cy3 with the excitation of 488  nm laser (Fig. S4). The 
nano-PROTAC (RLDPB) was expected to possess the 
capability of dual targeting and bioresponsiveness.

TEM and DLS analysis indicated that DPB was spheri-
cal with a diameter of 222.3 ± 4.8 nm (PDI: 0.019), while 
LDPB showed core-shell nanostructure with a diameter 
slightly increasing to 250.5 ± 4.2 nm (PDI, 0.16) after the 
camouflage with LLC membrane (Fig. 1A and B). RLDPB 
did not show significant changes in the morphology and 
size (257.6 ± 7.9) with a PDI of 0.13 (Fig.  1C). The zeta 
potential of DPB was − 17.6 ± 1.6 mV, while the one of 
LDPB and RLDPB were corresponding to -35.4 ± 1.0 mV 
and − 27.1 ± 2.3 mV (Fig. S5A).

The stability of RLDPB was investigated. RLDPB 
showed no significant differences in size (~ 250 nm), PDI 
(~ 0.1), and minor changes in the zeta potential (-25~-28 
mV) within 96 h (Fig. 1D and Fig. S5B), which indicated 
the excellent stability of RLDPB. The cumulative release 
analysis indicated that the release of dBET6 was increased 
from 15 to 40% with the pH value changed from 7.4 to 5.5 
within 72 h (Fig. 1E). Meanwhile, the cumulative release 
of dBET6 was increased to approximately 80% with the 
increased GSH concentration (Fig. 1E). To investigate the 
GSH and pH-responsive ability, RLDPB was incubated 
with different concentrations of GSH (5 mM and 10 mM) 
at pH 7.4 or 5.5. TEM observation showed that RLDPB 
exposed to high concentrations of GSH and low pH were 
easily degraded (Fig. S6). SDS-PAGE analysis indicated 
that the membrane proteins in LDPB and RLDPB were 
similar to the ones derived from LLC cell membranes 
(Fig. 1F and Fig. S7), implying the successful camouflage 
of LLCM to DPB.

Overall, we constructed RLDPB successfully. RLDPB 
were well-dispersed with core-shell structure, which 
showed excellent drug encapsulation efficiency, drug 
loading capacity, and stability, exhibiting pH/GSH-
responsive release of dBET6 in the intracellular simulated 
environment. The characterizations implied that RLDPB 
might be a favorable nano-PROTAC system for lung can-
cer therapy.

Cellular uptake and intracellular trafficking of RLDPB
We studied the cellular uptake of RLDPB in LLC cells. 
Considering the non-fluorescence properties of dBET6, 
the fluorescent dye DiD was used as a probe to track the 
nanoparticles. The cellular uptake of RLDP/DiD showed 
a dosage and time-dependent manner, reaching a pla-
teau at the DS-PLGA dosage of 200 µg/mL after incuba-
tion for 12 h (Fig. 2A and B). CLSM and FACS analysis 
also confirmed the effective cellular uptake of RLDP/DiD 
(Fig.  2C and Fig. S8). The cellular uptake assay demon-
strated that the camouflage with LLC cell membrane and 
further modification with cRGD improved the cellular 
uptake, which might be attributed to the homotypic tar-
geting effect of LLC membranes and the specific binding 
by cRGD. The dual targeting effect is beneficial for the 
targeting delivery of PROTAC to the tumors.
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Lung cancer cell inhibition induced by RLDPB
RLDPB was supposed to show effective antitumor effects 
on lung cancer cells. Before the study on the in vitro anti-
tumor effect, the biocompatibility of RLDPB was evalu-
ated. The hemolysis assay indicated that RLDPB showed 
no visible hemolysis within the working concentrations, 
indicating the excellent blood compatibility of RLDPB 
(Fig.  3A). Different formulations, such as PBS, RLDP, 
DPB, LDPB, or RLDPB also showed ignorable hemoly-
sis (Fig. 3B). Notably, the free dBET6 showed hemolysis 
of ~ 10%, indicating the potential side effects without 
appropriate carriers.

Next, we investigated the in vitro cell inhibition 
induced by RLDPB. CCK-8 assay indicated that RLDPB 
showed significant cytotoxicity on LLC cells in a dBET6 
dose-dependent manner (Fig. 3C), but the cell inhibition 

reached a plateau when the concentration of dBET6 was 
7.5  µg/mL. Crystal violet staining assay indicated that 
the treatment with RLDPB led to the fewest colony num-
bers, with ~ 15-fold fewer than the one of PBS treated 
(Fig.  3D). Furthermore, Live/Dead staining assay indi-
cated that most of the LLC cells were dead, evidenced by 
the emission of red fluorescence (PI positive) (Fig.  3E). 
The Annexin V-FITC Apoptosis Detection Kit indicated 
that RLDPB induced ~ 95% apoptosis, which indicated 
that most of the lung cancer cells were killed (Fig.  3F). 
CCK-8 assay also showed that the cell viability of LLC 
cells was more than 90% when the cells were exposed to 
RLDP without dBET6 (Fig.  3G), further confirming the 
effective suppressions on the cancer growth induced by 
RLDPB.

Fig. 1 Physiochemical characterizations of RLDPB. A TEM and DLS determination of DPB. B TEM observation and DLS determination of LDPB. C TEM and 
DLS determination of RLDPB. D Particle size determination of RLDPB by DLS within 96 h. E The accumulated release in different conditions (5 and 10 mM 
of GSH, pH 5.5, and pH 7.4) for 72 h, respectively. F SDS-PAGE analysis of the protein components. Lane 1, Molecular weight markers; Lane 2, LLCM, LLC 
cells membrane; Lane 3, LDPB; Lane 4, RLDPB; Lane 1, Molecular weight markers
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Fig. 2 CLSM and FACS analysis of the cellular uptakes of different formulations. A CLSM and FACS analysis of the dosage-dependent cellular uptake of 
RLDP/DiD. LLC cells were treated with RLDP/DiD with the DS-PLGA concentrations equivalent to 50, 100, 200, and 400 µg/mL for 12 h, respectively. B 
CLSM and FACS analysis of the time-dependent cellular uptake. LLC cells were treated with RLDP/DiD at the DS-PLGA concentration equivalent to 200 µg/
mL for different incubation times (3, 6, 9, and 12 h), respectively. C Cellular uptake of DP/DiD, LDP/DiD, and RLDP/DiD (DS-PLGA equivalent to 200 µg/
mL) for 12 h. LLC cells without any treatment served as the negative control. Excitation/Emission wavelengths were shown as follows: DiD (stained in red), 
633 nm/670 nm; actin-tracker red-555 (stained in green), 555 nm/565 nm; Hoechst (stained in blue), 365 nm/420 nm
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Fig. 3 (See legend on next page.)
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We further explored the mechanism of enhanced anti-
tumor effect induced by RLDPB. dBET6 is an epigen-
etic reader degradation of BRD4 that is demonstrated to 
selectively degrade the protein BRD4 in lung cancer cells 
[34]. WB analysis indicated that RLDPB exhibited an 
effective BRD4 degradation capacity in a dBET6 dosage-
dependent manner (Fig.  3H). The degradation of BRD4 
induced by dBET6 led to the up-regulation of cleaved 
caspase 3 (Fig.  3H), which inhibited the progress and 
development of lung cancer. To confirm the enhanced 
BRD4 degradation capacity induced by RLDPB, the 
related protein expressions (including BRD4, Caspase 
3, and Cleaved Caspase 3) in LLC cells treated with dif-
ferent formulations were also determined by WB analy-
sis. As expected, dBET6-loaded formulations (including 
RLDPB, LDPB, DPB, and dBET6) significantly down-
regulated the expression level of BRD4 (Fig. 3I). RLDPB 
showed the strongest BRD4 degradation ability in all the 
dBET6-loaded formulations.

The results suggested that RLDPB exhibited an excel-
lent inhibition on lung cancer cells, demonstrated by 
the BRD4 degradation and activation of the Caspase-
3-related apoptosis pathway. The enhanced antitumor 
effect induced by RLDPB is ascribed to the excellent per-
formance on the dual targeting and responsive release 
of dBET6. On the one hand, the enhanced specificity 
improved the accumulation of dBET6 in the lung can-
cer cells; on the other hand, the pH/GSH responsiveness 
accelerated the release of dBET6 within the cancer cells.

In vivo biodistribution
We assessed the biodistribution and circulation lifetime 
of different formulations in vivo, which was important 
for lung cancer therapy [35]. To capture the in vivo imag-
ing, the near-infrared (NIR) fluorescent dye DiR was used 
as a substitution for dBET6. In vivo biodistribution was 
performed on LLC tumor-bearing mice by in vivo imag-
ing. RLDP/DiR showed the strongest fluorescence inten-
sity in the tumor sites, compared with the other groups 
with 8 h post-injection and continuing to 48 h (Fig. 4A). 
Although the administration with DiR, DP/DiR, or LDP/

DiR also showed some fluorescence in the tumor sites, 
the signals were significantly lower compared with the 
one of RLDP/DiR. The extracted major organs were also 
detected by the in vivo imaging system, which indicated 
that the administration with RLDP/DiR showed the high-
est fluorescence level in the tumors, compared to the 
groups such as DiR, DP/DiR, or LDP/DiR. Interestingly, 
the treatment with RLDP/DiR showed weaker DiR sig-
nals in the liver than the other groups (Fig.  4B and C). 
The in vivo biodistribution assay indicated that the cam-
ouflage with LLCM and further modification with cRGD 
improved the specificity of the tumors.

To further investigate the accumulation in tumors, the 
formulations were assessed on the LLC tumor-bearing 
mice by in vivo photoacoustic imaging. The DiR signals 
in the tumors were gradually increased and reached a 
maximum fluorescent intensity at 8  h in all the DiR-
loaded formulations. Consistent with the in vivo imaging, 
RLDP/DiR exhibited the strongest DiR signals among 
the formulations (Fig. 4D and E), which might be attrib-
uted to the specificity by the homotypic targeting of LLC 
membranes and improved targeting effect of cRGD. The 
photoacoustic imaging confirmed that the camouflage 
with LLC membranes and further modification with 
cRGD improved the tumor accumulation effectively.

We also detected the circulation lifetime in vivo. After 
different formulations were administrated to the healthy 
C57BL/6, the blood concentration of RLDP/DiR was 
~ 2-fold to the one of free DiR or bare DPB ranging from 
10  h to 48  h, similar to the one of LDP/DiR (Fig. S9), 
implying that the modification with cRGD did not affect 
the circulation lifetime significantly. The improved circu-
lation increased the probability of targeted delivery to the 
tumor tissues, avoiding the potential side effects on the 
healthy ones.

The in vivo imaging and photoacoustic imaging 
together proved that RLDP/DiR possessed excellent 
specific accumulation capacity on LLC tumors. Further-
more, the camouflage with LLC membranes prolonged 
circulation lifetime of nanoparticles. These properties of 

(See figure on previous page.)
Fig. 3 In vitro lung cancer cell inhibition induced by RLDPB. A Hemolysis percentage of RLDPB with the dosage of dBET6 ranging from 10 to 50 µg/mL. 
B Hemolysis induced by different formulations including RLDP, free dBET6, DPB, LDPB, or RLDPB. In A and B, RBCs without any treatment served as the 
negative controls, while RBCs treated with 0.2% Triton X-100 were selected as the positive controls. C CCK-8 assay analysis of cell viability. LLC cells were 
treated with RLDPB in the dBET6 concentrations ranging from 0 to 10 µg/mL for 24 h. D The colony formation assay of different formulations including 
RLDP, free dBET6, DP dBET6, LDPB, and RLDPB, respectively. The colony number of RLDP, free dBET6, DPB, LDPB, and RLDPB was counted by the colony 
formation assay. E The Live/Dead staining of LLC cells treated with RLDP, free dBET6, DPB, LDPB, and RLDPB for 24 h, respectively. F The apoptosis induced 
by different formulations. LLC cells were treated with RLDP, free dBET6, DPB, LDPB, and RLDPB (dBET6 at a concentration of 7.5 µg/mL) for 24 h, followed 
by the Annexin V-FITC/PI staining assessed by FACS. G The cell viability of different formulations assessed by CCK-8. LLC cells were incubated with formula-
tions including RLDP, free dBET6, DPB, LDPB, and RLDPB with a dBET6 concentration of 7.5 µg/mL, respectively. In C, D, E, F, and G, LLC cells without any 
treatments were served as the negative controls. H Protein levels (including BRD4, Caspase 3, and Cleaved Caspase 3) in LLC cells treated with RLDPB. LLC 
cells were treated with RLDPB at different dBET6 concentrations (0, 0.625, 1.25, 2.5, 5, 7.5, and 10 µg/mL) for 24 h, followed by the assessment of western 
blotting. I Protein levels (including BRD4, Caspase 3, and Cleaved Caspase 3) in LLC cells treated with different nanoparticles. LLC cells were incubated 
with RLDP, dBET6, DPB, LDPB, and RLDPB for 24 h, respectively, followed by the assessment of western blotting. In H and I, the expression of Tubulin was 
determined as a control



Page 13 of 17Guan et al. Journal of Nanobiotechnology          (2024) 22:692 

Fig. 4 The in vivo biodistribution and tumor targeting accumulations. A The in vivo images of different DiR labeled nanoparticles (including DiR, DP/
DiR, LDP/DiR, and RLDP/DiR) in the LLC tumor-bearing mice after administration. LLC tumor-bearing mice were intravenously injected with DiR, DP/DiR, 
LDP/DiR, and RLDP/DiR at a DiR dosage of 0.75 mg/kg, following the in vivo imaging at a predetermined time (2, 4, 8, 12, 24, and 48 h), respectively. B 
The ex vivo imaging of different DiR-loaded nanoparticles in major tissues of the treated mice after 48 h administration. C The quantitative analysis of the 
fluorescence intensity induced by different DiR-loaded nanoparticles in the extracted major tissues. D The photoacoustic imaging of different DiR-labeled 
nanoparticles in tumors. LLC tumor-bearing mice were intravenously injected with DiR, DP/DiR, LDP/DiR, and RLDP/DiR at a DiR dosage of 0.75 mg/kg, 
followed by the photoacoustic images at the predetermined time (2, 4, 8, 12, 24, and 48 h), respectively. E The quantitative analysis of fluorescence inten-
sity in the tumors by photoacoustic imaging. The blue circles represent the tumor sites. Data were expressed as mean ± SD (n = 3). *, P < 0.05; **, P < 0.01
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the dual targeting nanostructures exerted efficient antitu-
mor effects on the precise treatment of lung cancer.

The in vivo tumor suppression
To investigate the in vivo anti-tumor effects of RLDPB, 
LLC tumor-bearing mice were established, followed 
by the intravenous administration of dBET6 loaded 
nanoparticles every other day (Fig.  5A). As shown in 
Fig.  5B and C, RLDPB achieved the best tumor inhibi-
tion effect, with the tumor volumes decreasing to ~ one-
fifteenth of the ones treated with saline or RLDP. The free 
dBET6 showed some suppression of the tumor growth 
but without significant differences compared with the 
negative controls (saline), which might be attributed 
to the low accumulations of dBET6 in the tumors. The 
dBET6-loaded nanoparticles including RLDPB, LDPB, 
and DPB, displayed better anti-tumor effects compared 
to free dBET6 (Fig. 5B and C), but inferior to the one of 
RLDPB. The body weight test indicated that the dBET6-
loaded nanoparticles showed no significant changes 
in the weight of the LLC tumor-bearing mice (Fig.  5D), 
implying the safety of the dBET6-loaded nanoparticles. 
In accordance with the systemic tumor suppression, the 
HE, TUNEL, and Ki67 stained tumor pathological sec-
tions demonstrated that RLDPB exerted more significant 
tumor cell apoptosis and less Ki67 compared to the other 
treatments (including saline, RLDP, dBET6, DPB, and 
LDPB), which further demonstrated the enhanced tumor 
suppression on RLDPB (Fig. 5E and Fig. S10). Meanwhile, 
the H&E staining showed the major organs (including 
hearts, livers, spleens, lungs, and kidneys) showed no 
obvious systemic toxicity after different treatments (Fig. 
S11), implying the in vivo biosafety of the dBET6-loaded 
nanoparticles. The data indicated that RLDPB showed 
effective tumor inhibition in vivo, which might be attrib-
uted to the excellent performance of RLDPB including 
the prolonged circulation lifetime, dual targeting, and 
pH/GSH responsiveness. RLDPB showed great potential 
in the treatment of lung cancer.

Discussion
Epigenetic regulation is a promising therapeutic strategy 
for lung cancer treatment, which can modulate epigen-
etic dysregulation of the targeted read proteins in tumors 
to achieve tumor suppression [5, 36]. A proteolysis-tar-
geting chimera is an effective tool for epigenetic regula-
tion that precisely degrades targeted reader proteins in 
tumors with the ubiquitin-proteasome system [37, 38]. 
Notably, bromodomain-containing protein 4 (BRD4), a 
reader protein of the BET family, promotes tumor growth 
with apparent epigenetic dysregulation in tumors, which 
was considered a potential target for solid tumors [39, 
40]. dBET6 is a PROTAC reagent of BRD4, which facili-
tates the antitumor effect by targeted degradation of 

BRD4 to induce cell apoptosis through the Caspase 3 
activity [41]. In our present work, dBET6 was chosen as 
a potential epigenetic degradation agent to achieve tumor 
suppression for lung cancer therapy. Compared with con-
ventional chemotherapy, dBET6 shows great potential 
in lung cancer treatment due to its effective epigenetic 
protein degradation effect [29]. However, the low bio-
availability and tissue specificity of this type of PROTAC 
regent limited its applications in lung cancer therapy.

Biomimetic nanotechnology endowed the nanoparti-
cles with improved surface functions, which significantly 
enhanced the stability and antitumor effect for lung can-
cer treatment [42]. Herein, to improve the specificity and 
bioavailability, the PROTAC agent dBET6 was loaded 
onto the biodegradable DS-PLGA nanoparticles, fol-
lowed by the camouflage with LLC cell membranes and 
further modified with cRGD as the dual targeting and 
bioresponsive drug delivery system.

As expected, the bioinspired nano-PROTAC system 
(RLDPB) was demonstrated to possess a prolonged circu-
lation lifetime and also display excellent homologous tar-
geting by the camouflage with LLC membranes, as well 
as the active targeting ability by the specific binding of 
avb3 integrin receptors with cRGD. However, the tumor 
microenvironment is complicated, consisting of cancer 
cells, immune cells, fibroblasts, and so forth. RLDPB may 
also be uptaken by these cells, and affect the cell condi-
tions. In the present study, RLDPB was constructed with 
the homotypic cell membranes and cRGD to maximize 
the specificity of the lung cancer cells, which induced 
effective apoptosis and inhibition of the proliferation in 
the tumor tissues, and led to the suppression of tumor 
growth (Fig. 5). The enhanced accumulations of dBET6 in 
tumors facilitated the significant tumor regression. These 
findings provided a novel strategy for the targeted deliv-
ery of PROTAC for lung cancer treatment.

Drug release plays an important role in lung cancer 
therapy. The antitumor effect cannot be achieved in cells 
unless the drugs are released from the nanoparticles. 
Stimuli-responsive nanoparticles triggered drug release 
in tumor cells with different endogenous stimuli based on 
the cellular environments [43]. The acidic environment 
in the lysosome and high-level expression of glutathione 
(GSH) exist in the lung cancer cells, which are impor-
tant conditions for designing the drug delivery systems 
and are available for lung cancer therapy. In this work, 
the disulfide-linkage PLGA (DSP) was utilized to load 
dBET6. It was proved that the dBET6-containing struc-
ture showed stimuli-responsive drug release because 
the cleavable ester bond and -S-S bond were triggered 
by the acidic pH and high GSH level within the cells. 
Notably, the tumor microenvironment usually possesses 
acidic pH and high GSH conditions. The cargo-loaded 
nanoparticles benefited from the good protection of cell 



Page 15 of 17Guan et al. Journal of Nanobiotechnology          (2024) 22:692 

Fig. 5 The in vivo anti-tumor effect of dBET6 loaded nanoparticles on LLC tumor-bearing mice. A Schematic illustration of the intravenous treatment with 
dBET6-containing formulations in the LLC tumor-bearing mice. B The relative tumor volumes of the treated LLC tumor-bearing mice during the treatment 
period. LLC tumor-bearing mice were intravenously injected with formulations including saline, RLDP, dBET6, DPB, LDPB, and RLDPB, followed by the de-
tection for the relative tumor volumes, respectively. C Photographs of tumors collected from the LLC tumor-bearing mice after different treatments for 18 
days. D Body weight of the treated LLC tumor-bearing mice during the treatment period. E HE, TUNEL, and Ki67 staining images of tumor sections after 
different treatments. The LLC tumor-bearing mice were treated with formulations including saline, RLDP, dBET6, DPB, LDPB, and RLDPB, respectively. Then, 
tumors were collected from the treated mice, followed by the staining of HE, TUNEL, and Ki67, respectively. n = 5, mean ± SD. ***, P < 0.001
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membranes, which avoided preliminary exposure to the 
tumor microenvironments. Overall, these findings dem-
onstrated that RLDPB displayed enhanced tumor inhibi-
tion with the pH/GSH responsiveness, which provided 
a potential tool for the epigenetic reader degradation in 
lung cancer treatment.

Conclusion
In conclusion, we successfully developed a type of dual 
targeting and bioresponsive nano-PROTAC (RLDPB), 
which was constructed by using the pH/GSH- -respon-
sive polymer DS-PLGA to load the PROTAC agent 
dBET6, and further camouflaged with LLC membrane 
and modified with cRGD. RLDPB exhibited excellent 
drug loading capacity, biodegradable ability, and pH/GSH 
responsive release behavior. RLDPB possessed a dual tar-
geting effect based on the homotypic and active targeting 
ability and enhanced cellular uptake was achieved. The 
pH and GSH responsive capacity accelerated the intra-
cellular release of dBET6, which resulted in the effective 
apoptosis of lung cancer cells by degrading the epigenetic 
reader BRD4. The dual targeting and bioresponsive nano-
PROTAC showed enhanced tumor inhibition through 
the Caspase-3 pathway induced by the downregulation 
of BRD4. Therefore, RLDPB was a potential bioinspired 
nano-PROTAC system that can be applied to the precise 
treatment of lung cancer.
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