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Purpose: Doxorubicin (DOX) is a first-line chemotherapeutic agent widely recognized for its efficacy in inhibiting tumor growth.
However, its clinical utility is limited by systemic toxicity, adverse side effects, and the emergence of multidrug resistance. To address
these challenges, we developed a cell membrane-coated nanodrug delivery system in which DOX is loaded onto gold nanoparticles
(AuNPs) via electrostatic adsorption, with the cell membrane acted as a biomimetic targeting component to improve therapeutic
outcomes and reduce off-target toxicity.

Methods: The successful construction of M@DOX@AuNPs was confirmed by UV-Vis absorption spectroscopy and transmission
electron microscope. Antitumor effects were evaluated through both in vitro and in vivo experiments. Biological safety was evaluated
via histopathological staining and blood biochemical analysis.

Results: M@DOX@AuNPs demonstrated favorable physical stability and exhibited time-dependent drug release profiles. Cellular
uptake studies revealed that M@DOX@AuNPs were internalized more efficiently in 4T1 and MDA-MB-231 cells compared to free
DOX or DOX@AuNPs. Moreover, M@DOX@AuNPs significantly inhibited tumor cell viability and induced apoptosis in vitro,
whereas free AuNPs or cell membranes alone showed no detrimental effects on tumor cell viability. In a mouse tumor model,
M@DOX@AuNPs exhibited pronounced anti-tumor efficacy without inducing structure damage to major organs or causing significant
alterations in blood cell counts and serum biochemical markers.

Conclusion: These findings indicate that M@DOX@AuNPs represent a promising targeted chemotherapeutic agent for improved
tumor therapy.
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Introduction

Breast cancer poses a significant threat to women’s health, resulting in 665,684 deaths worldwide in 2022." Current
treatment modalities for breast cancer include chemotherapy,” radiotherapy,® hormone therapy, immunotherapy® and
targeted therapy.® The treatment of triple-negative breast cancer (TNBC) is particularly challenging due to the lack of
expression of estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor (HER2).”
Doxorubicin, as a first-line chemotherapeutic agent, is widely utilized in clinical practice.® However, the systemic
toxicity, adverse side effects, and development of multidrug resistance associated with conventional chemotherapy
underscore the necessitate for innovative therapeutic alternatives.”'°

The Nanoparticle drug delivery system has emerged as a promising approach for tumor management.'’

Nanotechnology holds significant potential for enhancing diagnostic accuracy and addressing therapeutic challenges
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associated with current treatment modalities.'*'> Owing to their unique physical and chemical properties, nanoparticle-
based delivery systems can enhance the efficacy of tumor treatments.'* Several nanoparticle-based drugs have previously
received approval from the US Food and Drug Administration (FDA) for targeted cancer therapy.'> The most commonly
used nanocarrier systems include lipid-based nanoparticles,'® polymeric nanoparticles,'” inorganic based nanoparticles'®
and metallic based nanoparticles.'”

Due to their unique physicochemical properties and broad applicability in biomedical fields, gold nanoparticles
(AuNPs) have the potential to improve the specificity, efficacy, and safety of cancer treatment while minimizing systemic
toxicity and addressing drug resistance.”**' AuNPs typically range in size from 1 to 100 nm.** Since tumor blood vessels
are irregular, disorganized, and exhibit larger gaps between endothelial cells, nanoparticles within the size range of
10-200 nm can more effectively penetrate and accumulate in tumor tissues, a phenomenon known as the enhanced
permeation and retention effect (EPR).*?

Due to the heterogeneity of cancer cells and the complexity of the tumor microenvironment (TME), AuNPs exhibit
limited specificity towards cancer cells, even when functionalized with targeting agents such as antibodies or peptides.?*
Furthermore, AuNPs may elicit immune response that compromise their therapeutic efficacy, as they are often recognized
by the immune system as foreign entities.”* To address these limitations, cell membrane-based coatings have emerged as
a promising alternative.'”*> Nature cell membranes possess a complex protein composition and support various
biological functions, such as immune evasion, precise antigen presentation, and cell- or tissue-specific targeting
capabilities.”® Cell membrane coatings can be effectively derived from multiple cell types, including erythrocytes,”’**
platelets,29 macrophages,30 cancer cells,?! stem cells®? and even bacteria.>> Among these, Cancer cell membranes, owing
to their inherent abilities for immune escape and tumor-specific targeting abilities, are increasingly being utilized in
anticancer drug delivery systems.>*

In this study, two triple-negative breast cancer cell lines - 4T1 and MDA-MB-231 - were employed as tumor
models. The 4T1 cell line demonstrates growth and metastatic features closely resembling those of human breast
cancer.”> The MDA-MB-231 cell line, which exhibits epithelioid morphology and was derived from a metastatic
pleural effusion sample of a 51-year-old White female with adenocarcinoma of the breast, is widely utilized as
a transfection host in breast cancer research.>® Electrostatic adsorption was employed to construct a drug delivery
system (DOX@AuNPS), wherein AuNPs carried a negative charge while DOX was positively charged. Subsequently,
tumor cell membranes were coated onto DOX@AuNPs through ultrasonication of the mixture, resulting in the
successful fabrication of a cell membrane-coated drug delivery system (M@DOX@AuNPs). Hemolysis assays
confirmed the biocompatibility of M@DOX@AuNPs, and phagocytosis experiments verified their targeting capability.
Furthermore, MTT assays and flow cytometry analyses demonstrated effective in vitro tumor inhibition, while animal
studies exhibited excellent anti-tumor efficacy in a mouse tumor model. Histopathological evaluation via H&E
staining, along with blood cell counts and serum biochemistry analyses, confirmed the biological safety of the
treatment. By synergistically integrating these innovations, this study offers novel insights and advancements that
may contribute to the development of more effective therapeutic strategies for breast tumor, and addressing critical

challenges in the current treatment paradigms.

Materials and Method

Materials

Tetrachloroauric (III) acid trihydrate (HAuCl4*3H,0), Sodium citrate, 1-(4,5-dimethylpyridin-2-yl-3,5-diphenylforma-
mide (MTT) and were purchased from Sigma Aldrich Co., Ltd. (Shanghai, China). Doxorubicin hydrochloride was
purchased from MedChemExpress Co., Ltd. (Shanghai, China). Fetal bovine serum (FBS), Roswell Park Memorial
Institute 1640 (RPMI-1640) medium, and Dulbecco’s Modified Eagle’s medium (DMEM) were got from Corring Co.,
Ltd. (Manassas, USA). DAPI staining Solution and Nuclear and Cytoplasmic Protein Extraction Kit were obtained from
Beyotime Co., Ltd. (Jiangsu, China). All other reagents were analytical grade and provided by Macklin Co., Ltd.
(Shanghai, China).

15480 ‘s International Journal of Nanomedicine 2025:20



Zhang et al

Instrumentation

The UV-visible absorbance spectra were obtained employing the SHIMADZU LabSolutions UV model UV2600s
spectrophotometer (Shimadzu Corporation, Japan). The size and zeta potential of nanoparticles were acquired using
a dynamic light scattering (DLS) instrument, Mastersizer 3000 Ultra (Spectrisplc, France). Transmission electron
microscopy (TEM) images were acquired using a JEOL JEM-F200 microscope (JEOL Ltd., Japan). MTT assay
absorbance values were recorded using a Multiskan Sky Microplate Spectrophotomerer (BioTek Instruments.
Inc. USA).

Synthesis of AuNPs

The synthesis of AuNPs was conducted based on our previously reported method with minor modification.?” In brief,
0.5 mL of HAuCly, solution (1%) was dissolved in ultrapure water (50mL) in a round-bottomed flask under continuous
stirring. The mixture was heated to 95 °C, followed by the rapid addition of 1.25 mL Sodium citrate solution (1%). The
reaction was maintained for 15 min until the solution color changed from faint yellow to wine red. After additional
15 min of stirring, the resulting product was cooled down to room temperature and stored at 4 °C for future use.

Synthesis of M@DOX@AuNPs

Tumor cell membrane (M) was collected using a Nuclear and Cytoplasmic Protein Extraction Kit.*® Briefly, cells in the
logarithmic growth phase were washed with PBS, scraped from the culture dish, and resuspended in 200 pL of
cytoplasmic protein extraction reagent A. The cells were then thoroughly dispersed through vigorous vertexing.
Subsequently, 10 uL of regent B was added to lyse the cells. Following centrifugation at 16,000g for Smin, the cell
membrane pellet was collected from the bottom of the centrifuge tube.

SDS-PAGE and Western blot were performed to detect acquired cell membranes. Cell lysates or membrane fractions
were mixed with loading buffer and boiled for 5 minutes. A total of 20ng of protein was loaded per lane for SDS-PAGE.
The gel was stained with Coomassie Brilliant Blue R250 (10mg/mL), destained with 50% methanol, and subsequently
photographed. For CD47 detection, following SDS-PAGE, proteins on the gel were transferred onto a PVDF membrane,
blocked with 5% skim milk, incubated with primary anti-CD47 antibody, and then probed with HRP-conjugated
secondary antibody. Protein bands were visualized using enhanced chemiluminescence (ECL) detection reagent.

DOX was loaded onto AuNPs through electrostatic adsorption. Briefly, SmL of DOX solution (1mg/mL) was added
to 5 mL of AuNPs solution (Img/mL), followed by stirring at 25 °C for 4 hours to form DOX-loaded AuNPs
(DOX@AUNPs). To coat the cell membrane onto DOX@AUuNPs, the membrane isolated from 1x10” cells was mixed
with the obtained DOX@AuNPs and subjected to ultrasonication at 100% amplitude for 30 mins under ice-cooling
conditions. Finally, the mixture was centrifuged to collect the cell membrane-coated nanoparticles M@DOX@AuNPs.

Quantification of DOX on M@DOX@AuNPs

The drug conjugated to AuNPs was measured using UV-visible absorbance spectroscopy. The standard cure was
generated by measuring the absorbance of known concentrations of DOX. After DOX mixed with AuNPs for 4 hours,
the producer was centrifuged and recorded the absorbance of the supernatant which corresponds to that of unbound
DOX. Drug loaded on AuNPs was calculated by the concentration difference of DOX before and after the reaction.

Drug Release Analysis

To establish the time-responsive drug release mechanism, an in vitro drug release analysis was conducted using UV-visible
absorbance spectroscopy. The prepared M@DOX@AuNPs and DOX@AuNPs were separately resuspended in citrate buffer
(pH 6.5) or PBS buffer (pH 7.4) for comparative analysis. At predetermined time intervals, aliquots of the supernatant were
collected for UV-visible spectroscopic analysis, and the drug release profile was subsequently evaluated as follows:

Drug release = (Drugime point/ DIUginitia) % 100
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Hemolysis Test

Red blood cells were collected from BABL/c mice via centrifugation. Following washing with phosphate-buffered saline (PBS),
the red blood cells were resuspended in M@DOX@AuNPs solutions at varying concentrations. Ultrapure water and 0.9% NaCl
solution were employed as positive and negative controls, respectively. After incubation for 12 hours, the supernatant was
analyzed by UV-visible absorbance spectroscopy. Hemolysis was assessed using the following calculation formula:

Hem()lySiS: (Atest group/ A positive control) x100

In vitro Material Uptake

The cell lines used in this study, including 4T1 and MDA-MB-231, were all obtained from National Collection of
Authenticated Cell Cultures (Shanghai, China). Cells (4T1 and MDA-MB-231) in the logarithmic growth phase were
seeded into 6-well plates. Following overnight culture, the cells were incubated with DOX, DOX@AuNPs, or
M@DOX@AuNPs in the CO, incubator for 8 hours. Subsequently, the cells were washed with PBS and fixed with
glutaraldehyde, followed by treatment with DIPA for nuclear staining. Fluorescence intensity across different cell
samples was captured using a laser confocal microscope. Additionally, flow cytometry was employed for semi-
quantitative analysis of drug uptake by tumor cells after incubation with various nanoparticles for 8 hours.

In vitro Cytotoxicity Analysis

Cells (4T1 and MDA-MB-231) were seeded in 96-well plates at a density of 0.8x10* cells per well. Following overnight
culture, the cells were treated with AuNPs, Cell membrane, DOX, DOX@AuNPs, or M@DOX@AuNPs at different
concentrations for 24 hours, with PBS-treated cells serving as the control group. Cell viability was measured using the
MTT assay according to previously established protocols. Following measurement of the absorbance of each well, cell
viability was calculated using the following formula:

Cell Vlablhty = (Aureated / Acontrol) * 100

IC50 values for DOX, DOX@AuNPs, and M@DOX@AuNPs against 4T1 and MDA-MB-231 cells were determined
using GraphPad Prism (10.4.2) software by analyzing cell viability across various concentrations.

For detection of cell apoptosis, cells were harvested and washed with staining buffer after treatment with different
drugs for 24 hours. Subsequently, the cells were incubated with Annexin V-APC for 15mins, followed by the addition of
7-AAD for additional 5 mins. Apoptotic cells across different groups were then analyzed using flow cytometry.

Blood Biochemistry Analysis and H&E Staining

Twenty-four mice were randomly assigned to four groups and administered intravenous injections of PBS, DOX,
DOX@AuNPs, or M@DOX@AuNPs on 5 occasions, with a one-day interval between each injection. Two days after the
final injection, Whole blood samples were collected from the mice, following which the animals were euthanized to allow for
the collection of hearts, livers, spleens, lungs and kidneys. The collected blood samples were first subjected to routine blood
analysis, then centrifuged to separate the serum. Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and Creatinine were subsequently measured.’® The excised organs were fixed in formaldehyde and embedded in
paraffin wax; tissue sectioning, staining, and scanning were performed by Servicebio Co., Ltd. (Wuhan, China).

In vivo Antitumor Efficacy

The experimental steps to establish the 4T1 mouse melanoma model followed the protocol approved by Xinxiang
Medical University (number of ethical permissions: EC-023-036) and the Guide for the Care and Use of Laboratory
Animals (Washington (DC): National Academies Press (US); 2011). 4T1 cells in the logarithmic growth phase were
suspended in PBS at a concentration of 1x10"cells per mL. To establish the tumor model, 100 pL of the cell suspension
was injected subcutaneously into the right flank of BABL/C mice (6-8 weeks purchased from Vital River Co., Ltd.
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Beijing, China). 4 days later, when the tumors became palpable, the mice were randomly divided into four groups (6 mice
in each group) and administered intravenous injections of PBS, DOX (5 mg/Kg), DOX@AuNPs (5 mg/Kg, based on the
DOX content), or M@DOX@AuNPs (5 mg/Kg, based on the DOX content) 5 times with a one-day interval between
each injection. Tumor size was measured every two days using a vernier caliper, and body weight was recorded
simultaneously. Following the treatment period, the mice were euthanized, and the tumors were excised, weighed, and
photographed. Tumor volumes (V) were calculated using the following formula:

V= Tumor length x Tumor width?/2

For the in vivo biodistribution study, mice were euthanized 8 hours after the initial administration of PBS, DOX,
DOX@AuNPs, or M@DOX@AuNPs. Major organs and tumor tissues were then harvested, and fluorescent images were
acquired using the LumiFluor AniView100 imaging system (Guangzhou Biolight Biotechnology Co., Ltd).

Statistical Analysis

All experiments were conducted at least 3 times (n > 3 for cell experiments and n > 6 for mouse experiments), with
results presented as mean =+ standard deviation (SD). Statistical analysis was performed using one-way analysis of
variance (ANOVA) followed by an unpaired two-tailed Student’s #-test,* utilizing GraphPad Prism software (GraphPad
Software, Inc., CA, USA). Levels of statistical significance were defined as follows: ns (not significant), * P < 0.05, **P
< 0.01, *** P <0.005, **** P <0.001.

Results and Discussion

Characterization of M@DOX@AuNPs
The isolated cell membranes were analyzed by SDS-PAGE and Western Blot, as shown in Figure S1, compared with the

total protein in cell lysates, the protein in cell membrane was less, and the CD47 protein was enriched in the cell membrane.
The size of different nanoparticles was presented in Figure 1A. As reported in previous studies, the particle size of
AuNPs was approximately 20 nm, and the particle size increased with the sequential loading of DOX and cell membrane.
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Figure | (A) Size distribution, (B) UV-vis absorbance, and (C) Zeta potential of AuNPs, Cell membrane, DOX, DOX@AuNPs, and M@DOX@AuNPs. (D) Drug release
profiles of DOX@AuNPs and M@DOX@AuNPs in PBS (pH 7.4) and citrate buffer solution (pH 6.5).
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The Zeta potential also varied during the assembly of the drug delivery system. The Zeta potentials of the synthesized
AuNPs and free DOX were measured to be approximately —34.30 + 2.15 mV and 27.70 + 0.17 mV, respectively
(Figure 1B). DOX@AuNPs, with a Zeta potential of about 4.16 + 1.34 mV, were formed through electrostatic interaction
between DOX and AuNPs. Subsequently, cell membrane, which exhibited a Zeta potential of approximately —39.77 +
0.31 mV, was coated onto the DOX@AuNPs, resulting in nanoparticles with a final zeta potential of —29.27 + 1.06 mV.
The successful construction of the drug delivery system was further confirmed by UV-Vis spectroscopy. As shown in
Figure 1C, consistent with previous reports, the absorbance peaks at 520nm and 490nm correspond to AuNPs and DOX,
respectively. The broadened absorbance peak at around 550nm for DOX@AuNPs indicates that DOX was effectively
conjugated onto the surface of AuNPs. Based on the calculations, it was determined that 1mg of AuNPs can load 210 pg
of DOX. For the cell membrane, the characteristic absorbance peak appeared at 280nm and this same peak was observed
in M@DOX@AuNPs after the cell membrane coating process.

Before the application of M@DOX@AuNPs in tumor treatment, their DOX release profiles were evaluated in citrate
buffer (pH 6.5), which mimics the tumor microenvironment, and in PBS buffer (pH 7.4), simulating physiological
conditions in the bloodstream. As shown in Figure 1D, DOX was rapidly released from DOX@AuNPs within the first
10 hours under both pH conditions, followed by a sustained release phase. In contrast, M@DOX@AuNPs exhibited
significantly reduced drug release at pH 7.4, with less than 40% of DOX released after 96 hours, whereas approximately
80% of the drug was released at pH 6,5 under the same time frame. These results indicate that cell membrane coating
effectively minimizes non-specific drug release while enabling enhanced release under acidic conditions resembling the
tumor microenvironment.

The morphology of AuNPs and M@DOX@AuNPs is presented in Figure 2, AuNPs exhibit a uniform spherical
structure with a diameter of approximately 20 nm (Figure 2A and B). Following the coating with cell membrane,
a distinct thin layer was presented on the surface of AuNPs (Figure 2C and D). Energy Dispersive Spectroscopy (EDS)
analysis of M@DOX@AuNPs is presented in Figure S2, showing the presence of key elements in biofilms, including C,
N, P and S. These observations indicate that DOX was successfully loaded onto the AuNPs, and that the cell membrane
was effectively coated.

In vitro Biosafety of M@DOX@AuNPs

To ensure clinical safety, a hemolysis assay was performed to evaluate the blood compatibility of M@DOX@AuNPs.
The results are presented in Figure S3, 4 hours after co-incubation with M@DOX@AuNPs at various concentrations
(12.5, 25, 50, 100, 200 pg/mL), the supernatants remained nearly transparent (Figure S3A), and the calculated hemolysis
rates were below 5% (Figure S3B).

Evaluation of Phagocytosis of Tumor Cells

The phagocytosis of drugs by tumor cells was the initial step in achieving their full therapeutic effect. DOX is capable of
emitting red fluorescence under a fluorescence microscope, and DIPA was used to label the cell nucleus. As demonstrated
by the CLSM results, after an 8-hour incubation with DOX, red fluorescence was observed within the tumor cells. With
the assistance of AuNPs, the intensity of red fluorescence in the DOX@AuNPs treated tumor cells increased signifi-
cantly. Upon coating the cell membrane, M@DOX@AuNPs exhibited the strongest and most widely distributed red
fluorescence within the tumor cells (Figure 3A and B). These findings were corroborated by flow cytometry results
(Figure S4), which aligned with the CLSM observations as shown in Figure 3A and B. Collectively, these results
suggested that M@DOX@AuNPs hold significant potential as a nanoparticle-based drug delivery system for tumor
therapy.

In vitro Cytotoxicity Studies

To evaluate the anti-tumor efficacy of the drug delivery system, the cell viability of tumor cells (4T1 and MDA-MB-231)
was first assessed using the MTT assay after exposure to varying concentrations of AuNPs or cell membrane for
24 hours. As presented in Figure 4, neither AuNPs nor the cell membrane exhibited a significant effect on the viability of
4T1 or MDA-MB-231 cells.
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Figure 2 TEM images of (A and B) AuNPs and (C and D) M@DOX@AuNPs.
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Figure 3 Confocal microscopy images showing the nuclear staining of (A) 4TI cells and (B) MDA-MB-231 cells with DIPA for PBS, DOX, DOX@AuNPs and
M@DOX@AuNPs.
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Subsequently, the cytotoxic effects of DOX, DOX@AuNPs and M@DOX@AuNPs on 4T1 and MDA-MB-231 cells
were examined (Figure 5A and B). Notably, M@DOX@AuNPs displayed significantly enhanced cytotoxicity against
cancer cells compared to DOX and DOX@AuNPs across different concentrations. Meanwhile, the IC 50 values of DOX,
DOX@AuNPs and M@DOX@AuNPs against 4T1 and MDA-MB-231 cells are presented in Figure S5, indicating
a significant reduction in IC50 upon loading of the drug onto AuNPs, with a further decrease observed when the

nanoparticles were coated with cell membrane. Given that neither AuNPs nor the cell membrane alone affected tumor
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Figure 5 Cell viability of (A) 4T cells and (B) MDA-MB-231 cells treated with different concentrations of DOX, DOX@AuNPs, or M@DOX@AuNPs. Data represent the
mean = SEM from three repeats. Statistical significance among groups: **P < 0.01, ***P < 0.005.
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cell viability, the observed differences may be attributed to the improved drug delivery capability of AuNPs and the
targeting effect of the cell membrane, as illustrated in Figure 3.

Cell apoptosis appears to be a more sensitive indicator than changes in cell viability for evaluating the therapeutic
effects of drugs on tumors. In this study, AnnexinV and 7-AAD staining were employed to analyze cells treated with
various drug formulations (Figure 6). Tumor cells treated with DOX for 24 hours exhibited a higher rate of apoptosis
compared to the PBS control group, which is consistent with finding from previous researchers. When loaded onto
AuNPs, DOX@AuNPs demonstrated an enhanced ability to induce apoptosis. Notably, cells incubated with
M@DOX@AuNPs showed the highest apoptosis rate among all groups, including PBS, free DOX, and
DOX@AuNPs. These results were consistently observed in both 4T1 and MDA-MB-231 cell lines, indicating that
AuNPs can serve as effective drug delivery carriers and that targeting the cell membrane can further enhance the
antitumor effect of DOX.

In vivo Anti-Tumor Effect

Due to the excellent intracellular uptake and in vitro tumor cell-killing effect, the anti-tumor efficacy was evaluated using
a subcutaneous 4T1 tumor model. For the evaluation of target effects, tumor-bearing mice were administered with DOX,
DOX@AuNPs, M@DOX@AuNPs, or PBS as control to assess DOX biodistribution. Eight hours after the first
administration, major organs and tumor tissues were collected for fluorescent images. As shown in Figure S6, free
DOX primarily accumulated in the liver and lungs. When DOX was loaded onto AuNPs, accumulation in off-target
organs was significantly reduced, and increased enrichment was observed in the tumor tissue. Notably, when the
nanoparticles were coated with cell membranes, DOX exhibited almost exclusive accumulation at the tumor site. This
may be attributed to cell membrane coating, whereby CD47 present on the cell membrane inhibits mononuclear-
macrophage phagocytosis, while the cell membrane coating may also enable passive targeting through homologous
membrane-mediated mechanisms.

Tumor growth was monitored every two days over a 24-day period starting from the day the tumor model was
established. As shown in Figure 7A, DOX, DOX@AuNPs, and M@DOX@AuNPs all demonstrated the ability to inhibit
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Figure 7 In vivo antitumor efficacy of M@DOX@AUuNPs. (A) Tumor growth curves of 4T | tumor-bearing mice over the course of treatment. (B) Representative photos of
excised tumors and (C) quantitative analysis of tumor weights across different treatment groups following 5 times of treatment. (D) body weight changes of 4T tumor-
bearing mice over time. Data represent the mean * SEM from six mice. Statistical significance among groups: *P < 0.05.

tumor growth in the mouse model. Notably, both DOX@AuNPs and M@DOX@AuNPs exhibited enhanced anti-tumor
effects, with M@DOX@AuNPs nearly eliminating the tumor. Following the final measurement, the tumors were
dissected, photographed and weighted (Figure 7B and C). Consistent with the tumor growth curve, the tumor images
and weights both indicated that M@DOX@AuNPs exhibited a superior anti-tumor effect. Body weight monitoring
revealed significant fluctuations in the DOX-treated group, which aligns with previous findings (Figure 7D).
Interestingly, no significant changes in body weight were observed in M@DOX@AuNPs treated mice. These results
clearly demonstrate the potent anti-tumor efficacy of the cell membrane coated drug delivery system.

Biosafety of M@DOX@AuUNPs

In the mouse tumor model prior to treatment, the biosafety of the drug delivery system was evaluated by analyzing blood
cell counts and assessing the liver and kidney injury markers in the serum, followed by histopathological examination of
the major organs via H&E staining. As shown in Figure S7, no significant differences were observed in major blood
components, including leukocyte (WBC), red blood cell (RBC), platelet (PLT) and hemoglobin (HB) across the different
experimental groups. Additionally, the proportions of immune cell populations — such as monocyte (mono), lymphocyte
(Ivmph), neutrophils (neut) and eosinophils (eos) — remained largely unchanged. Furthermore, serum levels of liver injury
markers (ALT and AST) and the kidney injury marker (Creatinine) were measured (Figure S8), revealing nearly identical
results across all four groups.
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Figure 8 Histological analysis of heart, liver, spleen, lung, and kidney tissues from mice treated with PBS, DOX, DOX@AuNPs, or M@DOX@AuNPs via H&E staining,
Scale bar: 100 ym.

Histological analyses were conducted using H&E staining. No tissue damage was observed in the heart, liver, spleen
and kidney in any of the treated groups (Figure 8). Mild inflammatory reactions were detected in the lungs of mice
treated with DOX; however, these inflammatory responses were significantly reduced in DOX@AuNPs and
M@DOX@AuNPs groups. Although, AuNPs may accumulate in organs over the long term, the extent of damage
induced by AuNPs is significantly lower than that caused by DOX. Meanwhile, drug loading onto AuNPs significantly
reduce their enrichment in lung tissue (Figure S6), thereby further mitigating pulmonary injury. These results indicate
that the drug delivery system developed in this study is safe and does not induce organ damage in experimental mice.

Conclusions

In summary, we rationally designed a drug delivery system that specifically targets tumor cells. AuNPs were utilized as
drug carriers duo to their excellent drug delivery capability, while cell membrane coating further enhanced
M@DOX@AuNPs with high targeting activity in vitro and in vivo. This drug delivery system demonstrated significant
anti-tumor effects in 4T1 and MDA-MB-231 tumor cell lines and effectively inhibited tumor growth in a mouse model.
Moreover, biosafety was confirmed through in vitro hemolysis tests, biochemical assays, blood cell count analysis from
treated mouse, and Histological examination of major organs. Overall, this dual-functional nanomedicine, integrating
both targeted delivery and anti-tumor properties, offers a promising and effective strategy for tumor therapy.
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