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Introduction: The presence of cancer stem cells (CSCs) significantly limits the therapeutic efficacy of radiotherapy (RT). Efficient 
elimination of potential CSCs is crucial for enhancing the effectiveness of RT.
Methods: In this study, we developed a biomimetic hybrid nano-system (PMC) composed of MnCO3 as the inner core and platelet 
membrane (PM) as the outer shell. By exploiting the specific recognition properties of membrane surface proteins, PMC enables 
precise targeting of CSCs. Sonodynamic therapy (SDT) was employed using manganese carbonate nanoparticles (MnCO3 NPs), which 
generate abundant reactive oxygen species (ROS) upon ultrasound (US) irradiation, thereby impairing CSC self-renewal capacity and 
eradicating CSCs. Subsequent RT effectively eliminates common tumor cells.
Results: Both in vitro cell experiments and in vivo animal studies demonstrate that SDT mediated by PMC synergistically enhances 
RT to selectively combat CSCs while inhibiting tumor growth without noticeable side effects.
Discussion: Our findings offer novel insights for enhancing the efficacy and safety profiles of RT.
Keywords: cancer stem cells clearance, radiosensitization, platelet membrane, sonodynamic therapy, manganese carbonate 
nanoparticles

Introduction
Although researchers have made remarkable progress in cancer biology, oncology and surgery in recent years, cancer 
remains one of the major diseases that lead to human death.1,2 Among them, radiotherapy (RT) represents the predominant 
therapeutic approach, with approximately half of cancer patients opting for this modality either as a standalone treatment or 
in combination with other modalities to effectively manage cancer.3 During RT, radiation ionization can generate free 
radicals, and then cause irreversible DNA damage.4,5 Despite the widespread utilization of radiotherapy (RT) in cancer 
treatment, there persist several limitations. Due to the tumor’s limited capacity for radiation absorption, high-intensity 
radiation is often required for effective tumor eradication, potentially leading to collateral damage in adjacent normal 
tissues.6,7 Furthermore, the eradication of tumor cells is challenging in radiation therapy, and cancer recurrence and 
metastasis are the primary causes of death.8 According to reports, cancer stem cells (CSCs) are closely related to the 
endless growth of tumors and the failure of RT.9 CSCs are a small number of cells with infinite proliferation, self-renewal 
and multidirectional differentiation in tumor tissues.10 The heterogeneity, special tumor microenvironment (TME), gene 
instability and flexible self-protection ability of CSCs can largely avoid the damage caused by RT.11 CSCs can survive 
under high-dose radiation by regulating redox homeostasis, eliminating highly toxic ROS, repairing DNA damage and 
changing its division mode.
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Therefore, it is of great significance for cancer treatment to effectively eliminate differentiated cancer cells and 
potential CSCs. As most CSCs are located in the oxygen-deficient area of solid tumors, it is difficult for conventional 
nano-preparations and chemotherapy drugs to break through the physical barrier, resulting in limited killing effect on 
CSCs.12 In recent years, the bionic technology of cell membrane camouflage nanoparticles has been attracting increasing 
attention.13–15 Biomimetic nano-systems disguised by cell membrane have the advantages of excellent biocompatibility, 
prolonged blood circulation time and avoiding the immunity of the internal immune system.16 This bionic camouflage 
technology not only accurately replicates the diverse antigens on the cell membrane surface (CD20, CD44, CD90, 
CD133, etc.), but also significantly simplifies the complex modification process of multifunctional nanoparticles.17 

Among them, platelet membrane-based biomimetic nanomaterials (PMN) based on platelet membrane can effectively 
target CD44 protein on the surface. PMN can target tumor tissue efficiently by P-selectin (CD62p)-CD44 binding on the 
platelet membrane.18,19 For example, in the previous study, composite hybrid system (named PMT) was prepared by 
loading photosensitiser into mesoporous organosilicon nanoparticles (MON) and further modifying the platelet 
membrane.12 Furthermore, Chen et al designed a copper-doped hybrid bionic nanoparticles for enhanced low- 
temperature photothermal therapy.20 PMT can cooperate with photodynamic therapy (PDT) to achieve specific killing 
of CSCs. Therefore, nano-systems based on platelet membrane modification are promising for CSCs killing.

Sonodynamic therapy (SDT) is considered one of the most promising therapeutic strategies due to its high tumor 
specificity, excellent controllability, significant therapeutic effect, and minimal damage to normal organs or tissues.21 As 
sound waves penetrate deeper into tissues, sonodynamic therapy is suitable for large tumors that are difficult to be treated 
by phototherapy.22,23 This method can cooperate well with RT to achieve a safer and more efficient effect. The stability 
of widely reported sonosensitizers such as porphyrin derivatives (hematoporphyrin, phthalocyanine, etc.) under ultrasonic 
action is often limited, and most sound-sensitive molecules are also photosensitizers, which are harmful to human body 
in cancer treatment because of their phototoxicity and skin sensitivity.24 As a representative of inorganic sonosensitizers, 
TiO2 exhibits favorable chemical stability and water solubility; however, its metabolic challenges and rapid electron–hole 
recombination rate impede its further application in SDT.25,26 It is worth noting that Liu et al developed a new type of 
nano-sonosensitizers manganese carbonate (MnCO3) to achieve excellent SDT.27 The excellent biodegradability, simple 
and feasible preparation method, as well as potent ROS production ability of MnCO3 provide strong motivation for 
targeting CSCs with MnCO3 coated platelet membrane to achieve synergistic treatment of RT and SDT.

In this study, we developed a biomimetic nanoplatform camouflaged with platelet cell membranes for targeted 
delivery of MnCO3 NPs to the deep-seated CSC area within tumors, thereby achieving potent SDT and RT 
(Scheme 1). The MnCO3 NPs were synthesized using the inverse microemulsion method. Subsequently, we modified 
the surface of MnCO3 NPs with platelet membrane possessing immune evasion capability and active targeting ability to 
create a hybrid nano-system (named PMC). Upon intravenous administration, PMC exhibited enhanced accumulation in 
tumor tissue, particularly in CSCs, through specific recognition between surface proteins (P-selectin (CD62p)) on tumor 
cells (CD44). Under ultrasound activation, PMC generated various reactive oxygen species such as singlet oxygen (1O2) 

and hydroxyl radical (OH), leading to selective eradication of CSCs and other tumor cells while synergizing with low- 
dose RT to suppress tumor growth. In vitro and in vivo experiments demonstrated that combined treatment involving 
PMC, US irradiation, and 4 Gy RT exerted remarkable synergistic anti-tumor effects without compromising biological 
safety. Our findings provide novel insights into improving both efficacy and safety profiles of RT.

Results and Discussion
We prepared MnCO3 NPs via simple inverse microemulsion method. Transmission electron microscopy (TEM) can 
observe fine structures at the nanoscale.28 As shown in Figure 1A, the TEM analysis revealed the successful synthesis of 
MnCO3 nanoparticles with a cubic structure, exhibiting an average particle size of approximately 80 nm. The obtained 
MnCO3 NPs have a uniform particle size, which makes it easier to functionalize. Subsequently, the synthesized material 
was modified with a platelet membrane. As illustrated in Figure 1A, PMC had an obvious membrane coating on its 
surface, which increased its particle size by about 8 nm. To further demonstrate the success of platelet membrane 
modification, western blot (WB) analysis was used to verify whether PMC retained platelet membrane specific proteins. 
The results (Figure 1B) showed that PMC was detected to obtain P-selectin (CD62p), which is key protein targeting 
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tumor cells, and CD41 protein. The outermost membrane coating of the PMC nanostructure retains the proteins on the 
normal platelet membrane, ensuring the functional integrity of the membrane. Elemental mapping images (Figure 1C) 
further proved the homogeneous distribution of C, Mn, and O elements within MnCO3. The X-ray diffraction pattern 
(XRD) in Figure 1D shows the crystalline structures of MnCO3, all characteristic peaks from 20° to 80° were consistent 
with standard card of powder MnCO3 (JCPDS No.44–1472). In view of the clear structure of PMC, we continued to 
verify its function under US irradiation, using methylene blue (MB) and 1.3-Diphenylisobenzofuran (DPBF) as 
indicators to explore the ability of PMC to produce different kinds of ROS (Figure 1E and F). When MB was incubated 
with PMC alone, it was found that MB did not degrade. In addition, US alone could not produce OH. Notably, when 
MnCO3 NPs were co-incubated with MB, the characteristic absorption peak of the mixed solution is significantly reduced 
after US irradiation, indicating that MnCO3 NPs could cooperate with US to produce OH. In addition, similar results 
were observed in the PMC + MB + US group, namely, the coating of platelet membrane would not affect the function of 
MnCO3. To continuously evaluate the ability of PMC as a sonosensitizer, 1O2 production was demonstrated using 
a DPBF probe, which demonstrated that PMC could oxidize DPBF under ultrasonic irradiation to reduce the character-
istic absorbance at 410 nm (Figure 1F), which proved that PMC could generate 1O2 under US irradiation. As shown in 
Figures S1 and S2, under the conditions of pH = 6.5, MnCO3 NPs were nearly degraded within 24 h. The uptake of PMC 
by 4T1 CSC was analyzed by confocal laser scanning microscope (CLSM). The expression of CD133 in different cells 
was shown in Figure S3. Erythrocyte membrane coated MnCO3 NPs (named RMC) was used as control. Erythrocyte 
membrane has long blood circulation,29,30 but it lacks specific proteins to actively target tumor cells. After RMC and 
PMC were incubated with cells (Figure 1G), RMC was rarely endocytosed by CSC, while PMC was highly enriched to 
CSC (Figure S4). These results indicate that the cell membrane on the surface of PMC imparts active targeting 
capabilities to nanoparticles. Similarly, flow cytometry analysis yielded consistent results (Figure 1H).

In view of the good material characterization effect and the fact that PMC is effectively swallowed by CSC. We 
continue to explore the effect of PMC on enhancing radiotherapy at the cellular level in vitro. For enhanced-RT, the 
following groups were used for exploratory experiments: (1): PBS + US; (2): RT; (3): PMC; (4): RMC + US + RT; (5): 
PMC + US and (6): PMC + US + RT. The dose of RT is 4 Gy. Then, cell cloning experiment was utilized to analyze the 
synergistic therapeutic ability of SDT and RT mediated by PMC (Figure 2A). Compared with PBS + US group, RMC + 
RT + US group and PMC + US group showed fewer cell clones, and the cell division of PMC + US + RT group was most 
effectively inhibited. The quantitative results of survival scores also show consistent results (Figure 2B). CSCs with self- 
protection ability can largely avoid the damage to RT and contribute to the failure of follow-up treatment, so it is of great 
significance to effectively eliminate differentiated cancer cells and potential CSCs for the cure of cancer.31 The effects of 

Scheme 1 Schematic diagram of PMC for eradicating CSCs and enhanced RT.
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PMC on CSC proliferation using a stem cell spheroidization assay (Figure 2C). As shown in Figure 2C, RT alone would 
not inhibit stem cells from forming spheres, but the spheroid formation rate of RMC + US + RT group was still about 
30% after treatment. In striking contrast, no obvious stem cell spheroidization was found after the treatment PMC + US + 
RT group. This result showed that compared with other control groups, PMC + US + RT group had the greatest inhibitory 

Figure 1 Characterization of PMC. (A) TEM image of MnCO3 and PMC NPs. (B) PM markers, including CD41 and CD62p, were detected using Western blotting. (C) 
HAADF-STEM image and the corresponding elemental mapping images of PMC. (D) The XRD patterns of PMC. (E) The degradation of MB caused by the generation of OH 
with different groups. (F) DPBF was used to detect 1O2 generation in different groups. (G) CLSM images of 4T1 CSC incubated with DiO labelled RMC or PMC for 1 
h. Blue: DAPI; Green: DiO. Scale bars: 20 μm. (H) DiO fluorescence intensity of 4T1 CSC after incubated with indicated nanoparticles.
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effect on stem cell spheroidization (Figure 2F). A fluorescent probe (DCFH-DA) was utilized to detect ROS production 
in various groups. As shown in the Figure 2D and 2G, PMC + US + RT group induced the brightest green fluorescence. 
Immunofluorescence technique of 4T1 cells with different treatments was carried out by using γ-H2AX, a signal 
molecule of DNA damage, to evaluate the degree of DNA damage induced by different groups (Figure 2E). With the 

Figure 2 In vitro anti-tumor study. (A) Colony of 4T1 cells treated with different formulations. (B) Colony formation assays were conducted using 4T1 cells treated with 4 
Gy of radiation. (C) Sphere-formation assays using 4T1 CSC cultured with various treatments. (D) Tumor cells DCFH-DA fluorescence images were observed after the 
indicated treatments. (E) Nuclear condensation and DNA fragmentation were visualized using DAPI and γ-H2AX staining in cells treated as indicated, with representative 
pictures presented. (F) The numbers of tumor spheres were counted after various treatments. (G) CLSM images of intracellular ROS in 4T1 cells after different treatments. 
(H) Quantification of γ-H2AX foci density in different treatment groups. ***P < 0.001; Student’s t-test.
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above results. The cells treated with PMC + US + RT and then incubated showed the most obvious DNA damage after 
being irradiated by X-rays (Figure 2H). Overall, PMC combined with RT could efficiently induce ROS and DNA damage 
to combat CSCs and 4T1 tumor cells after US irradiation, providing experimental basis for subsequent in vivo treatment.

PMC has been observed to have effective targeting effect and positive therapeutic effect in vitro, and we further 
studied its biological effect in vivo. The protein on the surface of RMC lacks specificity, which makes it hard to 
recognize tumor cells, especially CSCs, and it is difficult for RMC to actively gather in tumor sites. Notably, there is 
CD62p protein on the surface of PMC (Figure 3A); after intravenous injection, a large number of PMC gather near cells 
with increased expression level of CD133. The biodistribution profiles of RMC and PMC in tumor tissues and major 
organs (heart, liver, spleen, lung and kidney) were subsequently detected. Although owning long circulation, RMC group 
mainly accumulated in liver and kidney tissues with immune clearance function, but the content in tumor tissues is low. 
Simultaneously, PMC group showed high-performance accumulation in tumor tissue compared with the former 
(Figure 3B). As shown in Figure S5, in tumor tissue, PMC penetrates farther from blood vessels. The main organs 
and blood of PMC + US + RT-treated mice were collected for H&E staining and biochemical analysis. The results 
showed that compared with the healthy mice with PBS + US treatment, no obvious tissue damage was found in PMC + 
US + RT group (Figure 3C). Blood biochemistry data including kidney function markers and liver function markers 
indicated that the liver and kidney function were normal (Figure 3D–F). This result showed that PMC had good 

Figure 3 Result of in vivo safety experiments. (A) Colocalization of Dil (red), CD133 antibody-labelled cancer cells (green) and nucleus (blue) in tumor sections of 4T1 
tumor-bearing mice 12 h after intravenous administration of indicated nanoparticles. Scale bars: 50 μm. (B) Biodistribution profile of Mn element in the main organs and 
tumor tissues at 12-h post-injection with different nanoparticles. (C) Histopathological analysis results of (H&E) stained images of the major organs (heart, lung, liver, 
kidneys, and spleen) of mice that were exposed to different treatments 16 days post-injection under laser irradiation. Scale bars: 100 μm. Blood biochemistry data including 
kidney function markers and liver function markers: (D) BUN, (E) ALT, AST and ALP, and (F) CRE after various treatments. ***P < 0.001; Student’s t-test.
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compatibility and no harm to the health of mice. Nano-preparations with good biocompatibility are very important for 
their future biomedical applications. Although many preparations have certain functionality, the accompanying physio-
logical toxicity limits their subsequent applications.32,33

Next, we explore whether the tumor-killing effect in vivo is consistent with that in vitro. Female Balb/c mice aged 4– 
5 week were purchased from Vital River Company (Beijing, China). One hundred μL of 4T1 cell suspension (1×106 

cells) was subcutaneously injected into each mouse to establish the tumor models. The animal experiments were carried 
out according to the guidelines approved by the Ministry of Health in People’s Republic of PR China (Name of the 
guidelines followed for the welfare of the laboratory animals: “Laboratory Animal-Guideline for ethical review of animal 
welfare (GB/T 35892–2018)”) and were approved by the Administrative Committee on Animal Research of Wuhan 
University. When the tumor of 4T1 subcutaneous tumor-bearing mice reached 200mm3, the mice were randomly divided 
into 6 groups for treatment: (1): PBS + US; (2): RT; (3): PMC; (4): RMC + US + RT; (5): PMC + US and (6): PMC + US 
+ RT. The dose of RT is 4 Gy. US irradiation (1.0 MHz, 1.5W/cm2, 50% duty cycle, 5 min) was performed. As shown in 
Figure 4A, the tumor volume of mice in the group of US, RT or PMC alone increased indefinitely. On the one hand, it 
exhibited that our PMC is safe and non-toxic. In addition, it is widely acknowledged that US is a non-therapeutic 
means.34,35 Although RT is a clinical method, radiotherapy alone would not cure the tumor, and under the influence of 
various factors, the tumor will proliferate more rapidly, so on the other hand, it showed that a single model hardly 
achieved the therapeutic purpose. In contrast, the tumor volume of RMC + US + RT group and PMC + US group was 
moderately limited, which indicated that PMC + US played a role in SDT to some extent. However, in RMC + US + RT, 

Figure 4 In vivo anti-tumor study. (A) Changes in tumor volume over the experimental period. (B) Average tumor weights following treatment. (C) The body weight of 
4T1 tumor-bearing mice was measured every 2 days after therapy. (D) Individual rechallenge of 4T1 tumor volume curves. (E) TUNEL, Ki-67 and CD133 stained tumor 
sections from the indicated treatment groups. Scale bars: 50 μm. ***P < 0.001; Student’s t-test.
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as the erythrocyte membrane on the surface of MnCO3 proteins with atopic recognition function to actively target CSCs, 
so after tumor cells are damaged, CSCs continued play a functional role and tumor volume keep up proliferating 
indefinitely. Unsurprisingly, PMC can target CSCs and achieve double killing. As shown in PMC + US + RT group, the 
tumor volume is completely suppressed (Figure 4A). After treatment, the mice were sacrificed and tumors were weighed. 
The result is consistent with above data, and the tumor weight was significantly reduced in the PMC + US + RT group 
(Figure 4B). During the treatment, the physical health of mice in each group was observed every 2 days and weighed. As 
shown in Figure 4C, the weight of mice in all groups increased steadily without death. There was no significant 
difference in the tumor growth curve of mice in each group (Figure 4D). Subsequently, the dissected tumors in each 
group were stained, and their histological changes were evaluated. As shown in Figure 4E, in comparison to other groups, 
the tumor proliferation in PMC + US + RT group was severely restricted, and a number of cells were apoptotic. In 
a word, PMC can cooperate with RT and US to achieve good tumor treatment effect, accompanied by biological safety.

Conclusions
In conclusion, we have developed a biomimetic hybrid nano-system (PMC) capable of effectively damaging cancer stem 
cells (CSCs) and enhancing radiotherapy (RT). PMC consists of an inner core composed of MnCO3 and an outer shell 
made from platelet membrane. The incorporation of platelet membrane provides PMC with excellent biocompatibility 
and active targeting ability, enabling precise eradication of CSCs. In vitro experiments demonstrated that the combination 
treatment involving PMC, ultrasound (US), and RT completely inhibited stem cell formation. Furthermore, in vivo 
experiments successfully validated the synergistic effect between low-dose RT and PMC in suppressing tumor growth 
under US irradiation without inducing any toxic side effects. The successful development of PMC presents a novel 
approach for tumor radiosensitization and clearance of tumor stem cells. Moving forward, we aim to further advance the 
clinical translation research on PMC.
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The detailed experimental steps are provided in the Supporting Information.
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