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A B S T R A C T   

Osteosarcoma is a refractory bone disease in young people that needs the updating and development of effective 
treatment. Although nanotechnology is widely applied in cancer therapy, poor targeting and inadequate effi-
ciency hinder its development. In this study, we prepared alendronate (ALD)/K7M2 cell membranes-coated 
hollow manganese dioxide (HMnO2) nanoparticles as a nanocarrier to load Ginsenoside Rh2 (Rh2) for Mag-
netic Resonance imaging (MRI)-guided immuno-chemodynamic combination osteosarcoma therapy. Subse-
quently, the ALD and K7M2 cell membranes were successively modified on the surface of HMnO2 and loaded 
with Rh2. The tumor microenvironment (TME)-activated Rh2@HMnO2-AM nanoparticles have good bone 
tumor-targeting and tumor-homing capabilities, excellent GSH-sensitive drug release profile and MRI capability, 
and attractive immuno-chemodynamic combined therapeutic efficiency. The Rh2@HMnO2-AM nanoparticles 
can effectively trigger immunogenic cell death (ICD), activate CD4+/CD8+ T cells in vivo, and upregulate BAX, 
BCL-2 and Caspase-3 in cellular level. Further results revealed that Rh2@HMnO2-AM enhanced the secretion of 
IL-6, IFN-γ and TNF-α in serum and inhibited the generation of FOXP3+ T cells (Tregs) in tumors. Moreover, the 
Rh2@HMnO2-AM treatment significant restricted tumor growth in-situ tumor-bearing mice. Therefore, 
Rh2@HMnO2-AM may serve as an effective and bio-friendly nanoparticle platform combined with immuno-
therapy and chemodynamic therapy to provide a novel approach to osteosarcoma therapy.   

1. Introduction 

Malignant bone tumors frequently occur in the group of children or 
adolescents, accompanied with other complicated complications (such 
as bone fractures or hypercalcaemia), which is hard to cure and causes 
great pain to patients [1,2]. Osteosarcoma belonged to malignant bone 
tumor is characterized by striking local aggressivity and unexpected 
early systemic metastasis tendency [3,4]. Although various therapeutic 
methods (including surgery and adjuvant chemotherapy) have been 
applied in recent years, only patients with early-stage osteosarcoma 
could be cured via surgical resection [5,6]. Surgery can remove directly 
the tumor section, while it cannot inhibit tumor invasion and recurrence 
caused by osteosarcoma. Although the combination of surgery and 
traditional chemotherapy has achieved the five-year survival rate, the 

drug resistance of osteosarcoma has restricted the combined therapeutic 
efficacy [7,8]. Therefore, it is worthwhile to develop a novel 
nanotechnology-based diagnose and treatment strategy for osteosar-
coma therapy. 

Immunotherapy has attracted widely attention on cancer treatment 
which concentrates on triggering the immune response to restrict tumor 
growth, exhibiting a promising strategy of rationally using powerful 
“elite troops” from organism itself for efficient cancer treatment [9]. 
Cancer immunotherapy approximately classified into two strategies: 
stimulating some essential factors related to immune system (such as 
cytokines therapy, cancer vaccines) and immune checkpoint-blockade 
(ICB) [9]. In particular, immunogenic cell death (ICD) is a typical pro-
cess caused mainly by two pathways: ICD inducers (including anthra-
cyclines, microtubule-destabilizing agents, cardiac glycosides, etc) and 
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dying cancer cells (bring the tumor-specific immune response) [9]. 
However, single immunotherapy generally has the some clinical barriers 
such as high costs, unexpected individual difference reflected by various 
types of clinically tumors [10]. Thus, some other cancer treatments 
(chemotherapy, photodynamic therapy, radiotherapy, chemodynamic 
therapy, etc) can improve the efficiency of immunotherapy. For 
example, Fu and co-workers constructed a CoFe2O4 nanoflower applied 
on augmented sonodynamic/chemodynamic combination therapy for 
the enhancement of immune responses [11]. Hu et al. developed 
1-MT-Pt-PPDA@MoS2 nanosystems for the combined chemo/-
photothermal treatment-mediated immunogenic cell death (ICD) and 
the 1-MT-induced immune checkpoint blockade [12]. Ginsenoside is a 
kind of sterol compound, which is regarded as the active ingredient in 
ginseng. Ginsenoside can be divided into several types, including Rh2, 
Rh3, Rg1, Rg2, Rg3, etc. These ingredients play an effective role in the 
treatment of some diseases. For example, Rg1 can recover fatigue, 
improve memory and delay aging. Rg2 has anti-shock effect and prevent 
coronary heart disease. Ginsenoside Rh2 monomer can inhibit the 
growth of cancer cells, induce the apoptosis of tumor cells, reverse the 
abnormal differentiation of tumor cells and improve immunity and other 
functions [13,14], which is more effective against highly metastatic 
osteosarcomas. Thus, we chose Rh2 as the immune activator in nano-
system. Zhang and co-workers found that ginsenosides Rh2 regulates 
well on intramorumoral permeation and the therapeutic efficiency of 
doxorubicin by interfering with the expression of p-glycoprotein (P-gp) 
[15]. The toxicity of ginsenoside Rh2 to some normal cells or tissues is 
almost negligible even at very high concentrations [16]. However, 
natural and unprocessed ginsenosides have macromolecule structure 
that is difficult to be absorbed by the body after oral administration, 
which limits the utilization of ginsenoside Rh2 [17]. Some researchers 
have also proposed solutions to the poor bioavailability of ginsenosides. 
Hu et al. used o-carboxymethyl chitosan nanoparticles to load ginse-
nosides Rh2 by ionic crosslinking to improve the water solubility of 
ginsenosides Rh2 [18]. Ling and co-workers designed celastrol-PEG-G 
Rh2 nanoparticles by modifying PEG with ginsenoside Rh2 and celas-
trol to achieve the synergistic therapy of lung cancer [19]. Thus, it is 
worth considering that more ingenious nano-carrier can be utilized for 
effective ginsenoside Rh2 delivery. In addition, ginsenoside has some 
inhibitory effect on tumors, but limitations remain the therapeutic effect 
when used alone. The combination of Rh2 with chemotherapeutic 
agents significantly improves antitumor efficiency and reduces the side 
effects of monotherapy use [20]. 

Chemodynamic therapy (CDT), utilizing Fenton or Fenton-like re-
action for in situ cancer treatments, was firstly proposed by Bu’s group 
[21]. CDT not only expands the application of Fenton reaction, but also 
avoids normal tissue toxicity to some degree for further valuable clinical 
translation. The selection of effective CDT nanoagents plays an essential 
role in optimizing the CDT effect, which needs to be considered from all 
kinds of aspects including the modulation of tumor microenvironment 
(TME) and the assistance of some exogenous factors [22]. TME, which is 
generally characterized by vascular abnormalities, low pH values and 
hypoxia, has a negative effect on therapeutic outcomes in various cancer 
therapies [23,24]. An increasing number of TME-triggered drug delivery 
systems (DDSs) have been developed to realize tumor-specific cancer 
therapy due to the interesting features mentioned above [25,26]. 
Moreover, it has been proposed that regulating the TME in solid tumors 
can enhance significantly cancer therapy efficiency, which exhibits 
establishing TME-regulating nanoscale DDSs may be of significant in-
terests for cancer therapy [27,28]. Manganese dioxide (MnO2)-based 
nanoparticles have been widely studied as a powerful weapon against 
cancer due to its unique TME-responsive feature, which are able to react 
with H+, GSH or H2O2 to realize visualization (the generated Mn2+ ions 
are able to enhance T1-MR imaging contrast in vivo) and “greenization” 
(Fenton-like reaction) [29–31]. In comparison to previously reported 
MnO2 nanosystems, hollow manganese oxide (HMnO2) nanomaterials 
have larger cavities and better loading capacity, which attracts 

substantial attention as TME-activated drug delivery systems (DDS) 
[32–36]. 

Tumor cell membrane-camouflaged nanoparticles have been 
obtaining increased attention on cancer treatment ascribe to their virtue 
of excellent biocompatibility, immune escaping, tumor targeting speci-
ficity, prolonged circulation and enhanced pharmacokinetic profile [37, 
38]. For example, Shen et al. developed a cancer cell membrane 
camouflaged black-titanium nanoparticles which were functionalized 
with Iridium complexes for hierarchical targeted synergistic sonodyna-
mic/NIR–II–guided photothermal cancer imaging and therapy. The 
nanosystems exhibited the ability to form efficiently heat upon NIR-II 
irradiation as well as catalytically generate reactive oxygen species 
upon ultrasound radiation [39]. Chen and co-workers prepared a 
tumor-associated macrophage (TAM) membrane-coated upconversion 
nanoparticle for photodynamic immunotherapy of tumor. The 
NPR@TAMM nanosystems could accumulate in TME due to the 
tumor-homing effect and immune compatibility, reduce in CSF1 levels 
in serum and restricting of CSF1/CSF1R signaling for the suppression of 
tumor growth and metastasis [40]. Various cancer cell membranes have 
been proved to endow nanoparticles the homotypic recognition to the 
corresponding cell lines owing to the existence of specific proteins 
(integrin, focal adhesion kinase, RHO family proteins, etc) in the phos-
pholipid bilayer on nanoparticles surface [41–45]. Thus, K7M2 
cell-derived membranes can endow nanoparticles with specific 
tumor-homing capability to homologous osteosarcoma in vivo. It is the 
first time that our group has utilized K7M2 cell membrane as a compass 
towards osteosarcoma to increase the delivery efficacy of nanosystems. 

Herein, we constructed a TME-activated hollow MnO2 nanoparticle, 
which loaded ginsenosides Rh2, modified with alendronate (ALD) and 
coated with K7M2 cancer cell membrane (M). This nanoplatform can not 
only stimulate innate immunity and adaptive immunity in vivo, but 
trigger the Fenton-like reaction (between Mn2+ and excess H2O2 in 
TME) simultaneously in situ osteosarcom. The Hollow MnO2 nano-
particles were functionalized with ALD/K7M2 cancer cell membrane 
(AM), and further encapsulated ginsenosides Rh2 as immune-activators, 
obtaining Rh2@HMnO2-AM nanoparticles. The resulting Rh2@HMnO2- 
AM efficiently integrates Mn2+-mediated MRI imaging capability and 
bone-targeted immuno-chemodynamic combination osteosarcoma 
therapy into one. Upon internalization of Rh2@HMnO2-AM nano-
particles by K7M2 cells, the hollow MnO2 framework consumed intra-
cellular antioxidant GSH underwent a redox reaction with GSH to yield 
glutathione disulfide (GSSG) and Mn2+. Furthermore, the released Mn2+

transform endogenous H2O2 generated from mitochondria into thera-
peutic ⋅OH. The GSH consumed by MnO2 is aim to prevent ⋅OH scav-
enging and ensure a continuous supply for intensified efficient cancer 
CDT. We systematically investigated the morphology, structure, 
colloidal stability and the ginsenosides Rh2 delivery performance of 
Rh2@HMnO2-AM, and explored their K7M2 cells target ability as well as 
in vitro Fenton-like effect. Moreover, the activation of immature DC cells 
(DCs) by ginsenosides Rh2 and the distribution of CD4+/CD8+ T cells 
both in tumor and spleen regions, and immuno-chemodynamic combi-
nation osteosarcoma therapy in-situ tumor animal model were assessed. 

2. Experimental section 

2.1. Materials and Reagents 

Tetraethyl orthosilicate (TEOS), poly(allylamine hydrochloride) 
(PAH, Mw ≈ 15000), polyacrylic acid (PAA, Mw ≈ 1800) and manga-
nese (II) chloride (MnCl2) were obtained from Sigma-Aldrich. Alendro-
nate (ALD) was obtained from Sangon Biotech. Potassium permanganate 
(KMnO4) and sodium carbonate (Na2CO3) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. Ginsenoside Rh2 was purchased from 
Chengdu Must Bio-technology Co., Ltd. (Chengdu, China). 

K7M2 cell, Human umbilical vein endothelial cell (HUVEC) and 
mouse leukaemic monocyte macrophage cell line (RAW 264.7) were 
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purchased from the Chinese Academy of Science (Shanghai, China). 
Penicillin− streptomycin, trypsin, Fetal bovine serum (FBS) Dulbecco’s 
Modified Eagle Medium (DMEM) and Roswell Park Memorial Institute 
(RPMI) 1640 medium were obtained from Gibco Life Technologies Co. 
(Grand Island, NY). Cell Counting Kit-8 (CCK-8) was purchased from the 
Beyotime Institute of Biotechnology (Shanghai, China). Calcein-AM, 
propidium iodide (PI), 4′,6-diamidino-2-phenylindole (DAPI) and 
2′,7′-dichlorofluorescein diacetate (DCFH-DA) were obtained from 
BestBio Biotechnology Co., Ltd. (Shanghai, China). Anti-GAPDH rabbit 
polyclonal antibody (pAb), anti-calreticulin (CRT) rabbit pAb, anti-high 
mobility group protein (HMGB-1) rabbit pAb, anti-CD8 alpha rabbit 
pAb, anti-CD3-phycoerythrin (anti-CD3-PE), anti-CD8-fluorescein iso-
thiocyanate (anti-CD8-FITC), anti-CD80 PE, anti-CD86 FITC and IgG 
isotype control were obtained from eBioscience (Shanghai, China). 

2.2. Synthesis of solid silica nanospheres (sSiO2) 

The synthetic process was based on previous method with some 
modifications [46]. 500 μL of NH3⋅H2O, 14 mL ethanol and 2 mL of DI 
water were vigorously stirred at 50 ◦C for 20 min. Next, 0.5 mL TEOS 
was dropwise introduced into the above solution and meanwhile the 
mixture was stirred (150 rpm) continuously under 50 ◦C for 1.5 h. The 
as-prepared sSiO2 was purified and dispersed in DI water. 

2.3. Synthesis of HMnO2-PAH/PAA 

The layer of MnO2 coated on the sSiO2 was obtained by mixing the 
solution of KMnO4 and as-made sSiO2, which imitates the reported 
method [28]. In order to obtain the hollow structure, the core of sSiO2 
should be removed by incubating sSiO2-MnO2 nanoparticles with 
Na2CO3 solution at 50 ◦C for 12 h. The obtained HMnO2 nanoparticles 
were isolated and washed with DI water for three times by centrifuga-
tion at 11963×g for 10 min. The obtained HMnO2 above was dispersed 
in 5 mL of H2O, then was added into 5 mL PAH solution (5 mg/mL) 
under ultrasonication and stirring for 3 h, collected and washed with DI 
water until the supernatant becomes colorless and transparent. The 
prepared HMnO2-PAH was dropwisely introduced into 5 mL PAA solu-
tion (5 mg/mL) under ultrasonication and stirring for 3 h, finally 
washing and collecting for further use. 

2.4. Synthesis of HMnO2-AM 

Alendronate was connected with HMnO2-PAH/PAA by the usage of 
common EDC/NHS method [47]. EDC/NHS was dissolved in PBS, 
adjusting the pH of solution to 5.0 and kept stirring for 1 h, followed by 
regulating the pH to 7.4 with NaOH for the conjugation of Alendronate 
onto HMnO2-PAH/PAA. Subsequently, 3 mg Alendronate was dissolved 
in 3 mL PBS, and then was added to above HMnO2-PAH/PAA solution 
and keep stirring for 24 h under room temperature. The obtained 
HMnO2-PAH/PAA-ALD was purified by DI water for several times. 

To prepare tumor cell membrane coated HMnO2-AM, the mixture of 
HMnO2-PAH/PAA-ALD and K7M2 cell membrane was extruded through 
a polycarbonate membrane (with 200 nm pores) via the usage of lipo-
some extruder and repeated for 11 times, following by centrifugation at 
11963×g for 15 min to obtain the HMnO2-AM nanoparticles. 

2.5. Characterization 

The prepared nanoparticles were studied with TEM operated on the 
voltage of 200 kV with a LaB6 electron gun (JEM-2100, JEOL Ltd., 
Japan). Element mappings were acquired using field-emission trans-
mission electron microscopy (Talos F200S). The Fourier transform 
infrared (FTIR) spectra were recorded on a Nexus 670 (Thermo Nicolet, 
USA) spectrometer and examined by KBr pellets. Dynamic light scat-
tering (DLS) was used to estimate the size distribution of the nano-
particles using a BI-200SM multiangle dynamic/static laser scattering 

instrument (Brookhaven, U.S.). UV–vis spectra measurement was 
examined by a Jasco V530 UV–vis spectrophotometer (Jasco, Japan). 

2.6. pH and GSH-dependent degradation and drug release kinetics 

Rh2@HMnO2-AM nanoparticles were dispersed in PBS at pH 7.4 or 
6.5 with or without various concentration of GSH (0 or 2 mM). The 
samples were measure by the usage of UV–vis spectrometer to determine 
the extent of degradation. For Rh2 loading, 20 mg HMnO2-AM nano-
particles were dispersed in 20 mL absolute ethanol under ultrasonic 
vibration until the nanoparticles are uniformly dispersed. 1 mL Rh2 
aqueous solution (2 mg/mL) was mixed with above HMnO2-AM 
dispersion, the mixture was stirred at room temperature for 24 h and 
then washed with PBS for several times to remove the extra Rh2 that was 
not fully loaded (the supernatant of the mixture was collected together). 

In order to evaluate the in vitro Rh2 release behavior of 
Rh2@HMnO2-AM, 5 mg Rh2@HMnO2-AM nanoparticles were 
dispersed in 1 mL of PBS (pH 7.4 or 6.5, GSH = 0 or 2 mM) and put into a 
dialysis bag (MWCO = 3500 Da), fully soaked in 9 mL of PBS (similar 
with the inside of dialysis bag) and set at 37 ◦C with shaking (280 rpm). 
1 mL of external sample solution was collected at predetermined time 
points and supplied with an equal volume of fresh medium. The con-
centration of the Rh2 released was determined via HPLC-ELSD accord-
ing to previous method [48]. 

2.7. Assessment of chemodynamic process of Rh2@HMnO2-AM 

The mixture of 10 μg/mL MB, 8 mM H2O2, 0.5 mM MnCl2 and 25 mM 
NaHCO3/5% CO2 buffer solution was placed inside a shaker at 37 ◦C for 
0.5 h. Methylene blue (MB) is utilized as an indicator of ⋅OH due to its 
ability of adsorb oxidizing ⋅OH. Thus, the resulting MB degradation was 
monitored via UV–vis spectrophotometer (665 nm). 

In order to assess the effect of GSH on chemodynamic process of 
Rh2@HMnO2-AM, the degradation of MB caused by Mn2+-guided Fen-
ton reaction was evaluated in the absence of GSH or presence of different 
concentrations of GSH (1, 2, 4, 10 mM). In detail, the mixture of GSH, 
10 μg/mL MB, 8 mM H2O2, Rh2@HMnO2-AM ([Mn] = 0.5 mM), and 25 
mM NaHCO3/5% CO2 buffer was incubated at 37 ◦C for 0.5 h, then 
centrifuged to obtain the supernatant and measuring via UV–vis spec-
trophotometer. In addition, the MB degradation caused by different 
concentrations of nanoparticles (0, 1, 2, 4, 10 mM) was further 
measured to verify the chemodynamic activity of Rh2@HMnO2-AM. 

2′, 7′-dichlorofluorescin diacetate (DCFH-DA) probe was generally 
utilized for tracing ROS through oxidation processes (the oxidation 
product is fluorescence dichlorofluorescein), thus was selected to mea-
sure the intracellular ⋅OH production. K7M2 cells were cultured in 
DMEM medium containing 10% (v/v) fetal bovine serum, 1% penicillin 
and 1% streptomycin in a humidified atmosphere (37 ◦C and 5% CO2) 
and were seeded in 24-well plates under 5% CO2 at 37 ◦C for 24 h. 
Subsequently, the medium was removed and different componence 
(MnCl2 or Rh2@HMnO2-AM, [Mn] = 20 μg/mL) was added and incu-
bated overnight. Then, the cells were washed for twice with PBS, fol-
lowed by DCFH-DA solution was added for another 30 min-incubation. 
Finally, the ROS production was observed and fluorescence images were 
obtained via an inverted fluorescence microscopy. 

2.8. Cytotoxicity assay and cellular uptake evaluation of Rh2@HMnO2- 
AM 

The cytotoxicity of Rh2@HMnO2-AM was assessed by CCK-8 assay. 
Firstly, three types of cells (K7M2, RAW 264.7, HUVEC) were cultured in 
96-well plates at a density of 104 cells per cell until cells grew adherence. 
Next, a series of concentrations (200, 100, 50, 25, 12.5, 0 μg/mL) of 
Rh2@HMnO2-AM were co-cultured with cells for 24 h and 48 h, 
respectively. Subsequently, the DMEM medium in every well were 
removed and washed gently with PBS for twice (be careful not to flush 
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the cells down when washed with PBS). Furthermore, the cells were 
cultured in as-prepared CCK-8 solution for 2 h to detect the absorption 
value at 450 nm using the a microplate reader for obtaining the optical 
density (OD) that reflect the relative cell viability. 

The Rh2 was replaced with doxorubicin (DOX) as a marker for 
observing the distribution of DOX@HMnO2-AM in K7M2 cells and 
RAW264.7 cells. Then, K7M2 cells or RAW264.7 cells were seeded in 
Confocal Dishes (106 cells per dish) by over-night culture, then 50 
μg/mL DOX@HMnO2 or DOX@HMnO2-AM was added and co- 
incubated for 3 h. Before test, the unabsorbed nanoparticles were 
washed with PBS for three times, following by 4% paraformaldehyde 
fixed solution was added under 4 ◦C for 1 h. Subsequently, the excess 
paraformaldehyde was sucked out and DAPI dye was utilized to 
observe under CLSM. 

2.9. DC cells activation in transwell co-culture model 

Murine bone-marrow-derived DCs were obtained from C57BL/6 
mice according to the established protocols [49,50]. Firstly, bone 
marrow was obtained from the tibias and femurs of mice. A red blood 
cell lysis buffer was used to lyse red blood cells for extracting DCs, then 
washing three times and resuspending in prepared RPMI 1640 medium 
containing 5 ng/mL of GM-CSF and 5 ng/mL of IL-4. After 48 h of in-
cubation in six-well cell culture plates, adherent cells were collected 
while non-adherent cells were removed and further culturing for a week. 
Subsequently, non-adherent cells were immature DCs (iDCs) and were 
collected for further treatments. 

A transwell co-culture system was utilized to investigate the activa-
tion and Rh2@HMnO2-AM mediation of DCs maturation in vitro. Briefly, 
K7M2 cells were cultured in the upper layer of transwell and DCs were 

harvest in the lower layer. After cells adhere to the wall, the K7M2 cells 
in the upper layer were treated via different treatments (PBS, HMnO2- 
AM, Rh2, Rh2@HMnO2, Rh2@HMnO2-AM). The groups treated with 
PBS were regarded as the control. After 48 h of co-culture, DCs in the 
lower layer were collected, then staining with antibodies of PE-CD80 
and FITC-CD86 for flow-cytometry analysis. 

2.10. Western blot assay in vitro 

In order to assess the immunogenic cell death (ICD) of K7M2 cells 
after different treatments, 6-well plates were used to seed K7M2 cells 
(about 2 × 105 cells per well) with right amount of DMEM medium and 
incubate overnight at 37 ◦C/5% CO2. Next, K7M2 cells in each well were 
added with 2 mL DMEM medium containing Rh2@HMnO2-AM. After 
culturing for 24 h, K7M2 cells were washed three times with neutral PBS 
and centrifuged. Then, 0.3 mL of lysis buffer containing phenyl-
methanesulfonyl fluoride was added to cells and cultured in 0 ◦C for 30 
min. Subsequently, the cell lysates were measured by the usage of 
Western blot assay to explore the HMGB1 protein expression [51]. 
Moreover, we evaluated the possible therapeutic mechanism of 
Rh2@HMnO2-AM nanoparticles by the usage of Western blot assay, such 
as the expression of BAX, BCL-2, Caspase 3. 

2.11. In vivo distribution 

Animal experiments were performed in accordance with local animal 
welfare laws and guidelines of the Donghua University and approved by 
the Animal Ethics Committee of Donghua University (Approval No. 
2020–0018). To assess the in vivo distribution of HMnO2-AM, Cy-5 is 
usually chosen as an effective reactive dye to mark amino groups of 
some organics (such as peptides, proteins and oligonucleotides). In 

Scheme 1. Synthetic procedure of Rh2@HMnO2-AM and mechanism of MRI-guided immuno-chemodynamic synergistic osteosarcoma therapy.  
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details, 1 mg Cy-5 was added to 10 mL of HMnO2-AM suspension (50 μg/ 
mL) and stirred for 12 h. After Cy-5@HMnO2-AM was obtained, 100 μL 
of nanoparticles solution was intravenously injected into K7M2 tumor- 
bearing Balb/c nude mice through the tail vein. 24 h later, the mice 
were sacrificed and the major organs (heart, liver, spleen, lung, kidneys) 
were obtained for imaging via IVIS scanning for biodistribution. 

To demonstrate the TME-triggered MRI contrast of Rh2@HMnO2- 
AM nanoparticles for tumor-specific imaging, 100 μL ([Mn] = 50 μM) of 
Rh2@HMnO2-AM solution was intravenously injected into the K7M2 
tumor-bearing mice at predetermined time points (0, 4, 8, 12, 24 h) and 
mice were scanner via an MRI system. Subsequently, the in vivo tumors 
MRI images were collected at corresponding time points. The GSH- 
triggered off-to-on contrast enhancement enables Rh2@HMnO2-AM 
nanoparticles become attractive for tumor MR imaging due to the fact 
that the GSH concentration in TME is approximately 1000 times higher 
than that in the extracellular matrix [52]. 

2.12. In vivo antitumor efficacy and safety evaluation 

The orthotopic K7M2 tumor models were set up via the directly in-
jection of K7M2 cells into the right leg of 25 Balb/c mice (4–6 weeks 
years old). The 25 mice were randomly divided into 5 groups (PBS, Rh2, 
HMnO2, Rh2@HMnO2, Rh2@HMnO2-AM) when the tumor size grew to 
30 mm3 approximately. Subsequently, the PBS of control group or the 
suspension of nanoparticles (10 mg/kg) was injected gently from tail 
vein. During the observation period of tumor growth, tumor volume and 

body weight of mice were monitored and recorded every 3 days for 20 
days. The tumor volume = a × b2/2, (a and b represents respectively the 
length and width of tumors). When the tumor volume rise went up about 
1000 mm3, the in-situ tumors were removed and their photographs were 
taken. 

The excised tumor tissues were soaked in 4% paraformaldehyde, 
then embedded in paraffin and sectioned. The status of tumor tissue 
after different treatments was detected by TdT-mediated dUTP Nick-End 
Labeling (TUNEL) staining. The main organs of mice were removed and 
washed with PBS (to remove the extra blood), followed by soaking in 
formalin for the next-step H&E staining to further assess the in vivo 
toxicity of nanoparticles. Moreover, another 9 mice were treated with 
100 μL of Rh2@HMnO2-AM solution (10 mg/kg) on different time 
points (0, 3, 7 days), then the blood of mice was collected for the 
measurement of routine blood indicators, including red blood cell count 
(RBC), hematocrit (HCT), mean cell hemoglobin (MCH), platelet 
distributing width (PCT), hemoglobin concentration (HGB), red cell 
distribution width (RDW), mean cell volume (MCV), white blood cell 
count (WBC) and mean erythrocyte hemoglobin concentration (MCHC). 

Serum samples were obtained from mice after a full course of 
treatment and diluted for measurement. Interleukin 6 (IL-6), interferon- 
γ (IFN-γ) and tumor necrosis factor α (TNF-α) were analyzed by the 
usage of ELISA kits. 

Fig. 1. (A) TEM images of (a) sSiO2, (b) sSiO2-MnO2, (c) HMnO2 and (d) HMnO2-AM. (B) Elemental mapping of HMnO2-AM nanoparticles, including bright field, 
Mn, O, Na, P and N. (C) FTIR spectra of HMnO2, cell membrane and HMnO2-AM. (D) XRD pattern of HMnO2 and HMnO2-AM. (E) Zeta potential of sSiO2, sSiO2- 
MnO2, HMnO2 and HMnO2-AM. (F) The stability of Rh2@HMnO2-AM in different solutions (FBS, H2O and DMEM medium). 
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2.13. In vivo intratumorally distribution of immune cells 

The mice were euthanized and soaked in 80% alcohol for 3 min. The 
tumor tissue were obtained under sterile conditions, then extracted and 
stored in PBS solution, followed by the tumor sections were grinded in a 
sieve (200 mesh) to obtain a single cancer cell suspension. Subsequently, 
the lymphocytes suspension in the tumor sections was obtained via the 
usage of Tumor Infiltrating Lymphocyte Cell Separation Medium Kit. 
The prepared single cell suspension and an equal volume of the lym-
phocyte’s separation solution were mixed and centrifuged with 500×g 
for 20 min under 25 ◦C. The second lymphocyte layer was collected and 
washed (using cell-washing solution). The tumor-infiltrating lympho-
cytes were centrifuged (300×g, 20 min) and collected. T cells were ob-
tained by filtering lymphocytes through nylon wool column for 5 times. 
Further, the collected T cells were incubated with IgG isotype control, 
anti-CD3-PE, or anti-CD8-FITC antibodies to determine the CD3+ and 
CD8+ T cells in the tumors via the utilization of flow cytometry. The 
staining procedure of splenic T cells was similar to that of the tumor 
tissue and images were also obtained by confocal microscope. 

2.14. Immunofluorescence staining and biosafety 

The potential anti-tumor mechanism of the Rh2@HMnO2-AM 

nanoparticles was explored via immunofluorescence due to the crucial 
roles of immune cells in tumor microenvironment. Tumor tissue sections 
were immersed in BSA solution (5%) at room temperature for 20 min 
after dewaxing, antigen regaining and permeabilization. Subsequently, 
sections were stained with mouse anti-CD4-PE, Alex 488-conjugated 
goat anti-mouse secondary antibody for marking CD4+, and mouse 
anti-CD8-FITC, Rhodamine conjugated goat anti-rabbit secondary anti-
body for marking CD8+, sections were stained at 4 ◦C overnight. DAPI 
was used to stain the nucleus. Images were obtained via a confocal 
microscope. 

To evaluate the long-term organ toxicity of Rh2@HMnO2-AM in vivo, 
4–6 weeks of BALB/c nude mice were intravenously administered with 
Rh2@HMnO2-AM (100 μg/mL, 100 μL). After one month, the mice were 
anesthetized, and the liver, lung, spleen, heart, and kidney were har-
vested, washed, fixed, sectioned, and hematoxylin and eosin (H&E) 
stained according to standard protocols for optical microscopic 
observation. 

2.15. Statistical analysis 

The obtained data are reported as mean ± standard deviation (SD). 
One-way analysis of variance (ANOVA) statistical method was per-
formed to evaluate the experimental data. The criterion of statistical 

Fig. 2. (A) Cytotoxicity evaluation of HUVEC, K7M2 cell and RAW 264.7 with different concentrations of HMnO2-AM nanoparticles for 24 h. (B) Hemolysis ratio and 
inset image of RBCs treated with various concentrations of HMnO2-AM nanoparticles. (C) UV–vis absorption spectra and images (inset) of MB degradation via Mn2+- 
triggered Fenton-like reaction with or without GSH (0, 1, 10 mM). (D) MB degradation via the Mn2+-triggered Fenton-like process in different solutions with different 
solvent (H2O or NaHCO3/CO2). (E) MB degradation by H2O2 plus GSH-treated Rh2@HMnO2-AM nanoparticles. (F) MB degradation by 2 mM GSH plus different 
concentration of Rh2@HMnO2-AM. UV–vis absorption spectra of HMnO2-AM nanoparticles in (G) pH 6.5 for 1 h, 4 h, 8 h, and 12 h. (H) UV–vis absorption spectra of 
HMnO2-AM nanoparticles in different concentration (0, 0.5, 2 and 10 mM) of GSH for 3 min at pH 7.4. (I) Drug releasing of Rh2@HMnO2-AM nanoparticles in pH 
7.4, pH 6.5, pH 7.4 + 2 mM GSH and pH 6.5 + 2 mM GSH. 
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significance for all tests were considered at *P < 0.05, **P < 0.01 and 
***P < 0.001. 

3. Results and discussion 

3.1. Synthesis and characterization of Rh2@HMnO2-AM 

The procedure for the synthesis of Rh2@HMnO2-AM is depicted in 
Scheme 1. Firstly, silica nanoparticles were used as a hard template for 
the generation of a uniform layer of MnO2 by KMnO4, followed by 
incubating the sSiO2-MnO2 complexed with Na2CO3 solution to obtain 
hollow MnO2 nanoparticles (HMnO2). The underlying mechanism of 
forming MnO2 layer was supposed to be the fact that manganese per-
manganate (KMnO4) could be reduced via unreacted organosilica 
existing on these freshly prepared sSiO2. To modify HMnO2 with 
alendronate, cationic polymer PAH and anionic polymer PAA were 
utilized as the “linker” through electrostatic interaction, followed by the 
amino-contained alendronate was conjugated to carboxyl-contained 
HMnO2-PAH/PAA nanoparticles through amide formation for obtain-
ing HMnO2-PAH/PAA-ALD. Then, the K7M2 cells membrane was coated 
on the surface of HMnO2-PAH/PAA-ALD to generate HMnO2-AM 
nanoparticles. Lastly, traditional Chinese medicine ginsenosides Rh2 
was loaded into HMnO2-AM, yielding Rh2@HMnO2-AM nanosystems 
(The “A” in HMnO2-AM means alendronate and “M” means tumor cell 
membrane). 

As Fig. 1A depicted, TEM images of sSiO2, sSiO2-MnO2 and HMnO2- 
AM nanoparticles clearly showed the spherical morphology and hollow 

structure with a diameter of approximately 141.5 nm. The element 
composition of HMnO2-AM was determined to prove the presence of Mn, 
O, Na, P and N (Fig. 1B). Fourier transform infrared spectroscopy was 
used to confirm the HMnO2-AM composition. As shown in Fig. 1C, the 
characteristic adsorption of HMnO2 at 1085 cm− 1 and 919 cm− 1 and the 
characteristic peaks of cancer cell membranes at 1528 cm− 1, 1452 cm− 1 

and 1396 cm− 1 were observed in HMnO2-AM. 
The X-ray diffraction (XRD) pattern of HMnO2 (36.15◦, 65.75◦) and 

HMnO2-AM (36.45◦, 65.77◦) had similar characteristic peaks and 
consistent with previous reports, which indicates that the surface 
modification of alendronate and cells membrane did not affect the 
crystal structure of HMnO2 nanoparticles (Fig. 1D). The success of sur-
face modification can be certified by zeta potential (Fig. 1E). The surface 
potential of nanoparticles changed from − 12.63 eV to 17.78 eV after 
modification of PAH, then turning into − 11.51 eV due to the carboxyl 
group of PAA and finally reaching at − 15.32 eV after cell membrane 
coating. Moreover, the colloidal stability of Rh2@HMnO2-AM was 
considered as a crucial indicator to assess their suitability for intrave-
nous administration in vivo. The stability of the Rh2@HMnO2-AM was 
observed in different media such as Fetal Bovine Serum (FBS), H2O and 
DMEM medium. The digital photograph in Fig. 1F shows negligible 
aggregation or deposition in three solutions at various time points (0, 6, 
12, 24 h), demonstrating excellent stability of Rh2@HMnO2-AM. 

Fig. 3. (A) Scheme of K7M2 tumor cell co-culture system. K7M2 tumor cells were seeded in the upper chamber while DCs were cultured in lower chamber. (B) 
Western blot analysis of HMGB1 expression on K7M2 cells after different treatments. (C) Flow cytometric analysis and (D) quantification of DCs maturation after 24 h 
co-culture with K7M2 cells through treating with PBS, Rh2, HMnO2-AM, Rh2@HMnO2 or Rh2@HMnO2-AM. (E) Western blot analysis and (F) quantification of BAX, 
BCL-2 and Caspase 3 of different groups. 
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3.2. Cytotoxicity, drug release and in vitro chemodynamic activity of 
nanoparticles 

To exert the therapeutic effects, we utilized CCK-8 assay to evaluate 
the cytotoxicity of HMnO2-AM against three kinds of cells (K7M2, RAW 
264.7 and HUVEC). It can be seen that the cell viability of HMnO2-AM 
was still more than 80% when the concentration of nanoparticles was 
200 μg/mL after 24 h incubation (Fig. 2A), which indicates HMnO2-AM 
possess good cytocompatibility. Furthermore, the hemolysis ratio of 
RBCs was less than 1% even at 400 μg/mL of HMnO2-AM, which ensures 
the blood safety of Rh2@HMnO2 in clinical usage (Fig. 2B). The ⋅OH- 
generating activity of Fenton-like Mn2+ with the existence of HCO3

− and 
the scavenging function of GSH on ⋅OH. We chose methylene blue (MB) 
as the indicator of ⋅OH formation. In Fig. 2C, the ⋅OH-triggered MB 
degradation was significantly inhibited with the existence of GSH, 
indicating that GSH can get rid of the generated ⋅OH and further restrict 
the CDT effect. As shown in Fig. 2D, a distinct decrease in absorbance 
was measured when MB was incubated with MnCl2 and H2O2 for 30 min 
in NaHCO3/CO2 buffer. On the contrary, there is no apparent change in 
the MB absorbance was monitored after the same treatment in H2O2. As 
depicted in Fig. 2E, we evaluated the degradation rate of MB incubated 
with Rh2@HMnO2-AM nanoparticles with GSH concentrations ranging 
from 1 to 10 mM. Obviously, the degradation rate of MB is highest when 
the GSH concentration was at 2 mM among various concentrations. 
Moreover, the degradation rate of MB increased (1–10 mM) with the 
increase of concentration of nanoparticles, reflecting the concentration- 
dependence of CDT (Fig. 2F). The Fenton-like reaction mentioned above 
is detailed as the following equations: 

MnO2 +GSH→Mn2+ + GSSG (1)  

Mn2+ +H2O2 + HCO−
3 →⋅OH (2) 

The degradation of HMnO2-AM triggered by GSH and acidic envi-
ronment was detected by UV–vis absorption spectra. The absorption 
decreased over time at pH 6.5 (Fig. 2G) and the absorption decreased 
significantly at pH 7.4 after treatment with GSH (Fig. 2H). Furthermore, 
Rh2 release in vitro from Rh2@HMnO2-AM nanoparticles was measured 
in PBS solution (pH 6.5, with or without 2 mM GSH) at 37 ◦C and PBS 
(pH 7.4, with or without equal amount of GSH). In Fig. 2I, 
Rh2@HMnO2-AM nanoparticles exhibited pH-sensitive and GSH- 
sensitive Rh2 release. Rh2 was released slowly from Rh2@HMnO2-AM 
nanoparticles both in pH 7.4 (about 15%) and pH 6.5 (about 22%) 
without GSH after 24 h. The minor differences may be attributed to the 
mild pH-sensitive degradation of HMnO2 nanoparticles. However, a 
burst release occurred in reductive conditions after 12 h, and the highest 
Rh2 release reached more than 65% in pH 6.5 + 2 mM GSH and 
approximately 50% in pH 7.4 + 2 mM GSH. The results confirm that the 
Rh2@HMnO2-AM nanoparticles could provide pH/redox dual respon-
siveness, which further supports the degradation property of HMnO2- 
AM nanoparticles. 

3.3. Activation of DC cells by Rh2@HMnO2-AM and signaling pathway 
of in vitro therapy 

To determine whether the ICD of K7M2 cells triggers the maturation 

Fig. 4. (A) The CLSM images of K7M2 cells or RAW264.7 cells treated by DOX@HMnO2 and DOX@HMnO2-AM nanoparticles for 3 h (scale bar = 20 μm). (B) The 
Calcian-AM/PI staining of K7M2 cells after various treatments of PBS, HMnO2-AM, Rh2, HMnO2-AM + GSH and Rh2@HMnO2 + GSH. The green fluorescence shows 
living cells and the red fluorescence represents dead cells. (C) DCFH-DA fluorescence of K7M2 cells exposed to MnCl2 and Rh2@HMnO2-AM with 2 mM GSH. 
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of DCs (a kind of immune cells that can regulate T-cell-triggered immune 
responses for killing the tumors), a transwell system was used to co- 
culture iDCs and K7M2 cells pretreated with different methods. The 
K7M2 cells in upper wells were treated with PBS, HMnO2-AM, Rh2, 
Rh2@HMnO2 or Rh2@HMnO2-AM and iDCs were seeded in the bottom 
wells (Fig. 3A). After co-culture together overnight, DCs were measured 
via flow cytometry to assess the expression of CD80 and CD86 (the 
typical markers of DCs maturation) (Fig. 3B). It can been seen that K7M2 
cells treated with Rh2@HMnO2-AM obtained 30.91% of the DCs 
maturity, which was much higher than that of control (10.63%), single 
CDT (18.61%) and single immunotherapy (20.07%) groups (Fig. 3C). 
Furthermore, Fig. 3D showed that the ICD marker protein HMGB1 
expression level reached highest in combined therapy group. The results 
revealed that immuno-chemodynamic synergistic therapy is signifi-
cantly beneficial for ICD-based tumor immunotherapy through acti-
vating T cells. 

To assess the immune response of immuno-chemodynamic combined 
therapy, we examined the characteristic markers (BAX, BCL-2 and 
Caspase 3 gene are all apoptosis-related gene) related to ICD in K7M2 
cells after various treatments. As shown in Fig. 3E, the highest expres-
sion levels of BAX, BCL-2, and Caspase3 were observed in the 
Rh2@HMnO2-AM + GSH group as compared to the control group, 
HMnO2-AM + GSH and Rh2@HMnO2-AM, which demonstrated treat-
ments of Rh2@HMnO2-AM + GSH can induce tumor cells apoptosis by 
the upregulation of BAX, BCL-2 and Caspase 3 level. In Fig. 3F, the gray 
values of BAX, BCL-2 and Caspase 3 were 1.15, 1.02 and 3.24 in 
Rh2@HMnO2-AM + GSH, respectively, which higher than that in PBS 
group (0.086 of BAX, 0.3 of BCL-2 and 0.62 of Caspase 3). 

3.4. Cellular uptake, ROS generation and in vitro therapy induced by 
Rh2@HMnO2-AM 

The intracellular uptake of Rh2@HMnO2-AM nanoparticles was 
analyzed via CLSM. As depicted in Fig. 4A, there was significant red 
fluorescence in tumor cells treated with Rh2@HMnO2-AM, which was 

stronger than that in RAW264.7 cells groups and in tumor cells treated 
with Rh2@HMnO2. Subsequently, the in vitro CDT effect of 
Rh2@HMnO2-AM was evaluated. In Fig. 4B, Rh2@HMnO2-AM nano-
particles exhibited significantly greater anticancer efficiency, which 
could be attributed to the presence of Mn2+ and GSH depletion. As 
depicted in Fig. 4C and DCF fluorescence intensity in K7M2 cells 
exposed to Rh2@HMnO2-AM nanoparticles were much higher than that 
in cells exposed to MnCl2 at the same Mn concentration, showing that 
Rh2@HMnO2-AM nanoparticles can cause more severe oxidative stress 
in K7M2 cells, which provides strong support for the excellent thera-
peutic functionality of Rh2@HMnO2-AM nanoparticles as compared to 
Mn2+. 

3.5. In vitro and in vivo imaging of Rh2@HMnO2-AM nanoparticles 

After demonstrating the immuno-chemodynamic combination oste-
osarcoma therapy effect of Rh2@HMnO2-AM in vitro experiments, the 
mouse in-situ K7M2 tumor model was established to further assess 
therapeutic potential. We tracked Rh2@HMnO2-AM in vivo via intra-
venous (i.v.) injection of Cy5.5-labeled HMnO2-AM (Cy5.5@ HMnO2- 
AM, 10 mg/kg) (Fig. 5A–D). The Cy5.5 fluorescence signals in the tumor 
region enhanced and reached a peak level at 8 h post injection, revealing 
the efficient tumor accumulation of Rh2@HMnO2-AM. Moreover, strong 
fluorescence of Cy5.5 observed in kidneys of mice after injection of 
Cy5.5@HMnO2-AM illustrated rapid renal clearance of Cy5.5 after 
decomposition of nanoparticles. 

In order to examine the MRI contrast effect of Rh2@HMnO2-AM, in 
vitro and in vivo MRI imaging effects were detected. To confirm this, 
various concentrations (0.2, 0.3, 0.4 and 0.5 mg/mL) of Rh2@HMnO2- 
AM nanoparticles were used to assess their in vitro MR imaging capa-
bility. As shown in Fig. 5E, the MRI signal was enhanced with the 
increasing of Rh2@HMnO2-AM concentration. Then, the in vivo MRI 
imaging capability of Rh2@HMnO2-AM was performed on K7M2 tumor- 
bearing mice (Fig. 5F). Obviously, the tumor area showed significantly 
enhanced T1-MR contrast after injection of Rh2@HMnO2-AM with 

Fig. 5. In vivo imaging of Rh2@HMnO2-AM nano-
particles in K7M2 tumor-bearing mice. (A) Fluores-
cence imaging of K7M2 tumor-bearing mice at pre- 
injection at different time points after injection of 
control, Cy5.5 and Cy5.5@HMnO2-AM groups. (B) 
The statistical fluorescence intensity of tumors in 
different groups. (C) The image of K7M2-bearing 
mice (the red circle marks tumor site). (D) Ex vivo 
fluorescence imaging of main organs and tumor in 
Rh2@HMnO2-AM group. (E) T1-weighted MR images 
of the Rh2@HMnO2-AM. (F) T1-MR images of K7M2 
tumor-bearing mice after injection of Rh2@HMnO2- 
AM at different time points.   
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passage of time and signals peaked at 6 h, which is consistent with the 
results of fluorescence imaging. This phenomenon provides the direct 
evidence that Rh2@HMnO2-AM has good affinity to K7M2 tumor tissue. 

3.6. Rh2@HMnO2-AM nanoparticles inhibited tumor growth and 
enhanced infiltration of immune cells into tumor and spleen 

Based on the experiment results in vitro, the in-situ tumor model was 
established to measure the effects of combined CDT and immunotherapy 
in vivo. In Figs. 6A and S3, Rh2@HMnO2-AM exhibited the excellent 
inhibition effect on tumor growth. Body weight was measured during 
the course of treatment to investigate whether the Rh2@HMnO2-AM 
had any systemic toxicity. As shown in Fig. 6B, differences in body 
weight were negligible in treated mice as compared to control groups. In 
Fig. 6C, the relative tumor volume of Rh2@HMnO2-AM group only 
about 5.7 compared to 21.07 in Rh2@HMnO2, 27.76 in HMnO2-AM 
group, and 36.45 in PBS group, indicating that Rh2@HMnO2-AM had a 
remarkable osteosarcoma inhibition. Moreover, the mice survival rate 
was assessed by dividing 50 mice into 5 groups. The Rh2@HMnO2-AM 

group kept survival for over 55 d, while other groups showed a relatively 
short average life span (Fig. 6D). Moreover, the stronger green fluores-
cence in TUNEL staining showed that Rh2@HMnO2-AM caused more 
cancer cell death (Fig. S1). The weaker red fluorescence indicated that 
Rh2@HMnO2-AM significantly alleviated hypoxia within tumors 
(Fig. S2). Taken together, the results revealed an excellent combined 
therapy efficacy of Rh2@HMnO2-AM nanoparticles. 

Here, the immunohistochemical staining was conducted to assess the 
ICD markers (such as HMGB-1 and CRT) expression in tumors after 
various treatments. When compared to PBS group, the treatment with 
Rh2@HMnO2-AM induces a significant HMGB-1, and consistent results 
can be observed for the CRT expression (Fig. 6E), suggesting that the 
enhanced tumor antigen presentation could trigger DCs maturation to 
some extent. Tumor-infiltrating FOXP3+ T cells (Tregs) reflect immune 
escape in tumor microenvironment, and the decrease of Tregs popula-
tion plays an important role in realizing effective tumor immuno-
therapy. The population of Tregs was measured through 
immunofluorescence staining of Foxp3 protein (a typical marker of 
Tregs). The Foxp3 protein level in Rh2@HMnO2-AM group was 

Fig. 6. (A) Tumor photos of mice in 15 days of different groups. (B) The body weight of K7M2 tumor-bearing mice at different time points. (C) Relative tumor volume 
of mice after various treatments. (D) Survival curves of K7M2-tumor bearing mice after different treatments. (E) Immunohistochemical analysis of HMGB-1 and CRT, 
and immunofluorescence staining of Tregs in tumor tissue. (F) Representative immunofluorescence staining of CD4+ (red) and CD8+ (green) T cells in spleen. Scale 
bar represents 100 μm for each panel. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

L. Fu et al.                                                                                                                                                                                                                                        



Bioactive Materials 17 (2022) 221–233

231

obviously lower than other groups, which proves the mechanism of 
tumor immunotherapy with Tregs reduction and demonstrates the 
feasibility of Rh2@HMnO2-AM-mediated tumor immunotherapy 
(Fig. 6E). 

To assess the possible ICD-induced activation of T cells after the 
immuno-chemodynamic combined therapy, the distribution of adaptive 
T cells in the spleens was inspected via immunofluorescence staining 
(Fig. 6F). In spleen region, the CD4+ (red fluorescence) and CD8+ (green 
fluorescence) T cells in Rh2@HMnO2-AM group have the largest dis-
tribution among all groups. 

To assess the activation of T cells after the combined therapy, the 
distribution of T cells in tumors was measured via immunofluorescence 
staining of tumor tissues (Fig. 7A). Apparently, the CD3+ and CD8+ T 
cells in Rh2@HMnO2-AM group have the largest distribution among all 
treatments, followed by the Rh2@HMnO2, Rh2, HMnO2-AM, and PBS 
groups. To analyze the phenotype of tumor T cells by flow cytometry, we 
extracted the T cells and examined the purity of the cells linked to the 
fluorescein isothiocyanate-labeled CD3 and CD8 antibody by flow 
cytometry (Fig. 7B and C). The populations of CD3+/CD8+ T cells after 
different treatments follow the order of Rh2@HMnO2-AM (38.63%) >
Rh2@HMnO2 (29.89%) > Rh2 (20.65%) > HMnO2-AM (16.91%) > PBS 
(10.33%). 

To investigate the effective T cell-related cancer immunotherapy, the 
level of IL-6, TNF-α and IFN-γ in the serum of mice after different 
treatments were determined using the corresponding ELISA assay 

(Fig. 7D–F). Obviously, the level of IL-6, TNF-α and IFN-γ in 
Rh2@HMnO2-AM group were in an order of Rh2@HMnO2-AM >
Rh2@HMnO2 > Rh2 > HMnO2-AM > PBS. The highest expression of 
those cytokines on Rh2@HMnO2-AM group further indicates the coop-
erative enhancement of tumor inhibition via MRI-guided immuno-che-
modynamic combination therapy to result in the best T cell-mediated 
antitumor immune responses. 

3.7. Biosafety in vivo of Rh2@HMnO2-AM nanoparticles 

Moreover, in order to assess the biosafety of Rh2@HMnO2-AM, the 
level of white blood cell (WBC) counts, red blood cell (RBC) counts, 
hematocrit (HCT), mean corpuscular hemoglobin (MCH), mean 
corpuscular volume (MCV), mean corpuscular hemoglobin concentra-
tion (MCHC), Red Cell volume Distribution width (RDW), hemoglobin 
(HGB), and platelets (PLT) were tested and there was no significant 
difference in the content at 0, 3 and 7 days (Fig. S4). Subsequently, the 
H&E staining images of major organs demonstrated no necrosis of the 
cells damage after the injection of Rh2@HMnO2-AM for 7 days, which 
further exhibited negligible toxicity and excellent biocompatibility of 
Rh2@HMnO2-AM (Fig. S5). 

4. Conclusions 

In summary, we designed a kind of herbal medicine-loaded 

Fig. 7. (A) Representative immunofluorescence staining of CD3+ and CD8+ T cells in tumor tissue. (B) Flow cytometric examination and (C) quantitative analysis of 
intratumor infiltration of CD3+ and CD8+ T cells. Contents of the (D) IL-6, (E) TNF-α and (F) IFN-γ in serum of mice on the 14th day after treatment with PBS, Rh2, 
HMnO2-AM, Rh2@HMnO2 or Rh2@HMnO2-AM. Scale bar represents 100 μm for each panel. 
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biodegradable nanosparticles with bone-targeting and tumor-homing 
capability for MRI-guided immuno-chemodynamic combination osteo-
sarcoma therapy. ALD/K7M2 cell membranes-coated HMnO2 is 
considered ideal TME-activated nanoparticles due to its well-established 
preparation method, higher loading, better biosafety, and long cycling 
properties in vivo. Rh2, the Chinese herbal medicine, is released within 
the tumor, triggering the ICD, further leading to infiltration and acti-
vation of T cells, inducing the upregulation of BAX and BCL-2, and 
promoting the secretion of IL-6, TNF-α and IFN-γ. Meanwhile, ⋅OH 
produced from Mn2+-mediated CDT can acutely promote the apoptosis 
of tumor cells and further benefit antitumor immunity. This multi- 
functional theranostic nanoparticles exhibits excellent target function 
towards osteosarcoma, TME-activated MRI imaging capability and Rh2 
release which enhance the ability of innate immunity inside the tumor. 
Overall, this study demonstrates the potential of Rh2@HMnO2-AM 
nanoparticles for simultaneous MRI imaging and effective treatment of 
osteosarcoma, providing an appealing strategy for imaging-guided 
cancer therapy and further clinical translation. 
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