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Background and Aim: MDM2 and MDMX are key regulators of the tumor suppressor p53 and are implicated in immune escape 
mechanisms in lung adenocarcinoma. Overexpression of these proteins inhibits p53 activity, limiting the immune system’s ability to 
recognize and clear tumor cells, contributing to resistance against immune checkpoint inhibitors (ICIs). This study introduces a novel 
bionic peptide nanodrug, E@MDP, designed to target both MDM2 and MDMX, reactivate p53, and enhance the effectiveness of PD-1 
immune checkpoint therapy in lung cancer.
Methods: E@MDP is constructed using a gold-mediated self-assembly method to form peptide-loaded nanoparticles, which are then 
encapsulated in erythrocyte membranes, enhancing stability and cell penetration. The physicochemical properties of the bionic 
nanodrug were evaluated, and its therapeutic efficacy was validated in vitro in LLC cells and in vivo using a syngeneic subcutaneous 
lung adenocarcinoma mice model.
Results: In vitro, E@MDP reinstated functional p53 activity, demonstrating a 2.46-fold upregulation compared to control groups, and 
significantly promoted tumor cell apoptosis, exhibiting a 3.9-fold enhancement. In vivo, E@MDP potentiated PD-1 checkpoint 
blockade by reprogramming the tumor immune microenvironment, ultimately driving a nearly two-fold enhancement in tumor 
regression versus monotherapies. Importantly, the E@MDP nanodrug exhibited favorable safety profiles, with no significant toxicity 
observed in preclinical models.
Conclusion: The E@MDP is a promising strategy for lung cancer immunotherapy and overcomes several limitations of conventional 
peptide drugs. The bionic nanodrug platform holds great potential for broader applications in cancers characterized by immune 
evasion.
Keywords: lung adenocarcinoma, immunotherapy, MDM2/MDMX, peptide, nanomedicine

Introduction
MDM2 and MDMX are key regulators of p53,1 often engaged in immune escape mechanisms in a number of cancers, 
such as lung adenocarcinoma.2,3 MDM2 and MDMX have been shown to suppress p53 activity, thereby limiting the 
immune system from effectively recognizing and clearing tumor cells.4,5 Specifically, in wild-type p53 lung adenocarci
nomas, MDM2/MDMX overexpression promotes immune escape, thereby conferring resistance to immune checkpoint 
inhibitors like ICIs.6–8 Mechanistically, MDM2/MDMX upregulation suppresses p53-dependent pathways involved in 
antigen presentation, interferon signaling, and the expression of key chemokines, thereby impairing major histocompat
ibility complex class I expression and reducing T cell infiltration and activation within the tumor.9,10 This results in 
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a “cold” immunosuppressive microenvironment that limits the efficacy of PD-1/PD-L1 blockade. Moreover, MDM2 
amplification has been clinically associated with hyperprogressive disease (HPD) following ICI treatment, highlighting 
its role in driving immune resistance and rapid tumor progression.11,12

Recent studies have established that MDM2/MDMX inhibition sensitizes tumors to immune checkpoint inhibition, 
enhancing therapeutic responses.6,13 In lung cancer models, for instance, MDM2 and MDMX inhibition have been 
associated with p53 activity restoration,14,15 which improves tumor repression and immune system reactivation.16,17 

These findings underscore the value of MDM2/MDMX targeting in wild-type p53 lung adenocarcinomas as a viable 
strategy to enhance the effectiveness of immunotherapy.15,16 The design and synthesis of inhibitors with the capability to 
simultaneously target MDM2 and MDMX thus constitute a landmark breakthrough in overcoming immune resistance 
and increasing the general effectiveness of cancer immunotherapy. The development of dual-functional MDM2/MDMX 
inhibitors has been a topic of particular interest.18–20 Small molecules have had some success in inhibiting MDM2, but 
dual inhibition of MDM2 and MDMX with these molecules has proved to be a challenge.21–23 Peptide inhibitors, on the 
other hand, offer a viable alternative because they can efficiently target both proteins.6,24,25 Peptides, however, suffer 
from limitations in terms of application in the clinic due to stability, susceptibility to enzymatic cleavage, and poor cell 
uptake.26 In particular, peptides can be cleaved enzymatically and have poor cell membrane penetration.27–29 To 
overcome these limitations, new strategies have to be designed, such as making membrane-penetrating30–33 stable 
peptides. Building upon this, erythrocyte membrane-based biomimetic drug delivery systems offer a viable solution to 
the delivery challenges facing peptide therapeutics.34,35 The presence of CD47 molecules on the erythrocyte membrane 
surface provides a “self-recognition” signal, enabling the coated nanoparticles to evade clearance by the immune system, 
thereby significantly prolonging their circulatory half-life and enhancing bioavailability. Additionally, the inherent barrier 
structure of the erythrocyte membrane effectively protects the encapsulated peptides from enzymatic degradation, further 
improving their stability and facilitating their accumulation within tumor tissues.36,37 This would considerably enhance 
the therapeutic potential of peptide-based drugs, particularly in cancer immunotherapy, in which immune escape 
mechanisms in the tumor have to be overcome in order to achieve successful therapy.36,38

Herein, a new strategy to enhance the efficacy of peptide-based MDM2/MDMX inhibition in lung cancer therapy has 
been reported. We designed a bionic nanodrug, E@MDP, using a supramolecular self-assembly method mediated by 
a gold (Au) to construct peptide-loaded nanoparticles (NPs-MDP).39,40 The nanoparticles were then encapsulated with 
erythrocyte membranes to give the system enhanced stability and cell membrane penetration.38 The E@MDP nanodrug 
not only efficiently targets and inhibits MDM2 and MDMX but also restores p53 activity in lung adenocarcinoma cells 
and sensitizes tumors to PD-1 immune checkpoint inhibition. Our results indicate that this new drug efficiently activates 
the p53 pathway, induces apoptosis in tumor cells, and significantly enhances the therapeutic effect of immunotherapy in 
preclinical models. This strategy represents a tremendous breakthrough in overcoming the limitations of traditional 
peptide delivery systems and offers a novel and promising avenue for lung cancer therapy.

Materials and Methods
Preparation of NPs-MDP
This study employed the Fmoc-protected solid-phase synthesis strategy, utilizing the CS-BION336X fully automated 
peptide synthesis system, to prepare the target peptide following routine procedures established in prior research.6,26 

Then, NPs-MDP was prepared via a one-pot self-assembly method.41 First, 2 mg of MDMX/MDM2 antagonistic peptide 
was dissolved in a mixed solvent of 0.5 mL ethanol and 1.25 mL ultrapure water. This was then mixed with a precursor 
solution of chloroauric acid (1 mL, 10 mM HAuCl₄·xH₂₀O), a thiolated PEG linker (0.5 mL, 4 mg/mL NH₂₀-PEG₂₀₀₀₀- 
SH), and a HEPES buffer (2.25 mL, 100 mM, pH 7.0), and stirred under heating. Afterward, the mixture was combined 
with 2.25 mL ddH₂₀O and 2.25 mL of the HEPES buffer (100 mM, pH 7.0) and stirred at 70°C.

Preparation of E@MDP
E@MDP was prepared using a hypotonic lysis-membrane reconstitution technique to coat the peptide prodrug with 
erythrocyte membranes.38 Blood was collected from the apex of the heart of C57BL/6 mice and treated with sodium 
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heparin as an anticoagulant. After differential centrifugation (3800×g, 10 min, 4°C) to remove plasma and granulocyte 
layers, the red blood cells were subjected to three washes in pre-cooled PBS (3000×g, 10 min, 4°C). Then, cells were 
lysed in hypotonic buffer at 4°C (12~16 h), followed by ultracentrifugation (13800×g, 15 min, 4°C) to remove 
hemoglobin and wash the membrane four times with PBS, resulting in a high-purity red blood cell membrane suspension. 
The erythrocyte membrane was mixed with NPs-MDP and sonicated (2 min, on/off ratio of 1:1000) to promote physical 
adsorption. The mixture was subsequently extruded through 200 nm and 50 nm polycarbonate membranes to achieve 
homogeneous membrane coating, followed by 0.22 μm filtration and storage in PBS at 4°C.

Characterization of E@MDP
The morphology and membrane integrity of E@MDP and NPs-MDP were observed by transmission electron microscopy 
(TEM) after the samples were loaded onto carbon-coated copper grids and stained with 2% phosphotungstic acid. The 
hydrodynamic diameter of the nanoparticles was measured using dynamic light scattering (DLS) to assess the effect of 
membrane modification on the particle size distribution. SDS-PAGE was performed to verify the integration of 
membrane proteins. RBC membranes, E@MDP, and NPs-MDP samples were treated with reducing sample buffer and 
separated on a 12% SDS-PAGE gel under constant voltage, followed by silver staining (Biyuntian, P0017S) and image 
acquisition.

Cellular Uptake and Intracellular Distribution Analysis
LLC cells were seeded into 6-well plates at a density of 2 × 10⁵ cells per well. After the cells adhered completely, they 
were incubated with FITC-labeled E@MDP for 6 hours. Subsequently, the cells were harvested, and the uptake 
efficiency was quantitatively assessed by flow cytometry. For visualization of intracellular distribution, LLC cells were 
cultured in confocal microscopy dishes at a density of 1 × 10⁵ cells per dish and incubated overnight. Drug intervention 
was performed as described above. The cells were then fixed with 4% paraformaldehyde, permeabilized using 0.1% 
Triton X-100, and stained with 4′,6-diamidino-2-phenylindole (DAPI) to visualize nuclei. The subcellular localization of 
E@MDP was subsequently examined using confocal laser scanning microscopy (CLSM).

Cell Culture and Cytotoxicity Assay
LLC cells (obtained from the Shanghai Cell Bank of the Chinese Academy of Sciences) were cultured in high-glucose 
DMEM medium supplemented with 10% heat-inactivated fetal bovine serum (37°C, 5% CO₂₀). In the cytotoxicity assay, 
cells were seeded at a density of 3 × 103 cells per well in 96-well plates and incubated for 12 hours to allow for 
attachment. After replacing the medium with a fresh culture containing gradient concentrations of E@MDP, the cells 
were cultured for 24, 48, and 72 hours. The intervention was terminated, the medium was discarded, and 100 μL of 
Alamar Blue reagent (10% in DMEM medium) was added to each well. After 4 hours of incubation at 37°C in the dark, 
fluorescence intensity was measured using a microplate reader, and cell viability was quantified by relative fluorescence 
units (RFU).

Apoptosis Assay
LLC cultures at log-phase expansion were plated in 6-well clusters. Post-adhesion confirmation, E@MDP exposure was 
initiated for 24h, 48h, and 72h duration. Harvested cells underwent triple PBS washing cycles followed by centrifugal 
pelleting. Subsequent resuspension in binding buffer achieved 1×10⁶ cells/mL density. Aliquots (100 μL) were sequen
tially stained with Annexin V-FITC (5 μL, 15 min, dark incubation) and PI (5 μL, 5 min, dark treatment), followed by 
buffer supplementation to a final volume of 500 μL. Cellular apoptosis profiles were immediately acquired through flow 
cytometric analysis using standardized acquisition parameters.

Immunofluorescence Assay of Cells
LLC cultures at log-phase expansion were plated in 35 mm imaging dishes (Thermo Scientific Nunc) under standard 
culture conditions (37°C, 5% CO₂₀) for 12 h adhesion. Following 48 h E@MDP exposure, cells underwent sequential 
processing: immobilization in 4% PFA (15 min), membrane permeabilization with 0.1% Triton X-100 (10 min), and 
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nonspecific blocking using 5% BSA (1 h) at Room Temperature (RT). Primary antibodies against p53 (Santa Cruz, sc- 
126, 1:100), MDM2 (Abcam, ab259265, 1:100), and MDMX (Proteintech, 17914-1-AP, 1:100) were applied at 4°C for 
16 h. After PBS washing cycles, species-matched Alexa Fluor-conjugated secondary antibodies (1:5000) were incubated 
under dark conditions (RT, 1 h), followed by DAPI nuclear counterstaining (5 min). Multiplex fluorescence signals were 
acquired using an Olympus FV3000 confocal system.

Animal Model Construction
C57BL/6 mice (aged 5–6 weeks) received subcutaneous engraftment with 8×10⁵ LLC cells in the buttock region. Tumor 
progression was quantified through bidimensional caliper tracking, with randomization into three therapeutic cohorts 
initiated when lesion volumes attained 50–100 mm³: control, E@MDP monotherapy (2 mg/kg, intravenous injection via 
tail vein (i.v)), E@MDP combined with anti-PD-1 (5 mg/kg, i.v. as previously described). At humane endpoints, 
specimens underwent systematic necropsy with tumor resection for histopathological evaluation using standardized 
protocols for hematoxylin-eosin (H&E) morphology, terminal deoxynucleotidyl transferase dUTP nick-end labeling 
(TUNEL), and immunohistochemistry (IHC) with validated scoring systems.

H&E Staining and Immunohistochemistry
Post-resection tumor specimens were processed through sequential histopathological protocols: 24 h immobilization in 
4% paraformaldehyde, gradient ethanol dehydration, and paraffin embedding. Tissue sections were processed for H&E 
staining following conventional histological procedures. For Immunohistochemistry, tumor sections underwent xylene 
deparaffinization and alcohol gradient rehydration, followed by heat-mediated antigen retrieval and 0.3% Triton 
X-100 permeabilization (20 min). After 2 h blocking with 10% normal goat serum (RT), sections were incubated 
(4°C, 16 h) with validated primary antibodies: Ki-67 (CST D358, 1:400), p53 (Proteintech 10442-1-AP, 1:200), MDMX 
(Proteintech 17914-1-AP, 1:200), and MDM2 (Abcam ab259265, 1:200). Following PBS washes, HRP-conjugated 
secondary antibodies (1.5 h, RT) enabled DAB chromogenic detection, with hematoxylin counterstaining and whole- 
slide digital scanning for image analysis.

Immunofluorescence Staining
After deparaffinization and antigen retrieval, tissue sections were subjected to blocking to prevent non-specific binding, 
followed by sequential incubation with primary antibodies and horseradish peroxidase (HRP)-conjugated secondary 
antibodies. Subsequently, a tyramide signal amplification (TSA) fluorescence detection system was applied, in which 
fluorescent dyes were covalently bound to target sites under the catalytic action of HRP. After each round of 
immunostaining, the antibody complexes were removed using heat-induced epitope retrieval or chemical stripping, 
enabling repeated cycles for multiplex labeling. Finally, cell nuclei were counterstained with 4’,6-diamidino-2-pheny
lindole (DAPI). Primary antibodies: anti-CD3 (Servicebio Technology, GB111337, 1:4000), anti-CD8α (Servicebio 
Technology, GB 15068, 1:4000), anti-CD4 (Abcam ab288724, 1:100), anti-CD25 (Abcam ab231441, 1:100).

TUNEL Staining
TUNEL staining was performed on paraffin sections after deparaffinization and rehydration. Sections were incubated 
with proteinase K to expose DNA ends. The TUNEL reaction mixture was applied to label DNA breaks. After washing, 
HRP-conjugated antibodies were used, and apoptotic cells were visualized by DAB staining. Sections were counter
stained with hematoxylin and mounted for digital pathology scanning.

Safety Assessment
C57BL/6 mice were randomly assigned to control, E@MDP, and combination treatment groups (E@MDP + Anti-PD-1). 
Body weight changes were monitored daily to evaluate systemic toxicity. After the treatment period, blood samples were 
collected for complete blood cell counts and serum ALT, AST, urea nitrogen, and creatinine levels to assess liver and 
kidney toxicity. Upon euthanasia, major organs were harvested, and tissue sections were stained with H&E for 
histopathological analysis using a digital pathology scanner.
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Statistical Analysis
Quantitative data are expressed as mean values with variability indicated by standard deviation (mean ± SD or Mean 
±SE). Two-tailed Student’s t-test and one-way ANOVA with Tukey’s multiple comparison tests were applied to statistical 
differences between groups. Statistical significance thresholds were defined as: *P < 0.05 (significant), **P < 0.01 
(highly significant), and ***P < 0.001 (extremely significant).

Results
Design and Construction of the Peptide Prodrug E@MDP
We initially utilized a previously developed intracellular-targeting peptide for the oncogenic proteins MDM2/MDMX and 
employed an Au-mediated one-step nanostructure self-assembly strategy to obtain nano-microprotein NPs-MDP. 
Simultaneously, erythrocyte membranes were extracted using a hypotonic centrifugation method, followed by multiple 
extrusions through a homogenizer, ultimately achieving the bionic nanomaterial E@MDP with erythrocyte membrane 
coating. This bionic peptide nanodrug E@MDP effectively targets intracellular MDM2/MDMX, alleviates their negative 
regulatory effects on p53, and promotes the reaccumulation of p53 within lung adenocarcinoma cells. It exerts anti-tumor 
effects while synergistically enhancing the efficacy of PD-1 inhibitor immunotherapy (Figure 1).

Physicochemical Characterization of E@MDP
We proceeded with the physicochemical characterization of E@MDP. Transmission Electron Microscopy (TEM) images 
(Figure 2A) revealed that NPs-MDP were relatively uniform spherical nanoparticles (approximately 20 nm in diameter). 
After erythrocyte membrane coating, E@MDP formed a typical core-shell structure, with the nanoparticle surface 
displaying a membrane structure, indicating successful erythrocyte membrane encapsulation (Figure 2B). Dynamic 
Light Scattering (DLS) measurements showed that the hydrodynamic diameter of NPs-MDP was approximately 21.04 
nm, while that of E@MDP increased to 28.21 nm (Figure 2C). This change in particle size was consistent with the TEM 

Figure 1 Schematic of E@MDP construction and function. We constructed the NPs-MDP precursor using Au(I)-mediated self-assembly to target and inhibit MDM2 and 
MDMX. Erythrocyte membrane coating led to the formation of the bionic peptide prodrug E@MDP. E@MDP effectively inhibits intracellular oncogenic proteins MDM2/ 
MDMX, relieving their negative regulation on p53, restoring its tumor-suppressive function, and enhancing the efficacy of PD-1-based immunotherapy.
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results, further validating the successful membrane coating. To confirm the protein composition of the membrane layer, 
we performed SDS-PAGE followed by silver staining (Figure 2D). The results indicated that the protein bands of 
E@MDP were highly consistent with those of natural erythrocyte membranes (RBC-M), while no significant protein 
bands were observed in NPs-MDP. This experiment confirmed that the surface of E@MDP retained the characteristic 
protein components of the erythrocyte membrane, establishing a bionic nanodelivery system.

Specifically, we performed flow cytometry analysis to assess the internalization efficiency of E@MDP in LLC cells 
quantitatively. The result revealed that the cellular uptake efficiency of E@MDP exceeded 90% (Figure S1A). In 
addition, confocal laser scanning microscopy (CLSM) was employed to visualize the intracellular distribution of 
E@MDP. As shown in Figure S1B, the FITC-labeled E@MDP was clearly observed within the cytoplasm of LLC 
cells, providing direct evidence of successful intracellular delivery. These results substantiate our claim regarding the 
enhanced intracellular delivery capability of E@MDP, which contributes to its improved antitumor efficacy.

Mechanism-Driven Antineoplastic Activity of E@MDP Through p53 Pathway 
Activation
To elucidate the underlying mechanism of the pharmacological activity of E@MDP, we conducted different evaluations 
using Lewis lung carcinoma (LLC) models. Cell viability assays demonstrated that E@MDP induced time- and dose- 
dependent cytotoxicity following 24, 48, and 72-hour treatments across the tested concentration range (0–13.1 μM). 
Quantitative analysis revealed that E@MDP effectively inhibited tumor cell proliferation, with calculated half-maximal 
inhibitory concentrations (IC50) of 4.86 μM at 24 hours (Figure S2A), 1.96 μM at 48 hours (Figure 3A), and 0.91 μM at 
72 hours (Figure S2B), respectively. Detailed flow cytometric analysis using Annexin V-FITC/PI dual staining provided 
mechanistic insights into the pro-apoptotic effects of E@MDP. Comparative analysis indicated a marked elevation in 
apoptotic indices between the treatment groups and controls. Quantitative data showed a 6-fold increase in early 
apoptotic populations (Annexin V+/PI-) and a 2.7-fold increase in late apoptotic cells (Annexin V+/PI+) following 

Figure 2 Characterization of E@MDP. (A and B) TEM images of NPs-MDP (A) and E@MDP (B); (C) DLS test of NPs-MDP and E@MDP; (D) SDS-PAGE silver staining for 
protein analysis of natural erythrocyte membranes (RBC-M), NPs-MDP, and E@MDP.
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E@MDP administration (Figure 3B). These findings support the conclusion that activation of the p53-mediated pathway 
is a principal mechanism underlying the tumor-suppressive effects of E@MDP.

To delineate the molecular underpinnings of E@MDP’s antitumor efficacy, quantitative cellular immunofluorescence 
analysis was conducted to interrogate its regulatory impact on the MDM2/MDMX-p53 signaling axis within p53- 
competent LLC cellular models. After 48 hours of E@MDP treatment, cells were fixed and labeled with anti-MDM2 
(red fluorescence), anti-MDMX (green fluorescence), and anti-p53 (green fluorescence) antibodies, with DAPI used for 
nuclear staining. Fluorescence intensity quantification was performed using ImageJ. As shown in Figure 3C and D, 
MDM2 exhibited significant nuclear accumulation in the Control group LLC cells (red fluorescence). After E@MDP 

Figure 3 E@MDP activates the p53 pathway via targeted degradation of MDM2/MDMX for antitumor action. (A) The cytotoxic effect of E@MDP on LLC cells after 
48 hours of treatment was assessed using the Alamar Blue assay (n=3). (B) Flow cytometry analysis of apoptosis in LLC cells treated with E@MDP for 48 hours (n=3). (C– 
F) Immunofluorescence (C) and relative fluorescence quantification analysis of MDM2 (D), MDMX (E), and p53 (F) protein expression in LLC cells after 48 hours of 
E@MDP treatment (n=3). (**p < 0.01, ***p < 0.001).
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treatment, the nuclear fluorescence intensity of MDM2 decreased by 77.9% compared to the Control group. 
Concurrently, the fluorescence intensity of MDMX was reduced by 26.8% in the treatment group (Figure 3C and E), 
suggesting that E@MDP can simultaneously target and inhibit the expression levels of MDM2/MDMX. Further analysis 
of p53 protein expression (Figure 3C and F) showed low basal expression of p53 in the Control group, while E@MDP 
treatment significantly increased the p53 protein level, with fluorescence intensity 2.6 times higher than the Control 
group, indicating that E@MDP restores the accumulation of p53 in lung adenocarcinoma cells. These results suggest that 
E@MDP, by dual-targeting MDM2/MDMX, alleviates their negative regulation of p53 and promotes its functional 
accumulation in the nucleus, exerting anti-lung adenocarcinoma effects.

Activation of the p53 Pathway Through Targeted Degradation of MDM2/MDMX by 
E@MDP for Antitumor Action
As depicted in Figure 4A, a subcutaneous xenograft mouse model of lung adenocarcinoma was established by injecting 
8×10⁵ LLC cells into the subcutaneous tissue of the mice’s buttock regions. Following randomization, experimental 
cohorts comprised: vehicle control receiving PBS, E@MDP monotherapy (2 mg/kg, i.v), and combinatorial treatment 
with concurrent E@MDP administration (2 mg/kg) plus PD-1 immune checkpoint blockade (Anti-PD-1, 5 mg/kg, i.v). 
The treatment was administered every three days for a total of five cycles. Following therapeutic protocols, animals 
underwent humane sacrifice with subsequent tumor resection for photographic documentation (Figure 4B). The E@MDP 
group exhibited a significantly reduced tumor volume compared to the control group, with the combination treatment 
group demonstrating an even more substantial inhibition of tumor growth. The tumor volume growth curves followed 
a similar trend, with E@MDP significantly inhibiting LLC xenograft growth with an inhibition rate of 22.3%, while the 
combination therapy group showed nearly a two-fold increase in inhibition rate, reaching 43.1% compared to the single- 
agent group (Figure 4C). Tumor weight analysis also revealed that the inhibition rate for the E@MDP single-agent group 
was 38.7%, while the combined treatment group achieved a 65.5% tumor suppression rate (Figure 4D). Hematoxylin- 
eosin (HE) staining of the tumor tissues confirmed the results (Figure 4E).

To evaluate the therapeutic efficacy of E@MDP in vivo, we conducted comprehensive histological analyses of tumor 
specimens. TUNEL assays revealed significant apoptosis induction across treatment groups, with the E@MDP mono
therapy cohort exhibiting a 3.2-fold increase in apoptotic index compared to control, and combination therapy achieved 
a 5.45-fold elevation (Figure 4F). These findings substantiate that E@MDP effectively triggers apoptotic pathways of 
lung tumor in vivo, contributing to tumor volume reduction. Complementary Ki-67 immunohistochemical analysis 
demonstrated marked suppression of this proliferation marker in E@MDP-treated tumors, corroborating the prodrug’s 
dual mechanism of action in both inhibiting cellular proliferation and promoting apoptosis.

Mechanistic investigations through protein expression profiling showed substantial downregulation of MDM2/ 
MDMX oncoproteins following E@MDP administration. H-score analysis indicated that compared to the control 
group, MDM2 and MDMX scores were reduced by 96.5% and 48.1% in the E@MDP group, respectively, and by 
95.7% and 44.8% in the combination treatment group, with no significant difference between the two treatment groups 
(Figure 4F). Similarly, E@MDP treatment significantly increased p53 protein expression in tumor cells, with H-score 
analysis showing a 5.89-fold increase in the E@MDP group and a 5.66-fold increase in the combination treatment group 
(Figure 4F).

To further elucidate the immunomodulatory role of E@MDP in reshaping the tumor microenvironment, we 
performed immunofluorescence staining to analyze immune cell infiltration within tumor tissues. As illustrated in 
Figure S3, E@MDP treatment significantly increased the infiltration of CD3+/CD8+ cytotoxic T lymphocytes, with 
approximately a seven-fold elevation observed in the combination treatment group compared to controls (Figure S3A). 
Concurrently, the proportion of immunosuppressive CD4+/CD25+ regulatory T cells (Tregs) was substantially reduced 
(Figure S3B). These results suggest that E@MDP effectively reactivates the p53 signaling pathway, enhancing T cell- 
mediated antitumor immunity while simultaneously mitigating Treg-driven immunosuppression. Collectively, our find
ings highlight that E@MDP not only exerts direct antitumor effects through dual MDM2/MDMX inhibition and p53 

https://doi.org/10.2147/IJN.S533208                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 9892

Wong et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/533208/533208%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/533208/533208%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/533208/533208%20Supplementary%20Material.docx


Figure 4 E@MDP effectively activates the p53 pathway and exerts antitumor activity in a lung adenocarcinoma mouse xenograft model, with enhanced synergy with anti-PD 
-1 immunotherapy. (A) Schematic of the mouse model construction and drug administration. (B) Tumor tissue images of mice after treatment. (C) Tumor volume growth 
curve. (D) Tumor weight analysis. (E) HE staining of tumor tissues (scale bar: 50 µm). (F) TUNEL staining and quantification, Ki-67, MDM2, MDMX, and p53 
immunohistochemical staining and immunohistochemical scoring (scale bar: 30 µm, 100 µm). (*p < 0.05, **p < 0.01, ***p < 0.001, ns, no significant difference).
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pathway reactivation but also profoundly remodels the immunosuppressive landscape of the tumor microenvironment, 
thus synergistically augmenting the therapeutic efficacy of PD-1-based immune checkpoint blockade.

Safety Evaluation of E@MDP
We evaluated the biosafety of E@MDP. Body weight, an important indicator of the nutritional and health status of mice, 
was monitored during the treatment period (Figure 5A). The results showed that the body weight of animals in all three 

Figure 5 In vivo safety evaluation of E@MDP. (A) Body weight changes in the treatment groups (n=5). (B) Complete blood count analysis of peripheral blood (n=3). (C) 
Liver function assessment with ALT, AST, and ALB levels (n=3). (D) Kidney function assessment via creatinine (CRE) levels (n=3). (E) Histopathological examination of heart, 
liver, spleen, lung, and kidney tissues after E@MDP intervention, with HE staining (scale bar: 100 µm).
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groups maintained normal growth curves, with no significant differences between the groups, indicating that E@MDP 
monotherapy and the combination treatment did not induce systemic toxicity. We also collected peripheral blood from 
mice for complete blood count and liver/kidney function assessments. As shown in Figure 5B, the blood cell counts, 
including red blood cells (RBC), hemoglobin (HGB), white blood cells (WBC), and platelet count (PLT) levels, remained 
within the normal physiological range, suggesting that E@MDP and its combination with Anti-PD-1 did not cause 
significant bone marrow suppression. Liver function analysis (Figure 5C) showed that serum ALT, AST, and ALB levels 
were within normal metabolic ranges, with no significant liver toxicity observed. Likewise, no significant increase in 
endogenous creatinine (CRE) levels, a marker of renal function, was observed in the kidney function tests (Figure 5D). 
These results suggest that E@MDP and its combination with Anti-PD-1 did not induce significant hematological, liver, 
or kidney toxicity. Additionally, histopathological examination of various organs (heart, liver, spleen, lungs, and kidneys) 
showed no significant structural abnormalities or pathological changes in any group, as assessed by H&E staining 
(Figure 5E). These comprehensive data demonstrate that the combination of E@MDP and PD-1 inhibitors offers 
significant antitumor efficacy without increasing toxicity, providing a promising and safe therapeutic strategy for future 
clinical translation.

Discussion
This study provides useful insight into the design of a bionic peptide nanodrug (E@MDP) that effectively targets MDM2 
and MDMX, two major inhibitors of p53 activity in lung adenocarcinoma. Through a strategy involving a gold-mediated 
self-assembly method to construct peptide-loaded nanoparticles and then encapsulate them with erythrocyte 
membranes,42,43 we were able to enhance drug stability and cell uptake. This drug not only restores p53 activity by 
suppressing both MDM2 and MDMX, but it also greatly enhances the efficacy of PD-1 inhibitor immunotherapy, with 
a definite synergistic effect between the nanodrug and immunotherapy. These findings offer a potential strategy to 
overcome immune resistance in lung cancer and may have broad applications in treating other cancers with a similar 
immune escape mechanism.

The successful design and synthesis of E@MDP prove that cell membrane-derived nanoparticles have great 
potential in targeted drug delivery system design. Through using erythrocyte membranes, a bionic nanodrug has 
been designed with the ability to overcome many of the common obstacles to conventional peptide drugs, such as 
degradation and poor cell penetration.36 The membrane coating not only stabilizes the drug but also enables targeted 
delivery to cancer cells, with higher therapeutic concentrations at the target location. This approach represents 
a breakthrough in peptide-based drugs and offers a practical solution to drug stability and delivery issues. 
Additionally, being able to target and inhibit both MDM2 and MDMX with a single, bi-functional drug may result 
in more effective treatments for a number of cancers, particularly those that have developed resistance to conventional 
treatments.

The therapeutic implications for lung cancer therapy are considerable, as it addresses one of the key impediments to 
current therapeutic strategies: immune resistance to therapy induced by MDM2/MDMX. Through p53 reactivation and 
sensitization to PD-1 inhibitors, E@MDP provides an effective strategy to circumvent such resistance. However, despite 
these promising results, a variety of challenges remain. Firstly, further drug formulation and delivery system refinement 
will be needed to ensure successful clinical translation. Secondly, while results in animal models are promising, off-target 
activity and long-term toxicity have not been extensively evaluated. Finally, clinical trials will be needed to establish 
efficacy and safety in human patients. Regardless, this study identifies the possibility of using bionic nanodrugs to 
enhance cancer immunotherapy and provides a platform for future studies in this field, with a vision to ultimately 
enhance patient outcomes and advance personalized cancer therapeutic strategies.

Ethics Approval and Consent to Participate
All animal experiments were conducted in strict accordance with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals (NIH) and the Guidelines of the Biomedical Ethics Committee of Health Science Center of 
Xi’an Jiaotong University (Approval Number: 2021-1734).
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