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Nanoparticles (NPs) disguised in the cell membrane are a new type of biomimetic platform. Due to their ability to simulate the unique biological functions of membrane-derived cells, they have become one of the hotspots of research at home and abroad. The tumor-specific antigen antibody carried by breast cancer cell membranes can modify nanoparticles to have homologous tumor targeting. Therefore, nanoparticles wrapped in cancer cell membranes have been widely used in research on the diagnosis and treatment of breast cancer. This article reviews the current situation, prospects, advantages and limitations of nanoparticles modified by cancer cell membranes in the treatment and diagnosis of breast cancer.
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1 Introduction

In recent years, breast cancer has become the leading cause of cancer death in women (1). Early diagnosis and effective treatment of breast cancer are key to reducing mortality. However, traditional methods of diagnosing breast cancer often rely on tissue biopsy, which is limited by sampling errors and invasiveness. Moreover, there is a lack of effective diagnostic methods for detecting metastatic lesions of breast cancer. Additionally, the systemic side effects of breast cancer chemotherapy pose challenges to the survival of patients with underlying health conditions. In order to improve this problem, in recent years, nanoparticles drug delivery systems have been widely studied for targeted delivery of molecular probes/therapeutic drugs to achieve accurate early diagnosis and treatment of breast cancer. However, the lack of targeting of nanoparticles and the presence of problems such as tumor immune suppression have led to reduced treatment efficacy and tumor recurrence (2, 3). In recent years, some scholars have found that nanoparticles modified by cancer cell membranes have better immune evasion ability, permeability and targeting ability than unmasked nanoparticles in the treatment of breast cancer models, making it easier for therapeutic/diagnostic drugs to aggregate at the target location. This provides new possibilities for the precise diagnosis and chemical treatment of breast cancer (4). This article will review the progress of biomimetic nanoparticles wrapped in cancer cell membranes used for the diagnosis and treatment of breast cancer.




2 Cancer cell membrane coated nanoparticles and breast cancer



2.1 Breast cancer

Breast cancer originates from the glandular epithelial tissue of the breast and has high heterogeneity. Based on the expression of estrogen receptor, progesterone receptor, human epidermal growth factor receptor 2 and Ki-67, breast cancer can be divided into Luminal A type, Luminal B type, HER2-positive type and Basal-like type. The treatment and prognosis of breast cancer are closely related to its molecular typing. Currently, the basic treatment for breast cancer is surgery, radiotherapy and chemotherapy (5). However, there is still no completely effective treatment for breast cancer. Surgery is not suitable for every stage of cancer. Radiotherapy is harmful to normal tissues in the body and is not completely effective against cancer cells. Chemotherapy has certain limitations in the treatment of breast cancer. For example, the side effects of chemotherapy make it impossible for patients to receive further treatment. Secondly, cancer cells use drug transport pumps to remove drugs from inside the cells, resulting in distant metastasis that cannot be affected by chemotherapy drugs and tumor cells that are resistant to chemotherapy drugs (6).




2.2 Cancer cell membrane coated nanoparticles

Cancer cell membrane coated nanoparticles (CCMNPs) are NPs coated with the lipid bilayer of cancer cell membranes. NPs are synthetic materials with stability and biocompatibility. NPs have been widely proven to be used to carry therapeutic or imaging drugs and enhance the stability of hydrophobic drugs, reduce toxicity and improve the efficiency of drugs on tumors (7). However, currently, most of the NPs drug delivery systems fail to meet clinical requirements in terms of circulation time in vivo and accumulation within tumor tissues. Therefore, in recent years, some scholars have proposed using cellular membrane to biologically modify NPs to evade the clearance by the immune system (8). Among the various cell membranes being extensively studied are red blood cell membrane, platelet membrane, stem cell membrane, immune cell membrane, extracellular vesicles and cancer cell membrane (9, 10). Compared to other cell membranes, cancer cell membrane has shown significant homologous targeting, with a much higher concentration in tumor tissues compared to nanoparticles encapsulated with other cell membranes. It also exhibits certain characteristics of prolonged blood circulation time, making it more promising in tumor treatment (11) (Figure 1). The cancer cell membrane coating has a variety of surface proteins derived from cancer cell membranes, including tumor-specific ligands, which exhibit biological complexity may be used for cancer vaccines and related applications (12). Using CCMNPs combines the advantages of synthetic materials and biological materials in a single biomimetic platform (13).




Figure 1 | The main advantages of cancer cell-modifying nanoparticles: the significantly prolonged circulation time in the body and homotypic targeting towards both primary breast cancer lesions and distant metastatic lesions.






2.3 Preparation of cancer cell membrane coated nanoparticles

The brief process of synthesizing cancer cell membrane coated nanospheres is to obtain cancer cell membrane and nanoparticle core separately, followed by encapsulating the nanoparticle surface with the cancer cell membrane (Figure 2). The nanoparticles core of CCMNPs is mainly composed of poly-lactic acid-hydroxyethyl acrylate copolymer (PLGA), liposomes, ferric oxide, copper sulfide and up-conversion nanoparticles (14). This article mainly discusses the modification of cancer cell membranes and does not elaborate too much on the synthesis of nanoparticles. The integrity of functional proteins on the cell membrane surface is key to achieving its biomimetic camouflage. Therefore, the extraction of the cell membrane skeleton should be as gentle as possible to minimize possible deformation of membrane proteins. To obtain the required cancer cell membrane, cultured tumor cells are treated with low-permeability buffer or repeated freeze-thawing processes to mediate cell death. Subsequently, under the protection of protease inhibitors at 4 °C, the contents inside the cells, including nuclei, enzymes and other vesicles, are removed by discontinuous sucrose gradient centrifugation and ultrasonic washing, and finally the cell membrane can be collected (15). Then, the membrane-enriched fraction is washed with a plasma buffer to obtain cell membrane vesicles, which are further subjected to ultrasonic treatment and extruded through a porous polycarbonate membrane to obtain nanosized vesicles. Finally, the obtained cancer cell membrane is fused with nanoparticles to obtain CCMNPs. The commonly used methods for fusion include mechanical extrusion and ultrasonic treatment. Mechanical extrusion involves the use of a porous polycarbonate membrane to co-extrude the membrane and nanoparticles. By repeatedly pressing the nanoparticle-cell membrane mixture through polycarbonate membranes of different pore sizes, fusion between the nanoparticles and the cell membrane is achieved, taking advantage of the flowability of cell membrane vesicles (8). Ultrasonic treatment utilizes ultrasound-induced cavitation bubbles to disrupt the membrane structure, allowing the membrane to reassemble around the nanoparticles. In terms of cost and efficiency for large-scale production, ultrasonic treatment is more favorable. However, specific adjustments in ultrasound power, frequency, and duration are required to minimize denaturation of surface proteins on the cell membrane (16). Despite these efforts, both methods still have relatively low efficiency and success rates, posing a significant bottleneck for the further application of cancer cell membrane-modified nanoparticles. Some scholars have used microfluidic electroporation-based method to achieve complete membrane coverage on the core nanoparticles, during which process pulse voltage, duration, and flow velocity should be optimized (17).




Figure 2 | Synthesis process of CCMNPs: Firstly, obtain the target cancer cells and nanoparticles. (A) The cells are lysed and disrupted by utilizing a hypotonic solution treatment or repetitive freeze-thaw cycles. Continuous sucrose gradient centrifugation and ultrasonic washing are performed to remove cellular contents. Subsequently, the membrane-rich fraction is washed with a plasma buffer solution to obtain cellular membrane vesicles. (B) Fuse the obtained cancer cell membranes with nanoparticles using a mechanical extrusion/ultrasonic treatment/microfluidic electroporation-based method to obtain CCMNPs.







3 The application in breast cancer imaging and diagnosis



3.1 Cancer cell membrane coated fluorescent molecular probe imaging

Upconversion nanoparticles (UCNPs) convert near-infrared radiation (NIR) into visible light, and are a new generation of fluorescent probes with broad application prospects (18, 19). UCNPs have photochemical characteristics, such as significant light penetration depth, narrow emission peak, excellent photostability, low toxicity and no background fluorescence, which are especially suitable for imaging of superficial organ cancers such as breast cancer (20). RAO et al. assembled MDA-MB-435 human breast cancer cell membrane-modified β-NaYF4:Er3+, Yb3+UCNs (CC-UCNs), and also assembled cell membranes from melanoma/prostate/squamous/cell/colorectal cells, and synthesized corresponding CC-UCNs. The homologous binding of CC-UCNs was studied in vitro by flow cytometry and confocal microscopy. Significant binding was observed when the cell membrane of CC-UCNs matched the cancer cell type, while almost no targeting was displayed when mismatched. When CC-UCNs derived from MDA-MB-435 cells was injected into mice implanted with homologous tumors, their homologous tumor grafts showed obvious Upconversion luminescence, and accumulated higher than CC-UCNs from other cell lines (13, 21). Another study by CHEN et al. showed that CCM molecular probe successfully reduced the interception of liver and kidney on it, the cell adhesion molecules on the surface of camouflaged NPs had homologous targeting binding, achieved high aggregation of tumor, and could perform real-time high spatial resolution imaging (22).




3.2 Cancer cell membrane coated paramagnetic nanoparticles in MRI imaging

Currently, in clinical practice, X-ray mammography, ultrasound, and MRI imaging are mainly used for breast cancer diagnosis. Compared to the other two, MRI is considered to have better soft tissue high spatial resolution. And due to the relative popularity of its equipment, the development of MRI imaging using nanoparticles with cancer cell membrane coating is believed to be easier in clinical practice than single molecular probe imaging. The research on MRI targeted imaging using molecular probes combined with paramagnetic materials has a long history. It has been considered more valuable in disease diagnosis due to its high r1 and r2 values and long blood circulation time (23). However, the combination of molecular probes and paramagnetic materials alone has always been unsatisfactory in terms of biocompatibility and in vivo circulation time. In recent years, based on this, it is believed that there is potential for better blood circulation time and biocompatibility by attaching cancer cell membrane coating on the surface of nanoparticles (24). According to some reports, MRI contrast agents using molecular probes coated with cancer cell membranes combined with paramagnetic materials have shown better aggregation effects in cancer models such as lung cancer. The use of cancer cell membrane coated nanoparticles in MR-enhanced imaging has achieved better imaging results (25, 26).

In breast cancer research, Zhang et al. demonstrates that paramagnetic substances coated with breast cancer cell membranes exhibit enrichment within cancer cells and possess potential for in vivo applications (27). some scholars have synthesized 4T1 cancer cell membrane coated Poly lactic-co-glycolic acid-Prussian blue (PLGA-PBs) materials. In a mouse homogenous tumor model, it has been demonstrated that in T1-weighted imaging, there is a clear boundary between the tumor tissue and surrounding normal tissue, with clear anatomical structure. In T1-weighted quantitative analysis, the enhancement rate of the cancer cell-modified group (159.632 ± 8.549%) is significantly higher than that of the molecular material without cancer cell membrane coated (76.784 ± 3.346%). This indicates the evident homogenous targeting effect of breast cancer cell membrane modification and its enrichment in cancer tissue (28).

Other scholars have also used MDA-MB-231 cancer cell membranes coated NaGdF4:Yb,Tm@NaGdF4(UNNPs)to perform MR imaging on both a mouse model with homogenous breast cancer and a mouse model with MCF-7 breast cancer. The results indicate that compared to the group directly using UCNPs, the group injected with cancer cell membrane coated UCNPs shows a more pronounced enhancement in the tumor area. Furthermore, the enhancement in the tumor area is more pronounced in the group injected into the MDA-MB-231 tumor compared to the MCF-7 group. This suggests that cancer cell-modified nanoparticles have a certain degree of discriminatory ability for different molecular subtypes of breast cancer, which cannot be achieved by traditional MRI imaging methods (29).




3.3 Cancer cell membrane coated ultrasound microbubble imaging

The use of ultrasound scattering from microbubbles to achieve contrast-enhanced ultrasound (CEUS) has attracted much attention for its potential in cancer molecular imaging (30). Currently, micrometer-sized gas bubble ultrasound contrast agents have been widely used in clinical practice. In order to more effectively distinguish between malignant and benign lesions, nanoscale particles modified with cancer cell membranes that have the ability to target extravascular targets are introduced. Recently, JUGNIOT et al. developed cancer cell membrane-modified nanobubbles with targeting ability for ultrasound contrast imaging of triple-negative breast cancer. Their shell is composed of TNBC MDA-MB-231 cell membrane and added surfactant to reduce surface tension, and filled with octafluoropropane gas inside. The experimental results showed that the nanoparticles had specific adhesion effect in vitro model and showed good homologous affinity, which was conducive to the aggregation of CCMNBs in the tumor. In mouse model CEUS imaging, CCMNBs showed affinity for different subtypes of breast cancer models, and compared with non-targeted NBs, the peak intensity and area under the curve of time intensity map showed that CCMNBs signal was significantly enhanced (2.1 times, P=0.004 and 3.6 times, P=0.009, respectively), and had higher stability and longer retention period. In terms of biosafety, no residue was found in all tissues 24h after injection, and no biological damage was caused. Immunofluorescence analysis further confirmed the presence of CCMNBs in the tumor microenvironment. It showed that CCMNBs can break through the limitation of universal cancer biomarker recognition, make tumor necrosis factor biomarker targeting not affected by the high heterogeneity of breast cancer tissue, and thus improve the diagnostic ability and potential drug targeting delivery ability (31).

Compared to other imaging methods, using CEUS for targeted imaging is more convenient and cost-effective, and is more conducive to clinical application. Therefore, it has broad application prospects. In addition, despite this, there are still few studies on CEUS imaging with cancer cell membrane coated nanoparticles, which is believed to be a focus worthy of observation in the future.





4 Application in breast cancer therapy



4.1 Cancer cell membrane coated nanoparticle in chemotherapy

Chemotherapy is an important method for breast cancer treatment, especially for triple-negative breast cancer (TNBC) and advanced breast cancer patients who have lost surgical indications, which can effectively relieve symptoms, improve patient quality of life and prolong survival. In recent years, with the development of nanotechnology, to solve the problems of low bioavailability, poor efficiency and large side effects of traditional chemotherapy drug delivery methods, people have studied the use of nanoparticles to encapsulate chemotherapy drugs for delivery, but there are still problems of insufficient body circulation time and easy clearance by the immune system (32, 33). In one study, SUN et al. developed a CCMNPs for the treatment of breast cancer with distant metastasis. Its core is composed of nanoparticles polymerized by poly(caprolactone) (PCL) and pluronic copolymer F68 loaded with paclitaxel (PTX), and the outer layer is a coating formed by 4T1 breast cancer cell membrane. Thomsen-Friedenreich antigen(TF-antigen), epithelial cell calcium adhesion protein (E-cadherin) and CD47 were further confirmed to be related to breast cancer cell adhesion and recognition. The experimental results showed that using this CCMNPs-DDS can selectively make PTX highly accumulate in the primary tumor and lung tissue metastatic lesions, and showed significant anti-tumor and anti-metastasis effects (34).

Besides, the use of cancer cell membrane to wrap poly (lactic acid) (PLA), spiky-shell mC@SiO2 nanomotor, nanomicelle lactose-DOX (lac-DOX) loaded chemotherapy drugs have proved the high targeting, high accumulation characteristics of CCMNPs in breast cancer treatment, and have good biosafety (35, 36).

In addition, some scholars have modified nanoparticles loaded with chemotherapy drugs with hybrid membranes formed by mixing cancer cell membranes with other cell membranes, such as cancer cell membrane-macrophage membrane, cancer cell membrane-red blood cell membrane (37, 38). GONG’s cancer cell membrane-macrophage membrane, which combines the advantages of cancer cell membrane and macrophage, showed stronger inflammation driving ability and targeting specific metastasis ability, and significantly improved multi-targeting ability of metastatic lesions in breast cancer lung metastasis model. It provides a promising biomimetic nano-platform for effective treatment of breast cancer metastasis.




4.2 Cancer cell membrane coated nanoparticle optical therapy

Optical therapy mainly includes photodynamic therapy (PDT) and photothermal therapy (PTT), which is a therapy that uses photosensitizer (PS) to be excited by light of a specific wavelength to release reactive oxygen or heat to achieve the purpose of treating cancer (39). Since PS shows high accumulation level in the near-nuclear regions such as mitochondria, endoplasmic reticulum, etc. of most breast cancer cells, PDT and PTT are considered to have broad prospects for the treatment of breast cancer (40–42). Using CCMNPs for targeted delivery of PS can effectively increase the local target area blood drug concentration, and reduce the drug accumulation in other tissues and organs, and reduce side effects. CHENG et al. reported CCM wrapped dendritic large pore mesoporous silica nanoparticles loaded with copper sulfide and R484 (CCM@DLMSN@CuS/R484) for PTT treatment of TNBC. The results showed that CCM@DLMSN@CuS/R484 had high TNBC targeting ability, and induced effective photothermal ablation of primary TNBC tumors under 980nm laser irradiation. Therefore, tumor antigen produced by responding to photothermal effect and gradually released R484, combined with AUNP-12 separated from tumor cells CCM@DLMSN@CuS/R484 synergistically exerted tumor vaccine inoculation and T lymphocyte activation function in weak acidic tumor microenvironment, promoted immune remodeling, and prevented TNBC recurrence and metastasis (43).

In addition, recently WU et al. developed a core-shell nano-platform (HM/D-I-BL), using hollow mesoporous manganese dioxide (HM) to coat biomimetic cancer cell membrane, for tumor photodynamic therapy. Cell uptake and fluorescence imaging studies confirmed that HM/D-I-BL can be accurately delivered to the tumor site. HM/D-I-BL has the characteristics of in situ O2 generation in the tumor after laser irradiation, followed by enhanced chemotherapy/phototherapy, indicating its role as a TME-responsive nano-enzyme in alleviating tumor hypoxia in the presence of H2O2. In addition, HM/D-I-BL showed good fluorescence and magnetic resonance imaging properties, which provided reliable multimodal image-guided combined tumor treatment for future precise treatment (44).

Recently, some nano systems that utilize photosensitizers to boost cuproptosis and proton pump inhibitors (PPIs) to enhance PDT have shown promising therapeutic effects for breast cancer and its distant metastases. It has been proven that these systems exhibit improved efficacy when modified with certain biomembranes, highlighting their potential for further development (45–47). Currently, there is still a lack of relevant experiments on cancer cell membrane modifications, which may be a crucial focus for future supplementation.




4.3 Immune targeting therapy using cancer cell membrane coated

Some recent studies have shown that molecular targeted therapy, such as epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI), has great potential for the treatment of triple-negative breast cancer. However, clinical data showed that EGFR-TKI drugs such as afatinib failed to achieve the expected (48). Therefore, a novel drug delivery method that can improve the efficacy of the drug is needed. WANG et al. used tumor cell membrane to wrap AFT/2-BP@PLGA@MD nanoparticles to significantly enhance the ability of AFT to inhibit tumor cell proliferation and migration in vitro. In addition, the nanoparticles showed enhanced tumor targeting ability in vivo, significantly inhibited the growth and metastasis of 4T1 tumors, and prolonged the survival of tumor-bearing mice. The nanoparticles also elicited anti-tumor immune response. It showed a novel and effective strategy for the treatment of refractory TNBC (49).

In addition to delivering immunotherapeutic drugs, the specific antigens present on the cancer cell membrane are believed to be able to train the immune system as a tumor vaccine. Although conceptually attractive, the clinical efficacy has been unsatisfactory due to the similarity between cancer tissue and healthy tissue. Therefore, some scholars have proposed using adjuvants that enhance immune stimulation by encapsulating the cancer cell membrane to promote effective antigen presentation and activation of downstream immune processes. KROLL et al. used CpG oligodeoxynucleotide 1826 (CpG), a nucleic acid-based immune adjuvant known to trigger antigen-presenting cell maturation, encapsulated in PLGA and coated on B16-F10 mouse melanoma cells. Experimental results using a syngeneic tumor mouse model showed that this nanovaccine formulation achieved significant control of tumor growth in a therapeutic setting (12). Similarly, other scholars have achieved promising results by using B16-F10 mouse melanoma cell membrane encapsulation with different immune-stimulating adjuvants (50, 51). In breast cancer research, RAO and other scholars utilized genetically edited cancer cell membrane coated magnetic nanoparticles(gCM-MNs) overexpressing SIRPα variants. In the 4T1 breast cancer cell mouse model, gCM-MNs exhibited significant control over local tumor growth and distant tumor metastasis, resulting in a significant extension of overall mouse survival. The combination of cell membrane coating nanotechnology and gene editing technology provides a safe and robust new strategy for activating the body’s immune response against cancer (52).

Currently, there is still limited research on cancer cell membrane-modified nanoparticle immunotherapy specifically targeting breast cancer models. Immunotherapy remains a hot topic in tumor research, and further studies are eagerly anticipated.





5 Safety and future clinical applications of cell membrane coated nanoparticles

Currently, in animal experimental studies, no direct harm to animal models has been observed with CCMNPs. Additionally, due to their relatively high accumulation within tumors, CCMNPs often reduce the side effects caused by therapeutic drugs. However, it is worth noting that CCMNPs have a longer circulation time in the body compared to the individual use of drugs or nanoparticle encapsulation, which undoubtedly increases safety risks. On the other hand, existing experiments still lack long-term observations of experimental animals and their offspring, thus the long-term risks of CCMNPs application cannot be ruled out.

Furthermore, although some metal, inorganic, and polymer nanoparticles have been approved for human use or are in advanced clinical trials (53), the use of biological cell membrane encapsulation in CCMNPs may classify the resulting drugs as biologics. This raises higher requirements for the heterogeneity and batch-to-batch variability of CCMNPs in different patients. This still requires further work from scientists and engineers.




6 Concluding remarks and future perspective

Cancer cell membrane-modified nanoparticles show better ability to evade immune surveillance, permeability and targeting. Homologous targeting delivery of imaging agents and therapeutic agents, precise imaging of tumors, destruction of tumor cells in primary and metastatic lesions, and induction of immune response are the main applications of cancer cell membrane-modified nanoparticles in breast cancer diagnosis and treatment, and have the potential to become one of the important drug delivery methods for related diagnosis and treatment in the future. There is still limited research on breast cancer-related experiments, such as breast cancer contrast-enhanced ultrasound and immunotherapy, which requires further in-depth research. Furthermore, the main problems that still need to be solved are the unclear mechanism of cancer cell homologous targeting, the unstable properties of cancer cell membrane-modified nanoparticle synthesis, how to achieve stable large-scale production, and the lack of experimental data on humans. Successfully addressing these challenges will enable this novel type of nanoparticle to benefit patients widely and achieve personalized precision medicine.
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