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A B S T R A C T   

The limited clinical response and serious side effect have been challenging in cancer immunotherapy resulting 
from immunosuppressive tumor microenvironment (TME) and inferior drug targeting. Herein, an active tar-
geting TME nanoplatform capable of revising the immunosuppressive TME microenvironment is designed. 
Briefly, gold nanorods (GNRs) are covered with silica dioxide (SiO2) and then coated manganese dioxide (MnO2) 
to obtain GNRs@SiO2@MnO2 (GSM). Myeloid-derived suppressor cells (MDSCs) membrane is further camou-
flaged on the surface of GSM to obtain GNRs@SiO2@MnO2@MDSCs (GSMM). In this system, GSMM inherits 
active targeting TME capacity of MDSCs. The localized surface plasmon resonance of GNRs is developed in near- 
infrared II window by MnO2 layer coating, realizing NIR-II window photothermal imaging and photoacoustic 
imaging of GSMM. Based on the release of Mn2+ in acidic TME, GSMM can be also used for magnetic resonance 
imaging. In cancer cells, Mn2+ catalyzes H2O2 into ⋅OH for (chemodynamic therapy) CDT leading to activate 
cGAS-STING, but also directly acts on STING inducing secretion of type I interferons, pro-inflammatory cytokines 
and chemokines. Additionally, photothermal therapy and CDT-mediated immunogenic cell death of tumor cells 
can further enhance anti-tumor immunity via exposure of CRT, HMGB1 and ATP. In summary, our nanoplatform 
realizes multimodal cancer imaging and dual immunotherapy.   

1. Introduction 

Immunotherapy, especially immune checkpoint blockade (ICB) 
therapy, has revolutionized progress in cancer treatment [1]. However, 
low potency ratio and response ratio account for failure of immuno-
therapy attributing to poor tumor targeting and cold tumor, character-
ized shortage of pro-inflammatory immune cells, inadequate exposure to 
tumor antigens and immunosuppressive tumor microenvironment 
(TME) [2]. Noteworthily, combing nanotechnology with immuno-
therapy is becoming star treatment to convert cold tumor into hot tumor 

[3]. 
Photothermal therapy (PTT), utilizing photothermal agents to 

convert photonic into thermal energy and trigger local heat effect, has 
rapidly developed for cancer treatment in the past decades [4]. The 
photothermal agents in the second near-infrared (NIR-II, 1000–1700 
nm) window bring more attention due to it’s deeper tissue penetration 
and higher imaging resolution in recent years [5]. Therefore, the 
research and development of photothermal agents in the NIR-II window 
has become a hotspot. Recently, gold-based nanomaterials have attrac-
ted much attention due to photoacoustic imaging (PAI) and PTT abilities 
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owing to its unique plasmonic, acoustic, electric and morphological 
properties [6]. Presently, some research demonstrated the tunable 
localized surface plasmon resonance (LSPR) ability in NIR-II region of 
gold nanomaterials, which endowed its numerous applications in tumor 
theranostics [6,7]. Given a single strategy cannot completely eliminate 
the tumor, combinatorial strategies are being developed. 
Chemo-dynamic therapy (CDT) is a new kind of tumor treatment tech-
nology based on Fenton like reaction, which is widely used in the 
development of anti-tumor nano-drugs [8]. Manganese, an essential 
metal element for human body, is one of the most commonly used ma-
terials in design and synthesis of multifunctional cancer theranostics 
agent [9,10]. For instance, manganese dioxide (MnO2) is commonly 

used as a catalase to eliminate hydrogen peroxide (H2O2) and produce 
ROS to kill cancer cells via the released manganese ions (Mn2+) inducing 
Fenton-like reaction in TME [11]. Mechanism research revealed that 
PTT and CDT could improve anti-tumor immunity via inducing immu-
nogenic cell death (ICD) of tumor cells accompanied by the expression 
Calreticulin (CRT) and the release of high-mobility group box 1 
(HMGB1) as well as ATP [12]. In addition to being a CDT agent, Mn2+ is 
also one of the best alternative agents for T1-weight magnetic resonance 
imaging (MRI) of cancer [13]. Therefore, the multifunctional MnO2 
cooperated with gold nanomaterials is going to be a much more 
powerful cancer theranostics agent. 

Emerging research has shown that the stimulator of interferon genes 

Scheme 1. The multimodal imaging and dual immunotherapy of GSMM. (a) Schematic diagram of the fabrication of GSMM nanoplatform. (b) The applications for 
PTI, PAI and MRI of GSMM. (c) The mechanism of GSMM for enhancing anti-tumor immunity via Mn2+ directly or indirectly (catalyzes H2O2 into ⋅OH leading to 
CDT) activates STING signaling pathway and PTT inducing ICD. (GSMM: GNRs@SiO2@MnO2@MDSCs; PTI: Photothermal imaging; PAI: Photoacoustic imaging; 
MRI: Magnetic resonance imaging; CDT: Chemo-dynamic therapy; PTT: photothermal therapy; ICD: Immunologic cell death). 
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(STING) signaling pathway plays a crucial role in the activation of anti- 
tumor immune response and remodeling TME, which switches cold 
tumor into hot tumor [14]. In brief, cyclic GMP-AMP synthase (cGAS) 
encounters damage-associated double-stranded DNA in the cytosol and 
catalyzes the generation of cyclic [G(2′,5′)pA(3′,5′)p] (cGAMP), which 
act as the second messenger to activate STING and then produce type I 
interferons [IFN-I: interferons α (IFN α) and interferons β (IFN β)], 
pro-inflammatory cytokines and chemokines, such as interleukin 6 
(IL-6), tumor necrosis factor α (TNF-α), Chemokine (C-X-C motif) Ligand 
10 (CXCL10) [15,16]. Recent evidence has demonstrated that the metal 
ions play a vital role in regulation of immunity, such as Ca+ inhibits 
adenosine metabolism, Zn2+ enhances the anti-tumor effect T cells, 
Mn2+ activates cGAS-STING signaling pathway [17–20]. More impor-
tantly, some treatment strategies based on Mn2+ have made significantly 
progress in clinical trials, such as a completed phase 1 clinical trial 
(ClinicalTrials.gov, NCT03991559) shows Mn2+ enhances anti-immune 
response in multidrug-resistant patients with advanced metastatic sold 
tumor via promoting IFN-I, IL-6, IL-8, TNF-α secretion [21]. Addition-
ally, Mn2+ was also proved to be able to synergize chemotherapy, ICB 
and in situ vaccine [22–24]. 

Based on the peculiarity of gold, manganese nanomaterials and our 
previous biomimetic engineering experiences [25,26], we firstly con-
structed composite nanoparticles of MnO2 coating gold nanorod (GNR) 
with the help of silicon dioxide (SiO2). Then, the composite nano-
particles GNR@SiO2@MnO2 (hereafter referred to as GSM) was coated 
myeloid-derived suppressor cells (MDSCs) membrane, which can 
actively target TME [27], to construct the ultimate multi-functional 
nano-theranostics agent (GNR@SiO2@MnO2@MDSCs, hereafter 
referred to as GSMM) (Scheme 1). With the coating MnO2 on the GNR 
surface, the GSMM showed the capabilities of NIR-II window photonic 
hyperthermia. Besides, the GSMM inherited the PAI and MRI abilities 
based on the degradation of MnO2 layer for cancer imaging in TME. 
More importantly, the GSMM could enhance anti-tumor immunity 
depending on multiple methods to realize dual immunotherapy: (1) 
Mn2+ released from GSMM catalyzed H2O2 into hydroxyl radical (⋅OH, a 
kind of ROS) for CDT leading to activate c-GAS-STING signaling, Mn2+

directly acts on STING inducing secretion of IFN-I, pro-inflammatory 
cytokines and chemokines; (2) PTT and CDT-mediated ICD to enhance 
anti-tumor immune response via CRT, HMGB1 and ATP, which pro-
motes the maturity of dendritic cell (DC) and antigen presentation. 

2. Materials and methods 

2.1. Reagents 

Chloroauric acid (HAuCl4⋅3H2O) and tetraethyl orthosilicate (TEOS) 
were purchased from Sigma-Aldrich. Ascorbic acid (AA) and silver ni-
trate (AgNO3) were purchased from Sinopharm Chemical Reagent Ltd. 
(Shanghai, China). Cetyltrimethyl ammonium bromide (CTAB) and so-
dium borohydride (NaBH4) were purchased from Aladdin Reagent Co. 
Ltd. (Shanghai, China). Potassium permanganate (KMnO4) was pur-
chased from Lingfeng chemical reagent CO. Ltd. (Shanghai, China). 

2.2. Preparation of gold nanorods (GNRs) 

The seed solution for GNRs was prepared as reported previously [6]. 
Briefly, a 166.7 μL amount of 5 mM HAuCl4, 2.5 mL of 100 mM CTAB 
and 466 μL ultra-pure water were mixed together. A 200 μL of fresh 10 
mM NaBH4 was quickly injected into the above solution under vigorous 
stirring (1200 rpm). The stirring was stopped after 2 min to obtain gold 
seeds solution, the solution color changed from yellow to 
brownish-yellow. The seed solution was aged at 37 ◦C for 30 min before 
use. The GNRs grew in a solution consisting of 50 mL of 100 mM CTAB, 
5 mL of 5 mM HAuCl4, 500 μL of 100 mM AA, 1 mL of 500 mM H2SO4, 
and 500 μL of 10 mM AgNO3. The solution was stirred at 600 rpm for 2 
min, then 120 μL of seed solution was added to initiate the growth. The 

reaction was kept at 37 ◦C overnight. The GNRs were harvested by 
centrifugation and washed them repeatedly with ultra-pure water to 
remove the excess CTAB. The GNRs were redispersed with 25 mL 
ultra-pure water. 

2.3. Preparation of GNRs@SiO2@MnO2 (GSM) 

The mesoporous silica coating on GNRs were synthesized according 
to a literature procedure [6]. Briefly, 5 mL of as synthesized GNRs so-
lution was diluted to 20 mL with ultra-pure water, then adjusted to pH 
= 10 by 28 wt% ammonia. Afterward, TEOS (10 w% in ethanol, 30 μL) 
was added into the above solution under gentle stirring. The procedure 
was repeated four times with 30 min intervals. Then the whole system 
was continually stirred for 24 h at 30 ◦C. The GNR@SiO2 was washed by 
centrifugation and redispersed with 10 mL of ultra-pure water. Then 8 
ml of 4 mM KMnO4 was dropwise added into the suspension of 
GNR@SiO2 under ultrasonication. After 24 h, the GNR@SiO2@MnO2 
nanoparticles were obtained by centrifugation and redispersed with 
ultra-pure water. 

2.4. Myeloid derived suppressor cells (MDSCs) isolation 

MDSCs Isolation Kit (mouse) was purchased from Miltenyi Biotec 
(German). Firstly, the femur was dissected from tumor-bearing C57BL/6 
mouse. Then, the cells in bone marrow cavity were collected by means of 
irrigation and then filtered with 70-μm cell strainers (Becton & Dick-
inson). Next, the cell suspense was indirectly magnetically labeled with 
Anti-Gr-1-Biotin and anti-Bioti microBeads. Then, the cell suspension is 
loaded on to a MACS column, which is placed in the magnetic field of a 
MACS Separator. The magnetically labeled cells are retained with the 
column. After removing the column from the magnetic field, the 
magnetically labeled cells were collected in a 15 ml centrifuge tube. To 
increase the purity of MDSCs, repeat the magnetic separation procedures 
as above steps. Finally, cells were fluorescently stained with CD11b (BD, 
BB515, clone M1/70) and Gr-1 (BD, BV650, clone RB6-8C5) and 
analyzed by flow cytometry to confirm the purity of MDSCs. Cell debris 
and dead cells were excluded from the analysis based on scatter signals 
and propidium iodide fluorescence. 

2.5. Preparation of GNRs@SiO2@MnO2@MDSCs (GSMM) 

Membrane coating was prepared as our previous literature [26,28]. 
Briefly, MDSCs were disrupted using a Dounce homogenizer. The entire 
solution was subjected to 20 passes before spinning down at 3200g for 5 
min. The supernatants were saved and centrifuged at 20000g for 30 min, 
after which the pellet was discarded and the supernatant was centri-
fuged again at 80000g for 2 h using an ultra-speed centrifuge (LE-80 K, 
Beckman Coulter, USA). The pellets containing the cell membranes were 
washed once in 1 mM EDTA and 10 mM Tris-HCl, and then collected as 
purified MDSCs membranes. Then MDSCs membrane-vesicles were ob-
tained by physically extruding the pellets for several passes through 400 
nm and 200 nm microporous membranes with an Avanti mini-extruder 
(Avanti Polar Lipids, USA). Subsequently, the MDSCs 
membrane-vesicles and GSM were mixed and extruded 11 times through 
a 200 nm microporous membranes and excess MDSCs 
membrane-vesicles were removed by centrifugation to obtain GSMM. 

2.6. Characterization of GSMM 

Transmission electron microscopy (TEM) images were acquired by 
Talos F200X. The UV–vis absorption spectra was measured on a UV–vis 
spectrophotometer (Agilent, Cary5000). The dynamic light scattering 
(DLS), and Zeta potential experiments were carried out using a Zetasizer 
Nano-ZS (Malvern Instruments). 
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2.7. Photothermal properties 

To evaluate the photothermal properties, 200 μL water containing 
different concentration GSMM and GSM solution (0, 10, 20, 40, 80, 100 
ppm based on Au) were irradiated under a 1064 nm laser (BEIJING 
LASERWAVE OPTOELECTRONICS TECHNOLOGY) with power density 
of 0.6 W/cm2. Then, the 200 μL water containing 80 ppm GSMM and 
GSM solution was irradiated under a 1064 nm laser with different power 
density (0.2, 0.4, 0.6, 0.8, 1.0 W/cm2). The real-time temperature was 
recorded using infrared thermal imager (Fotric, Beijing, China). The 
photothermal stability of GSMM and GSM were tested by six cycles of 
laser irradiation “on” and “off” (80 ppm, 0.6 W/cm2). 

2.8. SDS-PAGE 

For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE), GSM, MDSCs membrane, and GSMM were added into the protein 
extraction buffer and the protein contents were measured with a 
bicinchoninic acid (BCA) kit (Sigma-Aldrich). The samples were heated 
at 95 ◦C for 5 min and 20 μg of each sample was loaded into a 10% SDS- 
polyacrylamide gel. The samples were run at 120 V for 1.5 h and the gel 
was stained with Coomassie blue for 4 h and then decolorated overnight 
before taking pictures. 

2.9. Cell lines 

B16/F10, RAW 264.7, 4T1 and HOK were purchased from the 
American Type Culture Collection (ATCC, Manassas, VA) and genotype 
confirmed using STR sequence. Cell lines were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM), 10% fetal bovine serum (FBS), at 5% 
CO2 and 37 ◦C in a humidified incubator according to ATCC guidelines. 

2.10. Animal 

All experimental procedures were approved and performed in 
accordance with the guidelines of Institutional Animal Care and Use 
Committee of Southern Medical University. All mice were purchased 
from the Experimental Animal Center of Southern Medical University. 
All mice were fed in the Specified Pathogen Free (SPF) environment. 

2.11. RNA sequencing 

B16/F10 were inoculated into 6-well plates at a density of 5 × 106 

cells/well and cultured overnight. Then, these cells were incubated with 
or without GSMM (80 ppm) for 4 h. Subsequently, total RNA was 
extracted from cells using Trizol (Life Technologies, CA, USA). RNA 
integrity was assessed using the RNA Nano 6000 Assay Kit of the Bio-
analyzer 2100 system (Agilent Technologies, CA, USA). A total amount 
of 1 μg RNA per sample was used as input material for the RNA sample 
preparations. Sequencing libraries were generated using NEBNext® 
UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) following 
manufacturer’s recommendations and index codes were added to attri-
bute sequences to each sample. The clustering of the index-coded sam-
ples was performed on a cBot Cluster Generation System using TruSeq 
PE Cluster Kit v3-cBot-HS (Illumia) according to the manufacturer’s 
instructions. After cluster generation, the library preparations were 
sequenced on an Illumina Novaseq platform and 150 bp paired-end 
reads were generated. Feature Counts v1.5.0-p3 was used to count the 
reads numbers mapped to each gene. And then FPKM of each gene was 
calculated based on the length of the gene and reads count mapped to 
this gene. FPKM, expected number of Fragments Per Kilobase of tran-
script sequence per Millions base pairs sequenced, considers the effect of 
sequencing depth and gene length for the reads count at the same time, 
and is currently the most commonly used method for estimating gene 
expression levels. Gene Ontology (GO) enrichment analysis of differ-
entially expressed genes was implemented by the cluster Profiler R 

package, in which gene length bias was corrected. GO terms with cor-
rected P value less than 0.05 were considered significantly enriched by 
differential expressed genes. KEGG is a database resource for under-
standing high-level functions and utilities of the biological system from 
molecular-level information. Cluster Profiler R package was used to test 
the statistical enrichment of differential expression genes in KEGG 
pathways. 

2.12. RT-PCR 

B16/F10 were inoculated into 6-well plates at a density of 5 × 106 

cells/well and cultured overnight. Then, these cells were incubated with 
or without GSMM (80 ppm) for 4 h. Subsequently, total RNA was 
extracted from cells using Trizol (Life Technologies, CA, USA). Quanti-
tative real-time PCR was performed in triplicate with an Applied 
LightCycler 96 quantitative PCR system (Roche). The primer and probe 
sequences were as follows: Infβ1 forward primer, 5′-CTGGCTTCCAT-
CATGAACAA-3′, Infβ1 reverse primer, 5′-AGAGGGCTGTGGTGGAGAA- 
3′; Gapdh forward primer, 5′- GAAGGTGAAGGTCGGAGTCA-3′, Gapdh 
reverse primer, 5′- TTGAGGTCAATGAAGGGGTC-3′. 

2.13. Western blotting 

Western blot was performed as previously described [29]. Briefly, 
the samples were lysed 1 × SDS-PAGE loading buffer and then the ly-
sates were resolved by SDS-PAGE and transferred to polyvinylidene 
difluoride (PVDF) membranes. Afterward, the PVDF membranes were 
incubated with STING, p-SING, p-TBK1 and p-IRF3 (CST). The chem-
iluminescence detection reagents (Merck Millipore, Billerica, MA) were 
used for imaging. 

2.14. Methylene blue (MB) assay 

To evaluate the generation of ⋅OH by GSMM, 80 μg/mL of GSMM, 10 
μg/mL MB, 25 mM NaHCO3 and 10 mM H2O2 was mixed by different 
permutation and combination (G1: MB, G2: MB + H2O2, G3: MB +
GSMM, G4: MB + GSMM + H2O2, G5: MB + GSMM + H2O2 + NaHCO3). 
After 30 min incubation, the solution absorbance was measured at 663 
nm. 

2.15. CCK-8 assay 

B16/F10 cells were seeded in 96-well plates at a density of 5 × 103 

cells per well and incubated for 24 h. And then, the cells were washed by 
PBS and incubated with different concentration of GSMM (0, 5, 10, 20, 
40 and 80 μg/mL). Five replicate wells were designed for each con-
centration. After 4 h incubation, one-third of wells were irradiated with 
a 1064 nm laser (0.6 W/cm2) for 5 min and another one-third of wells 
were treated for 10 min. Subsequently, the cells were continuously 
incubated for 20 h and then the cell viabilities were measured by CCK8 
according to manufacturer’s instructions. 

2.16. ROS assay 

DCFH-DA fluorescence probe was used to measure the ROS genera-
tion. B16/F10 cells were inoculated into 6-well plates at a density of 1 ×
106 cells/well and cultured overnight. The next day, B16/F10 cells were 
treated with different concentrations of GSMM (0, 5, 10, 20 and 40 μg/ 
mL) for 2 h. And then, DCFH-DA fluorescence probe (10 μM) was added 
to the medium for 30 min. Afterward, the cells were washed twice with 
PBS and observed by laser scanning confocal microscope (Leica SP8). 

2.17. In vitro PTT assay 

B16/F10 cells were inoculated into 6-well plates at a density of 1 ×
106 cells/well and cultured 24 h. The next day, the cells were incubated 
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with different treatments (Group 1: PBS; Group 2: PBS; Group 3: GSM, 
40 μg/mL; Group 4: GSMM, 40 μg/mL; Group 5: GSMM, 40 μg/mL). 
After 4 h incubation, Group 2, 3 and 5 were irradiated with a 1064 nm 
laser (0.6 W/cm2) for 10 min. Subsequently, the cells were continuously 
incubated for 20 h and then the cell live or dead were measured by 
Calcein-AM/PI kit according to manufacturer’s instructions (BestBio, 
Shanghai, China). Additionally, the cell climbing slices were prepared 
with the same treatment as above and then fixed for the expression of 
CRT by immunofluorescence in each group. The cell supernatant was 

collected and the level of ATP and HMGB1 were measured by enzyme- 
linked immunosorbent assay (ELISA) kit according to manufacturer’s 
instructions (Absin, Shanghai, China). 

2.18. In vivo pharmacokinetics and biodistribution 

To study the pharmacokinetics of nanoparticles, C57BL/6 mice (n =
4 each group) received an intravenous (i.v.) injection of 200 μL PBS 
containing GSMM or GSM at a dose of 5 mg/kg based on Au. At various 

Fig. 1. Characterization of GSMM. (a) Schematic illustration of the sorting route for MDSCs. (b) Flow images of MDSCs at before or after magnetic cell sorting. (c) 
TEM images of GNR, GNR@SiO2, GSM and GSMM. (d) Hydrodynamic size distribution of GSM and GSMM measured by dynamic light scattering. (e) Zeta potential of 
GNR, GSM and GSMM. (f) UV–vis–NIR spectra of GNR, GNR@SiO2, GSM and GSMM. (g) Photothermal images of GSMM in different time points under a 1064 nm 
laser irradiation (80 μg/mL, 0.6 W/cm2). (h) The heating curve of GSMM with different concentration (0, 10, 20, 40, 80, 100 ppm) under a 1064 nm laser irradiation 
(0.6 W/cm2). (i) The heating curve of GSMM with different laser powers (0.2, 0.4, 0.6, 0.8, 1.0 W/cm2) under a 1064 nm laser irradiation (80 ppm). (j) The 
photothermal stability of GSMM after six cycles of laser irradiation “on” and “off”. (k) The heating curve of GSM and GSMM under a 1064 nm laser irradiation (80 
ppm, 0.6 W/cm2). 
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time points after the injection, 50 μL blood was collected via the tail 
veins, and then Au content was quantified with ICP-MS. For bio-
distribution, tumor-bearing C57BL/6 mice (n = 3 each group) received 
an intravenous (i.v.) injection of 100 μL PBS containing GSMM or GSM 
at a dose of 5 mg/kg based on Au. All mice were euthanized on the 24 h 
after the injection and their hearts, livers, spleens, kidneys, lungs, and 
tumor were dissociated. Organs were weighed and then Au content of 
organs was quantified with ICP-MS. 

2.19. In vivo biosafety 

In order to test the biosafety of GSMM, C57BL/6 mice (n = 5 each 
group) received an i.v. injection of 100 μL PBS, or PBS containing GSMM 
at a dose of 5 mg/kg based on Au. General status of the mice was 
evaluated every day by veterinarians and mice body weights were 
measured every other day. All mice were euthanized on the 14th day 
after the injection and their blood samples and major organs, including 
hearts, livers, spleens, lungs and kidneys, were collected. Three impor-
tant hepatic indicators and two primary indicators for kidney functions 
were measured by using a blood biochemical autoanalyzer (7080, 
HITACHI, Japan). The complete blood panel data from healthy control 
and treated mice were also tested. Organs were fixed in 4% neutral 
buffered formalin, processed routinely into paraffin and sectioned at 6 
μm. Then the sections were stained with hematoxylin and eosin (H&E), 
and scanned using Aperio VERSA (Leica, Germany). 

2.20. In vivo imaging 

To establish tumor-bearing C57BL/6 mouse model, B16/F10 cells 
(2.5 × 105 cells in 100 μL serum-free cell medium) were injected sub-
cutaneously into the flank of C57BL/6 mouse. BALB/c nude mice xe-
nografts were obtained by subcutaneous (s.c.) injection of 50 μL serum- 
free cell medium containing 1 × 105 B16/F10 cells into the shoulder of 
mice. After the tumor volume reached 100 mm3, the tumor-bearing mice 
were used for further experiments. Tumor volumes were calculated ac-
cording to the following equation: (tumor length) × (tumor width)2/2. 

For magnetic resonance imaging (MRI), tumor-bearing C57BL/6 
mouse received an intravenous (i.v.) injection of 200 μL PBS or PBS 
containing GSMM or GSM at a dose of 5 mg/kg based on Au. The T1- 
weighted MRI was acquired at various time points (0, 1, 4 and 24 h) 
via a high magnetic field micro-MR scanner (PharmaScan 7.0 T, Bruker, 
Germany). 

For photoacoustic imaging (PAI), tumor-bearing BALB/c nude mice 
were injected with 200 μL PBS containing GSMM or GSM at a dose of 5 
mg/kg based on Au. The photoacoustic signal in mice were acquired at 
different time points (0, 1, 4, 8, 12 and 24 h) by a photoacoustic imaging 
system (LOIS-3D, TomoWave Laboratories, USA) with 1064 nm laser 
(180mJ/pulse). 

For in vivo fluorescence imaging, firstly, DIR marked RBC (RBCDIR), 
MDSCs membrane (MDSCsDIR) and GSMM (GSMMDIR) were prepared 
according to manufacturer’s instructions. And then tumor-bearing 
C57BL/6 mouse received an intravenous (i.v.) injection of 100 μL PBS 
containing RBCDIR, MDSCsDIR and GSMMDIR. The fluorescence signal in 
mice were acquired at different time points (1, 2, 4, 6 and 24 h) by In- 
Vivo FX PRO (Bruker, Germany). 

2.21. In vivo treatment 

Tumor-bearing C57BL/6 mouse were randomly separated into five 
groups (n = 5 per group), including G1: PBS, G2: PBS + Laser, G3: GSM 
+ Laser, G4: GSMM, G5: GSMM + Laser. After 4 h injected with GSMM 
(5 mg/kg based on Au), GSM (5 mg/kg based on Au) or PBS, the mice 
were treated with a 1064 nm laser (0.6 W/cm2) for 10 min in G2, 3 and 
5. The real-time temperature in tumor was recorded using infrared 
thermal imager (Fotric, Beijing, China). All mice were treated every five 
days. The body weights and tumor volume of mice were monitored 

every two days for ten days. Whereafter, the mice injected euthanasia 
and the tumors were dissected. Partial tumor specimens were fixed in 
4% neutral buffered formalin, processed routinely into paraffin and 
sectioned at 4 μm. Then, the tumor sections were stained with Ki67 and 
Calreticulin (CST). Partial tumor tissues were used for following western 
blotting and flow cytometry. 

2.22. Flow cytometry 

For flow cytometric analysis, single cell suspensions were first pre-
pared. The tumor tissues were dissected from mice. And then, the tumor 
was placed in C Tube containing the enzyme mix (DNases: 25 U/mL, 
Sigma-Aldrich; collagenase IV: 0.2 mg/mL, Sigma-Aldrich and hyal-
uronidase: 0.1 mg/mL, Sigma-Aldrich) to cut into small pieces using 
gentleMACS™ Tissue Dissociators, and go on digesting in incubator at 
37 ◦C for 1 h, and were then filtered with 70-μm cell strainers (Becton & 
Dickinson). Subsequently, the cells were stained with following anti-
bodies: Live/Dead (AF700), CD45 (APC-Cy7; clone 30-F11), CD3 
(BV510, clone 145-2c11), CD8a (BB515; clone 53–6.7), CD4 (BB700; 
clone RM4-5), CD11b (APC; clone M1/70), Gr-1 (BV650; clone RB6- 
8C5), F4/80 (BV421; clone BM8), CD206 (BV785; clone BM8), CD11c 
(PE-CY7; clone B-ly6) and CD86 (PE; clone GL1) (all from Becton & 
Dickinson). The samples were measured using a CytoFLEX flow cy-
tometer (Beckman). The results were analyzed using FlowJo (Tree Star). 

2.23. Statistical analysis 

Data analyses were performed using Graph Pad Prism version 9.0 for 
Windows (Graph Pad Software Inc, La Jolla, CA). Unpaired t-test, one- 
way ANOVA with Dunnett’s multiple comparison tests and two-way 
ANOVA with Tukey’s or Sidak’s multiple comparisons test was used to 
analyze significant differences. Dates were represented as the mean ±
SEM. Differences (p < 0.05) were considered statistically significant. 

3. Results and discussion 

3.1. Preparation and characterization of GSMM 

The preparation of GSMM briefly includes four main steps according 
to the previous research [6,26]: (1) GNRs were prepared by gold seed 
solution approach by CTAB, HAuCl4, AA, H2SO4 and AgNO3. (2) coating 
a layer of SiO2 on the surface of GNRs to obtain GNR@SiO2 by tetrae-
thoxysilane (TEOS) hydrolysis reaction. (3) the KMnO4 was dropwise 
added into the suspension of GNR@SiO2 under ultrasonication to ac-
quire GSM. 4) MDSCs were fist sorted from bone of tumor-bearing 
mouse (Fig. 1a). The purity of MDSCs was quantified to be higher 
than 95% with flow cytometry (Fig. 1b). Afterward, the membrane of 
MDSCs was prepared by hypotonic lysing and differential centrifuga-
tion, and then fused on to the outer layer of GSM to obtain GSMM. 

To make sure the GSMM was successfully fabricated, the morphol-
ogies of nanoparticles were characterized by TEM and the element 
mapping. As shown in Fig. 1c, the dimension of GNRs was about 14 nm 
× 52 nm, and the thickness of uniform SiO2 layer around GNRs was 
nearly 23 nm. An irregular MnO2 layer was clearly observed after the 
prepared GNRs@SiO2 were cladded with MnO2. The TEM images 
showed that the GSM nanoparticles were surrounded by a layer of 
membrane after coated with MDSC membranes. The element mapping 
displayed that Au core is surrounded with Si, Mn, and O elements in 
GSM (Fig. S1). Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) stripes revealed that MDSC membrane transfer did not 
influence the membrane protein expression in the GSMM (Fig. S2). The 
hydrodynamic diameter of different nanocomposites was measured by 
DLS (Fig. 1d), the GSM nanoparticles possessed a size of approximately 
116 nm, which increased to around 129 nm after being coated with 
MDSC membranes. The GSMM remained stable over two weeks in FBS 
and PBS (Fig. S3). The zeta potentials of GNRs, GSM and GSMM are 
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Fig. 2. The evaluation of CDT and PTT in vitro. (a) The images of different reaction systems. (b) The absorbance of different groups at 663 nm (G1: MB, G2: MB +
H2O2, G3: MB + GSMM, G4: MB + GSMM + H2O2, G5: MB + GSMM + H2O2 + NaHCO3). (c) The cell viability with different concentration GSMM co-incubation (0, 
5, 10, 20, 40, 80 μg/mL) after laser irradiation (1064 nm, 0.6 W/cm2) in different treatment time (Two-way ANOVA with Tukey’s multiple comparisons test; ns: no 
significance, *: p < 0.05, **: p < 0.01, ***: p < 0.001). (d) Immunofluorescence images of ROS staining (DCFH-DA probe) of B16/F10 cells after different con-
centration GSMM co-incubation (0, 5, 10, 20, 40 μg/ml) treatments with or without laser irradiation (Scale bar: 50 μm). (e) Immunofluorescence images of live/dead 
staining (Calcein acetoxymethyl ester and propidium iodide probes) of B16/F10 cells with or without nanoparticles (GSM or GSMM, 80 μg/mL) co-incubation under 
1064 nm laser irradiation treatment (0.6 W/cm2, 5 min). Scale bar: 200 μm. (f) Immunofluorescence images of CRT expression on B16/F10 with or without 
nanoparticles (GSM or GSMM, 80 μg/ml) co-incubation under a 1064 nm laser irradiation treatment (0.6 W/cm2, 5 min). Scale bar: 50 μm. 
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36.47, − 31.37, and − 35.43 mV, respectively (Fig. 1e). The plasmon 
spectra of the nanoparticles were characterized by UV–vis–NIR spectra. 
As shown in Fig. 1f, the UV–vis–NIR absorption peak of GNRs exhibited 
at 820 nm, and negligible absorbance change absorbance change after 
coated with SiO2 layer. The absorption peak showed a redshift from 820 
to 1066 nm with the growth of MnO2 layer, and the characteristic 
absorbance of MnO2 at 380 nm also increased. The MnO2 layers could 
significantly shift the absorption peak of GSM and GSMM nanoparticles 
to the NIR-II region. 

To explore the NIR-II region photothermal performance, the water 
and a series of concentration of GSMM and GSM were irradiated under a 
1064 nm laser irradiation at 0.6 W/cm2 for 5 min (Fig. 1g and Fig. S4a). 
As the concentration increased from 0 to 100 ppm, the heating curve of 
GSMM and GSM indicated concentration dependent peculiarity (Fig. 1h 
and Fig. S4b). And the peak temperature of GSMM reaches 52.7 ◦C, 
which is high enough to induce tumor cell death [30,31]. Meanwhile, 
the photothermal ability of GSMM and GSM also shows analogous 
irradiaton power density dependence at a 80 ppm concentration (Fig. 1i 

Fig. 3. The excavation of biological mechanism of GSMM by RNA sequencing. (a) Sample correlation test. (b) The volcano map of GSMM (n = 3: Mn1, Mn2, Mn3) 
and control (n = 3: C1, C2, C3) group. (c) The heatmap of genes alteration after GSMM treatment (p < 0.05, [fold change≥2]). (d) Gene ontology enriched in GSMM 
treatment and control group (red arrows represent GSMM relative pathways. (e) The heatmap of selected genes related to cGAS-STING signaling pathway. (f) The 
relative mRNA expression of ifnb1 was detected by qRT-PCR (One-way ANOVA, **: p < 0.01, ***: p < 0.001). (g) The western blotting of STING in GSMM, MnCl2 and 
control group. (h) Immunofluorescence images of STING in GSMM, MnCl2 and control group. Scale bar: 100 μm. 
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and Fig. S4c). More importantly, MDSC membrane transfer did not in-
fluence the photothermal ability of GSMM compared to GSM (Fig. 1j). 
The photothermal conversion efficiency of GSMM was calculated to be 
36.4% according to the recent reported article, which exhibits excellent 
photothermal property (Fig. S5). The TEM imaging showed that GSMM 
still maintained nanorod structure after the laser irradiation (Fig. S6). 
Additionally, both GSMM and GSM exhibit a good photothermal sta-
bility by six-cycle laser irradiation “on” and “off” (80 ppm, 0.6 W/cm2) 
(Fig. 1k and Fig. S4d). And these results indicated that GSMM is an 
excellent NIR-II photothermal nanoplatform. 

3.2. GSMM can effectively induce ICD of cancer cells 

The acidic TME is an important feature of cancer [32,33]. Previous 
studies indicated that MnO2 response to acidic TME leading to release of 
Mn2+ according to chemical equation: MnO2 + 2H+ → Mn2+ + H2O +
1/2O2 ↑ [34]. In order to evaluate the acid sensitivity of GSMM, it was 
incubated in pH 6.5 buffer solution. The color of GSMM and GSM so-
lution gradually changed from brown to light pink, which indicated 
Mn2+ was released from GSMM and GSM (Fig. S7). The TEM imaging 
showed that the MnO2 shell disappears after 2 h incubation in pH 6.5 
buffer solution (Fig. S8). More than 60% of Mn2+ is released from GSMM 
in pH 6.5 buffer solution at 12 h incubation, but the proportion is only 
7.8% in buffer solution of pH 7.4 (Fig. S9). As is well known, Mn2+ could 
catalyzed H2O2 to generate ⋅OH with the assistance of HCO3

− by 
Fenton-like reaction in acidic TME [35,36]. Based on Methylene blue 
(MB) can be degraded by ⋅OH, it is usually used as a dye for evaluating 
the level of the ⋅OH. Herein, the color of MB had basically disappeared in 
group of GSMM + H2O2 + NaHCO3 (G5), but the color in other group 
remained blue (Fig. 2a). Meanwhile, we measured the absorbance of 
different groups at 663 nm (Fig. 2b). MDSCs membrane coating did not 
influence the acid sensitivity of GSMM compared to GSM (Fig. S10). 
Next, we evaluated the therapeutic effect of GSMM on B16/F10 cells. In 
confocal imagings, we clearly observed that GSMM or GSM could been 
successfully phagocytized by B16/F10 (Fig. S11). Further, the result of 
CCK-8 showed that the inhibition effect of cancer cell viability is con-
centration dependent and irradiation time dependent (Fig. 2c). And the 
cell viability significantly dropped to more than 60% with 40 μg/mL 
GSMM after laser irradiation (1064 nm, 0.6 W/cm2) in 5 min. Moreover, 
GSMM barely has cytotoxicity for normal cells (Fig. S12). Besides, the 
damaged DNA accumulated in the cells after GSMM treatment using 
PicoGreen dye (Fig. S13). As described above, the Mn2+ released from 
GSMM could augment the ROS level of cancer cells. Therefore, the probe 
2′,7′-dichlorofluorescin diacetate (DCFH-DA) was used to detect the 
ROS level after being incubation with different concentration GSMM for 
2 h with or without laser treatment. As shown in Fig. 2d, the level of ROS 
indicated concentration dependent and GSMM at above 20 μg/mL 
concentration showed remarkably increase of ROS in B16/F10 cells. 
Moreover, after treated with laser irradiation, the brighter green fluo-
rescence was detected compared to without laser treatment group, 
revealing the significant increases in intracellular ROS levels. Besides, 
based on the photothermal characteristic of GNRs, we next executed PTT 
for B16/F10 after 4 h incubation with GSMM or GSM. Immunofluores-
cence images of live/dead staining (Calcein acetoxymethyl ester and 
propidium iodide probes) suggested that there were almost no living 
cells in GSMM and GSM group after an 1064 nm laser (0.6 W/cm2) 
irradiation treatment for 5 min (Fig. 2e). These results show that GSMM 
is an excellent CDT and PTT nanoplatform in vitro. 

Cumulative research shows that ICD has emerged as a bridge in 
tumor cell-microenvironment interactions by enhancing tumor cell 
immunogenicity [37]. The occurrence of ICD will stimulate 
damage-associated molecular patterns lead to release of ATP, HMGB1 
and CRT for promoting anti-tumor immunity [12,38]. The experimental 
and clinical evidence has confirmed that certain chemotherapy, radio-
therapy and PTT can act as an inducer of ICD [12]. To testify whether 
GSMM can induce the ICD occurrence, we measured the release of ATP, 

HMGB1 and CRT in different treatment groups. The confocal images 
demonstrated that the expression of CRT was significantly up-regulated 
in GSMM + laser treatment group (Fig. 2f). The level of ATP and HMGB1 
were measured by enzyme-linked immuno sorbent assay (Fig. S14). 
Similarly, we found that both GSMM + laser and GSM + laser treatment 
induced the highest level of ATP and HMGB1 release. These results 
suggested that GSMM is a promising agent for tumor immunotherapy. 

3.3. Biological mechanism of GSMM 

Next, we explored the underlying biological mechanism of GSMM for 
cancer cells by RNA-sequencing. The B16/F10 was treated with or 
without 80 ppm GSMM (three samples in each group). Correlation 
analysis indicated high degree of uniformity among samples in each 
treatment group and the gene expression is similar in the two groups 
(Fig. 3a). Volcano plots and hierarchical cluster revealed that 328 genes 
are significantly different in the GSMM treatment group compared with 
the control group, including 111 up-regulated genes and 217 down- 
regulated genes (Fig. 3b and c). For further insight into the potential 
targeted pathways of GSMM, we performed gene ontology (GO) analyze 
(Fig. 3d and Fig. S15). The results showed that cytokine activity and 
chemkine activity (red arrow) was high enrichment. 

Recent literature identified that Mn2+ could significantly augment 
IFN-I, pro-inflammatory cytokines and chemokines by launching cGAS- 
STING signaling [20]. Meanwhile, the results of kyoto encyclopedia of 
gene and genomes (KEGG) further confirmed that certain cGAS-STING 
related pathways were significantly up-regulated after GSMM treat-
ment, including chemokine signaling pathway, NF-kappa B signaling 
pathway, IL-17 signaling pathway and TNF signaling pathway 
(Fig. S16). These data suggested that GSMM could activate cGAS-STING 
signaling pathway. NF-kappa B RelA subunit is crucial for early IFN-β 
expression [39,40]. In cytoplasm, STING activates the kinases TBK1 and 
then induces phosphorylation of IRF, which dissociates from the adaptor 
proteins, dimerizes, and then enters the nucleus to induce IFN-I [41]. In 
deed, hierarchical cluster analysis of differential genes demonstrated 
that Ifnb1, Tbk1and Irf5 were significantly up-regulated in GSMM 
treatment group (Fig. 3e). The relationship between GSMM and STING 
signaling pathway was further confirmed through RT-PCR (Fig. 3f), 
western blotting (Fig. 3g and Fig. S17) and immunofluorescence staining 
(Fig. 3h). The results revealed that GSMM could promote IFN-β secretion 
by activating cGAS-STING signaling pathway. Moreover, this biological 
effect of GSMM depends on Mn2+. 

3.4. Immune escape and biosafety of GSMM 

Immune escape and biosafety are necessary features for an excellent 
tumor imaging agent. Therefore, we incubated GSMM, and GSM with 
RAW264.7 murine macrophage cells for 4 h to testify the uptake of 
nanoparticles. The results indicated that the cellular uptake of GSM was 
2–6 folds more than GSMM at all concentration tested (Fig. S18a). Then, 
the relationship between the uptake and the incubation time was also 
tested. The particle uptake significantly increased in the first 8 h, and 
then the uptake rate gradually slowed and reached a peak at 8–12 h 
(Fig. S18b). Subsequently, C57BL/6 mice were used to execute phar-
macokinetic and biosafety studies in vivo. 100 μL GSMM and GSM was 
injected in to each mouse at a 25 mg Au kg− 1 concentration through the 
tail vein. At different time points after the injection, 50 μL blood was 
collected from the tail vein for Au-content determination by Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS). The results showed that 
GSMM treatment group gave the highest Au content and consistently 
exhibited significantly enhanced blood retention over a span of 24 h 
(Fig. S18c). The results indicated that MDSCs membrane coating con-
fered GSMM outstanding immune escape ability, which provided a 
guarantee for GSMM to be better enriched in the tumor site. 

To evaluate the biosafety of GSMM, the mice were treated with 
GSMM or PBS for continuous two weeks. The changes of body weight 
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were not significantly different in two groups (Fig. S19). At the end, the 
mice were euthanized for blood biochemistry, hematology and histo-
logical staining test. The report indicated that primary indicators of liver 
and kidney function, including aspartate aminotransferase (AST), alka-
line phosphatase (ALP), alanine aminotransferase (ALT), creatinine 
(CRE) and blood urea nitrogen (BUN) barely have changed in two 
treatment groups, indicating that GSMM did not impact the normal 
function of the liver or kidney (Figs. S20a–c). Similarly, we did not 
discover statistically significant differences in parameters of blood 
routine in two treatment groups (Figs. S20d–k). Further, Hematoxylin 
and eosin (H&E) staining of primary organ (heart, liver, spleen, lung and 
kidney) also did not show any signs of abnormality in cellar 
morphology, inflammation, or tissue organization in the GSMM treat-
ment group compared with control (Fig. S21). In summary, these results 
indicated that GSMM has excellent biosafety in vivo. 

3.5. Multimodal imaging of GSMM 

MDSCs are important members of TME which have been confirmed 
to be induced by tumor cells via chemokines, such as CXCL1, CXCL2 

[27]. As RNA sequencing above, GSMM treatment could enhance the 
secretion of chemokines, including CXCL1. So, we hypothesized GSMM 
could actively target the TME by inheriting the ability of MDSCs. To test 
this hypothesis, we established a coculture system with Transwell in 
vitro. B16/F10 were seeded in the lower chamber, and GSMM or GSM 
were added to the upper chamber (Fig. S22a). After 12 h of incubation, 
the migration ratio of GSMM was significantly higher than GSM treat-
ment group (Fig. S22b). Further, GSMM and GSM were injected into 
tumor-bearing C57BL/6 via tail vein and tissue uptake of the nano-
particles was measured in terms of Au content with ICP-MS. The results 
showed that the Au content in tumor of GSMM treatment group was 
significantly higher than GSM treatment group and most of nano-
particles were metabolized through liver and Spleen (Fig. S23). To 
further validate the tumor-targeted efficiency, GSMM, MDSCs mem-
brane and RBC membrane labeled by DIR (denoted as GSMMDIR, 
MDSCsDIR, RBCDIR respectively) were injected in to mice bearing 
B16/F10 xenograft for in vivo imaging. After 6 h injection, both 
GSMMDIR and MDSCsDIR group indicated prominent tumor enrichment 
compared to RBCDIR group, meanwhile the fluorescence of DIR in tumor 
accumulation reached to pinnacle (Fig. 4a and b). In vitro imaging of 

Fig. 4. The multimodal imaging of GSMM. (a) In vivo fluorescence images of B16F10 tumor-bearing C57BL/6 mice taken at different times post i.v. injection of 
RBCDIR (RBC membrane marked by DIR), MDSCsDIR (MDSCs membrane marked by DIR) and GSMMDIR (GSMM marked by DIR). (b) Quantitative mean fluorescence 
intensities of tumors in different groups at various time points. (c) Representative T1-weight MRI images of mice injected with GSMM (i.v., 10 mg/kg) at 0, 1, 4 and 
24 h. (d) The corresponding signal to noise analysis of MRI signals in tumor site at various time points. (e) The photoacoustic (PA) images of GSMM in tube with 
different concentrations (0, 20, 40, 80, 120 and 160 mM). (f) The simple linear regression of GSMM between concentration and PA value. (g) The PA images of 
B16F10 tumor-bearing nude mice injected with GSMM (i.v., 10 mg/kg) at 0, 2, 4, 8, 12 and 24 h. (h) The corresponding PA values of tumor at various time points. 
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tumor and primary organs dissociated from mice after 24 h injection and 
quantitative analysis further showed significant tumor enrichment in 
GSMMDIR and MDSCsDIR group owing to the active targeting ability 
derived from MDSCs (Fig. S24). To further reveal the multimodal im-
aging ability of GSMM, MRI and PAI experiments were carried out. 
Previous studies have shown excellent enhanced MRI ability owing to 
release of Mn2+ [6,42,43]. Our imaging and signal to noise (SNR) 
analysis similarly indicated that MRI signal was enhanced after GSMM 
injection compared to before (Fig. 4c and d). And the value of SNR was 
higher in GSMM group than GSM group in different time points owing to 
MDSCs membrane coating (Fig. S25). In PAI aspect, based on the 
excellent photothermal stability, both GSMM and GSM showed an 
outstanding linear relationship between nanoparticle concentration and 
PA value (Fig. 4e–f and Fig. S26). Predictably, GSMM exhibited excellent 
PAI capacity in tumor-bearing mice (Fig. 4g). Additionally, the imaging 
and PA intensity confirmed that GSMM has more excellent in bio-
imaging than GSM (Fig. 4h and Fig. S27). The above data strongly 
suggested that GSMM is an excellent multimodal imaging agent for 
cancer diagnosis. 

3.6. Immunotherapeutic efficacy of GSMM 

To evaluate the immunotherapeutic efficacy of GSMM, a tumor in-
hibition assay was performed in a B16/F10 xenograft mouse model. 25 
mice were randomly divided into five groups: G1) PBS, G2) PBS + Laser, 
G3) GSM + Laser, G4) GSMM, G5) GSMM + Laser. The laser treatment 
was executed with a 1064 nm laser irradiation (0.6 W/cm2) for 
consecutive 10 min at 4 h post i.v. injection. Representative thermo-
graphic images from mice of PBS, GSM and GSMM were shown in 
Fig. 5a. The tumor temperature in GSMM group quickly reached above 
50 ◦C compared to PBS and GSM group (Fig. 5b), which suggested that 
GSMM could significant enrichment in the tumor site and generate 
photothermal treatment effect. Then, the mice tumor volumes were 
monitored every three days and the curve of tumor growth was shown in 
Fig. 5c-d. The PBS treatment group showed a rapid increase in tumor 
volume. The recent report indicated that Mn2+ cooperated with immune 
checkpoint inhibitor (anti-PD-1) effectively inhibited tumor growth via 
potentiating STING activity and IFN-I response [21]. Indeed, GSMM 
alone could prevent tumor growth to some extent. But GSMM them-
selves are insufficient to inhibit the tumor growth. It’s worth noting that 
tumor growth was nearly completed inhibited in GSMM + laser group. 

Fig. 5. In vivo photothermal and twofold immunotherapeutic efficacies of GSMM on B16F10 tumor-bearing C57BL/6 mice. (a) Representative thermographic images 
from mice under a 1064 nm laser irradiation treatment (0.6 W/cm2) at 4 h post i.v. injection of PBS, GSM and GSMM. (b) The curve of temperature of tumor site in 
different groups at various time points. (c) The curve of tumor growth in different treatment groups (G1: PBS, G2: PBS + Laser, G3: GSM + Laser, G4: GSMM, G5: 
GSMM + Laser). (Laser irradiation was conducted at 4 h post-injection nanoparticles with a 1064 nm laser for consecutive 5 min, 0.6 W/cm2) (Two-way ANOVA with 
Sidak’s multiple comparisons test, G4 vs G5 at 10 days, ***: p < 0.001). (d) Individual tumor growth kinetics in different treatment groups. (e) The Ki-67 and CRT 
immunohistochemical staining images of tumor biopsies from different treatment groups. Scale bar: 50 μm. 
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Fig. 6. The tumor immune microenvironment after different treatment. (a) CD45+ tumor-infiltrating leukocytes were analyzed by mass cytometry (n = 5 samples per 
group). The t-distribution stochastic neighbor embedding (t-SNE) plot of CD45+ tumor-infiltrating leukocytes of total 25 samples (pooled data) (left panel: overlaid 
with color-coded clusters) and density t-SNE plots of CD45+ tumor-infiltrating leukocytes in different treatment group (G1: PBS, G2: PBS + Laser, G3: GSM + Laser, 
G4: GSMM, G5: GSMM + Laser). (Laser irradiation was conducted at 4 h post-injection nanoparticles with a 1064 nm laser for consecutive 5 min, 0.6 W/cm2). (b) A 
schematic gating strategy for the identification of various immune cell populations in a B16F10 xenograft model. Flow cytometric quantification of (c) 
CD11b+CD11c+ dendritic cells, (d) CD11b+Gr-1+ MDSCs, (e) CD86+CD11b+F4/80+ M1 macrophages, (f) CD206+CD11b+F4/80+ M2 macrophages, (g) CD4+ T cells, 
(h) CD8+ T cells in tumor tissue (Ordinary one-way ANOVA with Dunnett’s multiple comparisons test; ns: no significance, *: p < 0.05, **: p < 0.01, ***: p < 0.001, 
****: p < 0.0001). 
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And the coincident results were shown in the photographs of tumors 
(Fig. S28) and tumor weight (Fig. S29a). Besides, during treatment, the 
changes of body weight in PBS treatment group were comparable to the 
rest groups, indicating our therapeutic strategy has a low risk of side 
effects (Fig. S29b). After treatment, the part of tumor tissue was made 
into slices for histological staining. As shown in Fig. 5e (upper), the 
GSMM + laser treatment group showed very weak staining of Ki67, 
indicating that GSMM + laser treatment successfully weakened prolif-
eration capacity of cancer cells. PTT and CDT have been proven to cause 
tumor cells to develop DAMP-mediated ICD and then release of ATP, 
HMGB1 and CRT for promoting anti-tumor immunity [44–46]. 
Compared with PBS treatment group, the expression of CRT and HMGB1 
in the other treatment groups had increased in varying degrees, espe-
cially in GSMM + laser group, which showed the highest expression of 
CRT (Fig. 5e and Fig. S30). These results suggested that GSMM com-
bined with laser irradiation treatment can enhance ICD of tumor cells. 

To confirmed the regulation of GSMM for tumor immune micro-
environement, we analyzed the immune cell populations changes in 
tumor using flow cytometry. The part of tumor specimens from each 
group was digested and dissociated to obtain a single cell suspension by 
Gentle MACS Dissociator (Miltenyi Biotec). The t-distribution stochastic 
neighbor embedding (t-SNE) plot of CD45+ tumor infiltrating leukocyte 
was shown in Fig. 6a. Combined with sample ID image and quantitative 
analysis (Fig. S31), we can see that the composition of immune cells is 
basically similar in each treatment group and the number of CD45+

tumor infiltrating leukocyte is the highest in GSMM + laser treatment 
group, portending the enhancement of anti-tumor immunity. We further 
analyzed the changes in the number of specific cell populations in TME. 
The schematic gating strategy for immune cell subsets was shown in 
Fig. 6b. As the most primary antigen-presenting cells, Dendritic cells 
(DCs) play a role in T cells activation via presenting antigens to T cell 
receptors [47]. And the CRT, HMGB1 and ATP from ICD of cancer cells 
can promote the maturity of DCs to enhance immune response [44]. 
Here, the number of CD11b+CD11c+ DCs were significant increase in 
GSMM + laser (G5) group compared with each other groups (Fig. 6c). 
MDSCs are the major negative immune regulator which can secrete 
cytokines for effector T cells exhausion [27]. After GSMM + laser 
treatment, the number of CD11b+Gr-1+ MDSCs were significantly 
decreased compared to each other groups (Fig. 6d). Clinical studies and 
experimental mouse models demonstrated that tumor-associated mac-
rophages (TAMs) can not only promote tumor growth (called as M2 
macrophages, stimulate angiogenesis and enhance tumor cell invasion 
and motility et al.), but also inhibit tumor progress (called as M1 mac-
rophages, secrete pro-inflammatory cytokine et al.) [48,49]. In our mice 
model, the number of total CD11b+F4/80+ macrophages was reduced in 
GSMM + laser treatment group (Fig. S32). However, percentage of 
up-regulated M1 macrophages and down-regulated M2 macrophages 
indicated tumor suppressor effect (Fig. 6e and f). Recent advances have 
identified the role of cGAS-STING for tumor inhibition via stimulating 
DCs, natural killer cells and T cells et al. [50]. Mn2+ act as a STING 
inducer, we did see the high expression of STING, p-STING, p-TBK1 and 
p-IRF3 in GSMM + laser treatment group using western blotting 
(Fig. S33). Quantitative results also showed that the number of CD4+ T 
cells (Fig. 6g) and CD8+ T cells (Fig. 6h) was effectively up-regulated in 
GSMM + laser treatment group compared to each other groups. In 
summary, GSMM exerts dual immunotherapy based on PTT-mediated 
ICD and Mn-induced STING signaling pathway. 

To further illustrate the broad spectrum of GSMM for tumor immu-
notherapy, we evaluated the tumor therapeutic effect of GSMM on 
mouse model breast cancer. As shown in Fig. S34a, GSMM treatment 
successfully restrained the tumor growth after combining with laser 
irradiation. We then rechallenged the mice with 4T1 cells on the 
contralateral flank 3 days after treatment, when the GSMM or GSM were 
completely cleared from the mouse body. The curve of tumor growth 
showed that tumors were almost completely suppressed after GSMM +
laser treatment, which displays that GSMM + laser could effectively 

inhibit tumor metastasis (Fig. S34b). 

4. Conclusion 

In this study, we successfully constructed MDSCs membrane coating 
manganese-based nanoparticles (GSMM) for Cancer multimodal imag-
ing and dual-immunotherapy. The GSMM is endowed with superior 
performance in immune escape and active targeting TME depending on 
MDSCs membrane coating. Owing to the MnO2 outer layer, the LSPR 
peak of GNRs is switched to NIR-II region, realizing NIR-II window PTI 
and PAI of GSMM. Benefiting from the release of Mn2+ of MnO2, GSMM 
can be also used for MRI. In summary, GSMM exhibits excellent multi-
modal imaging abilities for cancer diagnosis, including PTI, PAI and 
MRI. Furthermore, GSMM can be degraded into Mn2+ in acidic TME. 
Then, on the one hand, Mn2+ catalyzed H2O2 into ⋅OH (a kind of ROS) 
for CDT leading to activate c-GAS-STING signaling, on the other hand, 
Mn2+ directly acts on STING inducing secretion of IFN I, pro- 
inflammatory cytokines and chemokines for strengthening anti-tumor 
immunity. Additionally, PTT and CDT inducing ICD of tumor cells can 
further enhance anti-tumor immune response via CRT, HMGB1 and ATP, 
which promotes the maturity of dendritic cell (DC) and antigen pre-
sentation. Therefore, GSMM realizes dual immunotherapy. Taken 
together, our research constructes a multifunctional nanoparticle GSMM 
for realizing multimodal cancer imaging and photothermal-metal- 
immunotherapy. At present, some treatment strategies based on Mn2+

have made significantly progress in clinical trials [21]. In the future, we 
believe that manganese-based theranostic nanoplatform will provide 
more extensive clinical transformation and application. 
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