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A B S T R A C T

Construction of a cancer nanovaccine that can simultaneously activate immune cells and exert efficient tumor 
treatment still remains a challenge. Herein, we showcase a proof-of-concept demonstration of an advanced 
therapeutic nanovaccine formulation based on poly(N-vinylcaprolactam) nanogels (NGs) which were loaded 
with manganese dioxide (MnO2), the sonosensitizer chlorin e6 (Ce6), and the immune adjuvant cyclic GMP-AMP 
(cGAMP). The gels were furthermore coated with apoptotic cancer cell membranes (AM). On the one hand, the 
AM promoted the recognition of NGs by antigen presenting cells (APCs) in lymph nodes due to their enhanced 
immunogenicity, then the loaded Mn and cGAMP could mature APCs via stimulator of interferon genes (STING) 
activation for triggering immunity to prevent tumor growth. On the other hand, the NGs could selectively release 
Mn2+ for hydroxyl radical production and Ce6 to generate single oxygen under ultrasound irradiation of tumors, 
respectively, thereby exerting local chemodynamic/sonodynamic therapy to induce immunogenic cell death 
(ICD). Moreover, the Mn2+ could also activate STING in tumors to synergize with ICD for potentiated immune 
responses. Overall, the biomimetic NG-based therapeutic nanovaccine could directly evoke immune system, and 
also conduct local tumor treatment to further activate ICD, thus realizing a full-cycle immunomodulation (tumor 
killing for ICD/antigen production, and tumor cells/APCs immune activation) to tackle bilateral tumor growth.

1. Introduction

Cancer nanovaccines that can train the immune system to be sensi
tive to tumor antigens have obtained great attention as an emerging 
immune therapeutic modality for tumor inhibition [1–4]. A typical 
cancer nanovaccine is always composed of tumor-associated antigens 
(TAAs) for specificity, adjuvants for immune activation, and nano
carriers for enhanced delivery [5–7]. Currently, most nanovaccines only 
carry model antigen, such as ovalbumin, to directly counter single an
tigen target [8–10]. However, such nanovaccines may not be able to 
elicit sufficient immune responses due to the continuous progress and 
genetic heterogeneity of tumors. Thus, a next generation of nanovaccine 

formulation requires to integrate abundant TAAs to achieve the 
threshold for triggering satisfactory antitumor immunity. Recently, 
biomimetic nanotechnology that can inherent proteins from living cells 
to endow the nanovaccines with unique features has provided a new 
direction for addressing the specific needs of immune activation [11].

Cancer cell membranes, easily extracted from cancer cells, have been 
widely used to camouflage nanodrugs for active tumor delivery, owing 
to the presence of homologous targeting proteins in the membrane [12]. 
Besides, cancer cell membranes bearing a complete membrane protein 
array have recently been proposed as ideal TAAs to construct nano
vaccines, thereby triggering specific immune responses to the corre
sponding tumors [13,14]. However, the presence of immune 
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escape-related proteins on cancer cell membranes may hinder the suc
cessful recognition of the nanovaccine by the immune system [15]. 
Although modifying targeting ligands on cancer cell membranes is 
promising to strengthen the vaccine delivery to immune cells, the syn
thesis process is generally complicated and the delivery efficacy is 
inefficient [6,16]. Encouraged by the design principle of in situ vaccines 
that utilize direct tumor treatment, such as chemotherapy, radiotherapy, 
or photothermal therapy to induce apoptosis and release TAAs for im
munity stimulation [17,18], a rational choice to maximize the immu
nomodulatory capacity of cancer cell membranes is to induce the 
apoptosis of cancer cells before extraction. Due to the huge possibility of 
undergoing immunogenic cell death (ICD) in apoptotic cancer cells, the 
apoptotic cancer cell membranes (AM) are expected to also carry cal
reticulin (CRT), which is an essential ICD marker and mediates 
enhanced immune cell uptake for better immune activation [19–21].

Except for the TAAs, the antitumor effects of nanovaccines are also 
hampered by the immunosuppressive tumor microenvironment (TME) 
and insufficient tumor inhibition efficacy [22]. Thus, multifunctional 
nanovaccines enabling both immune activation and direct tumor killing 
may achieve enhanced tumor suppression performance. Nevertheless, 
this concept is greatly challenged by inducing undesirable side effects on 
immune cells when employing traditional cytotoxic antitumor drugs. 
Local treatment modalities that utilize different external energies or 
special signals to trigger therapy only at tumor sites have aroused 
increasing attention due to their non-invasiveness, specificity, and high 
efficiency [23,24]. As an emerging new modality, sonodynamic therapy 

(SDT) can generate cytotoxic single oxygen (1O2) via the synergy be
tween sonosensitizer and ultrasound (US) to achieve tumor inhibition 
[25]. Compared with other modalities, SDT has the benefit of enhanced 
penetration of US in tumor tissue for improved tumor therapy [26,27].

Accumulating evidence has demonstrated that SDT is capable of 
inducing ICD to activate systemic antitumor immunity [28], laying the 
foundation for using SDT to strengthen the immunomodulation. More
over, the produced reactive oxygen species (ROS) 1O2 during SDT can 
cause irreparable deoxyribonucleic acid (DNA) damage and the 
damaged DNA can escape from the cell nucleus to cytosol [29–31]. Then 
the double-stranded DNA (dsDNA) located in the cytosol can be recog
nized and transformed by the cyclic guanosine monophosphate 
(GMP)-adenosine monophosphate (AMP) synthase (cGAS) to form 2′, 
3′-cyclic GMP-AMP (cGAMP) for activating the stimulator of interferon 
genes (STING) pathway [32,33]. The activated cGAS-STING pathway 
promotes the secretion of type I interferon (IFN) and proinflammatory 
cytokines, which mature dendritic cells (DCs) and further activate T cells 
to induce adaptive immunity [34,35]. In addition to ROS and conven
tional STING activator, recent studies have indicated the potential of 
Mn2+ to directly stimulate cGAS, provoke the sensitiveness of cGAS to 
cytosolic dsDNA, as well as improve the binding efficacy of cGAMP to 
STING [36–40].

To maximize the advantages of cancer cell membranes, SDT, and 
Mn2+ in tumor treatment, it is important to choose a nanoplatform to 
integrate all the components. Poly(N-vinylcaprolactam) (PVCL) nano
gels (NGs) are known as a widely investigated nanocarrier with good 

Scheme 1. Synthesis of PMCG@AM NGs for tumor prophylaxis and direct tumor treatment via a full-cycle immunomodulation.
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biocompatibility, designable responsiveness, ideal drug loading capac
ity, as well as facile functionalization, thus realizing tumoral drug de
livery with controlled release [41–43]. Most remarkably, the PVCL NGs 
prepared via a precipitation polymerization method can act as a nano
reactor for in situ synthesis of manganese dioxide nanoparticles (MnO2 
NPs) [44], which can be converted to Mn2+ for immune activation and 
chemodynamic therapy (CDT) via a Fenton-like reaction [45–47]. These 
unique merits highlight the feasibility to incorporate PVCL NGs with 
different therapeutic agents to construct a multifunctional nanovaccine.

In this work, we have developed a multifunctional nanovaccine 
composed of AM-camouflaged PCVL NGs loaded with MnO2 NPs, 
sonosensitizer chlorin e6 (Ce6), and immune adjuvant cGAMP (Scheme 
1). The PVCL NGs with pH/ROS-responsiveness were synthesized using 
a crosslinker containing boronic ester bonds via a precipitation poly
merization method, after which MnO2 NPs were loaded in situ. Next, Ce6 
was encapsulated through Mn-N coordination bonding and cGAMP was 
loaded through electrostatic compression, followed by coating with AM. 
The developed NGs were thoroughly characterized, then used for in vivo 
vaccination or treatment of a bilateral tumor model utilizing the com
bined action of the loaded components. The obtained biomimetic NGs 
were expected to realize efficient tumor prophylaxis along with direct 
tumor treatment via a full-cycle immunomodulation, since they 
possessed significant features such as: (1) dual responsiveness of NGs 
that enabled selective NG dissociation in the TME for controlled drug 
release; (2) homologous tumor targeting specificity with amplified 
membrane protein immunogenicity using the extracted AM; (3) the joint 
effects of Mn2+, cGAMP, and AM which allowed for maturation of DCs 
via STING activation as well as TAAs presentation to T cells for specific 
tumor prevention; and (4) the addition of US irradiation can trigger local 
SDT at tumor site along with the Mn2+-mediated CDT to facilitate ICD of 
tumor cells, thus cooperating with NG-induced immunity to render the 
full-cycle immunomodulation for effective bilateral tumor suppression.

2. Materials and method

2.1. Synthesis of PVCL-MnO2 (PM) NGs

PVCL-NH2 NGs (P NGs) were first synthesized using a crosslinker 
containing boronic ester bonds through a precipitation polymerization 
method according to the literature [42,43]. Then, MnO2 NPs were in situ 
synthesized within P NGs by a redox reaction between the primary 
amine groups and KMnO4 according to the literature protocols [44].

2.2. Synthesis of PMCG NGs

For Ce6 loading, Ce6 (5 mg) was dissolved in 0.5 mL of DMSO and 
dropped into 5 mL PM NG solution (1 mg/mL), followed by stirring for 
24 h at room temperature. The mixture was centrifuged at 12000 rpm 
for 8 min to remove the supernatant, then the precipitate was redis
persed in water and re-centrifuged at 1000 rpm for 3 min. For cGAMP 
loading, cGAMP (1 mg) was dissolved in 1 mL of water and dropped into 
1 mL PM-Ce6 NG (PMC NG) solution (2 mg/mL), followed by stirring for 
24 h at room temperature. After that, the mixture solution was centri
fuged at 12000 rpm for 8 min to remove the unloaded cGAMP in the 
supernatant and obtain the PMC-cGAMP NGs (for short, PMCG NGs) in 
the precipitate.

2.3. Extraction of AM and preparation of PMCG@AM NGs

For extracting AM, B16-F10 cells were incubated in T75 culture 
flasks, and treated with free Ce6 ([Ce6] = 5 μg/mL) for 6 h. Then, the 
cells were irradiated by US (1.0 MHz, 1.0 W/cm2) for 2 min and incu
bated for additional 6 h. Next, the apoptotic cells were collected and the 
membranes (AM) were extracted by a membrane and cytosol protein 
extraction kit according to the manufacturer’s instructions. For com
parison, the normal cancer cell membranes (NM) were also extracted 

from untreated B16-F10 cells. For the synthesis of PMCG@AM NGs, the 
prepared PMCG NGs (200 μg) were mixed with 0.5 mL of AM suspension 
(harvested from 5 × 106 cells) and the mixture was extruded 11 times 
using an Avanti mini extruder (Avanti Polar Lipids, Inc., Alabaster, AL). 
Subsequently, the mixture was centrifuged at 12000 rpm for 8 min at 
4 ◦C to obtain the PMCG@AM NGs in the precipitate. The PMCG@NM 
NGs were prepared under the same experimental conditions using NM 
suspension.

2.4. Cell culture and in vitro assays

DCs, RAW 264.7 cells (a mouse macrophage cell line), and B16-F10 
cells (a murine melanoma cell line) were regularly cultured, passaged, 
and adopted for in vitro assays including cellular uptake assay, cyto
toxicity assay, STING activation, DC maturation, macrophage repolari
zation, intracellular glutathione (GSH) and ROS measurements, cell 
apoptosis, as well as ICD detection.

2.5. Animal experiments

All animal experiments were carried out following the protocols 
approved by the Animal Care and Use Committee of Donghua University 
(Approval No. DHUEC-NSFC-2023-02) and also in accordance with the 
guidelines and regulations of National Ministry of Health of China. 
Healthy C57BL/6 mice were applied for in vivo vaccination and tumor 
challenge assay. A bilateral subcutaneous B16-F10 mouse tumor model 
was established for in vivo combined therapy and immune modulation 
evaluations. H&E staining of major organs as well as hematology and 
serum biochemistry analysis were performed to confirm the biosafety of 
the PMCG@AM NGs.

2.6. Statistical analysis

All experimental data were represented as the mean ± standard 
deviation through at least three experiments. One-way analysis of 
variance statistical method was used to analyze the experimental results 
through GraphPad Prism 8.0.2 software (San Diego, CA). A p value of 
0.05 was selected as a significance level, and the data were indicated 
with (*) for p < 0.05, (**) for p < 0.01, and (***) for p < 0.001, 
respectively. Full experimental details can be seen in the Supporting 
Information.

3. Results and discussion

3.1. Synthesis and characterization of PMCG NGs

The synthesis route of PMCG NGs is shown in Scheme 1. First, P NGs 
containing boronic ester bonds were synthesized through a precipitation 
polymerization method and MnO2 NPs were in situ formed within the P 
NGs through amine-mediated reduction of KMnO4 to obtain PM NGs 
according to the literature [42,43]. The content of Mn in PM NGs was 
measured to be 4.9 % through inductively coupled plasma-optical 
emission spectroscopy. Then, Ce6 was loaded within the PM NGs via 
Mn-N coordinate bonding to prepare PMC NGs. The feed mass ratio of 
PM NGs/Ce6 was optimized (Table S1), and a mass ratio of 1: 1 was 
selected to achieve a balanced encapsulation efficiency (EE, 69.3 %) and 
loading content (LC, 40.9 %). Finally, cGAMP was physically loaded 
within the PMC NGs through electrostatic interaction to yield PMCG 
NGs. As shown in Table S2, at the optimal PMC NGs/cGAMP mass ratio 
of 1: 0.5, the EE and LC of cGAMP were measured to be 58.3 % and 22.6 
%, respectively through UV–vis spectrometry.

Subsequently, the hydrodynamic sizes and zeta potentials of the as- 
prepared NGs were tested (Table S3). The synthesized PMCG NGs 
exhibited an increased hydrodynamic size of 164.5 ± 2.1 nm and a 
decreased zeta potential of − 6.4 ± 1.3 mV compared with P NGs (125.4 
± 5.8 nm, 12.3 ± 2.1 mV), PM NGs (143.1 ± 3.2 nm, 5.4 ± 0.5 mV) and 
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PMC NGs (152.3 ± 2.2 nm, 3.8 ± 0.3 mV) due to the loading of MnO2 
NPs, Ce6, and cGAMP. Scanning electron microscopy (SEM) was next 
performed to observe the morphology of the different NGs. Clearly, P, 
PM, and PMCG NGs all possessed a uniform spherical morphology and 
PMCG NGs displayed the largest average size (86.1 ± 3.3 nm) among the 
three NG formulations, reconfirming the formation of NGs and the 
loading of multiple components (Figure S1 and Fig. 1A). It is worth 
noting that the hydrodynamic size of PMCG NGs is larger than that 
measured by SEM, likely due to the fact that the hydrodynamic size 
measured by dynamic light scattering reflects the size of NGs in an 
expanded state when dispersed in water, while the SEM just determines 
the size of the shrunken NGs in a dry state.

Fluorescence emission spectra and UV–vis spectra were then applied 
to verify the loading of Ce6. As shown in Fig. S2, PMCG NGs displayed a 
similar maximum emission wavelength to that of free Ce6 at an exci
tation wavelength of 400 nm, which not only demonstrates the loading 
of Ce6, but also indicates the capacity of PMCG NGs for fluorescence 
imaging. Besides, PMCG NGs showed the characteristic UV–vis absorp
tion peaks of both Ce6 (400 nm and 660 nm) and cGAMP (260 nm), 
suggesting the successful co-encapsulation of Ce6 and cGAMP within the 
NGs (Fig. 1B).

Then, the stimuli-responsiveness of PMCG NGs was analyzed 
through recording the changes of their hydrodynamic size distribution 
under different conditions. As displayed in Fig. S3, the one sharp peak of 

Fig. 1. (A) SEM image of PMCG NGs. (B) UV–vis spectra of PMC and PMCG NGs. (C) Cumulative release of Mn2+ from PMCG NGs exposed to different buffer 
solutions ([GSH] = 1 mM and [H2O2] = 100 μM, n = 3). (D) Equations related to the transformation of MnO2 under different conditions. (E) Generation of O2 in H2O2 
solution or H2O2 solution containing P, PM, or PMCG NGs as a function of incubation time ([H2O2] = 100 μM). (F) Methylene blue (MB) degradation percentage and 
corresponding photograph (inset) of MB solution after treated with PMCG NGs at different GSH concentrations. Time-dependent 1O2 generation in (G) PMCG NG 
dispersion in PBS or (H) PMCG NG dispersion containing H+ (pH 6.5 phosphate buffer), 100 μM H2O2 and 1 mM GSH after US irradiation (1.0 MHz, 1.0 W/cm2), as 
well as (I) the corresponding rate constant of 1O2 generation (F0 and F represent the fluorescence intensity of O21 probe at 530 nm before and after US irradiation for 
different time periods, respectively).
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PMCG NG dispersion changed to a broad peak after incubating with 
phosphate buffer (pH 6.5), and the further addition of H2O2 (100 μM) 
led to a more noticeable change in the size distribution, namely the 
appearance of multiple peaks. These results suggest the disintegration of 
PMCG NGs under an acidic and H2O2-rich condition via boronic ester 
bond cleavage, indicating the pH- and ROS- responsiveness of PMCG 
NGs. Considering that the MnO2 NPs can be easily transformed to Mn2+

under GSH-rich or acidic/H2O2-rich conditions (Fig. 1D), we then 
checked the selective release of Mn2+ from PMCG NGs under different 
conditions. Under a normal physiological condition (pH 7.4), only 14.7 
% of Mn2+ was released from the NGs within the monitoring time period 
of 72 h (Fig. 1C). The release of Mn2+ increased to 25.1 % at an acidic pH 
of 6.5, which is presumably due to the decomposition of a small portion 
of MnO2 NPs by H+ to form Mn2+. In the presence of H+ and H2O2 or 
GSH, the release of Mn2+ reached a level of 45.1 % (pH 6.5 + H2O2) and 
68.2 % (pH 6.5 + GSH) within 72 h, respectively. Furthermore, 87.2 % 
of Mn2+ release was achieved under the condition of pH 6.5 + GSH +
H2O2, indicating that the loaded MnO2 NPs can be largely reduced to 
Mn2+ in response to the TME. In general, the above results suggest that 
the PMCG NGs are relatively stable at a physiological condition to pre
vent Mn2+ leakage, but selectively dissociate and release the bioactive 
Mn2+ in a simulated TME, laying the foundation for Mn2+-mediated 
CDT of tumors and antitumor immune activation.

As O2 should be generated during the decomposition of MnO2 NPs in 
the acidic/H2O2-rich environment, we therefore analyzed the genera
tion of O2 in 100 μM H2O2 solution (pH 6.5) containing P, PM or PMCG 
NGs by a multiparameter benchtop meter. Contrary to the P NG 
dispersion that did not display obvious O2 generation (similar to the NG- 
free H2O2 solution), both PM and PMCG NGs containing MnO2 NPs 
enabled rapid production of O2, demonstrating the ability of loaded 
MnO2 NPs to produce O2 during the process of Mn2+ generation via 
decomposition of H2O2 (Fig. 1E). It is worth mentioning that the 
enhanced O2 level has a beneficial effect on tumor treatment through 
both hypoxia relief and SDT promotion.

Considering that Mn2+ can decompose H2O2 to yield toxic ⋅OH 
through a Fenton-like reaction, we next evaluated the ability of free 
Mn2+ or PMCG NGs to produce ⋅OH via monitoring the degradation of 
methylene blue (MB) [41]. As shown in Fig. S4, free Mn2+ significantly 
decreased the absorbance of MB at 665 nm in the presence of H2O2 and 
HCO3

− , which means that Mn2+ can react with H2O2 to generate ⋅OH 
within the physiological microenvironment, in agreement with the 
literature [41]. Since the PMCG NGs were able to produce Mn2+ in the 
presence of GSH, the Mn2+-mediated Fenton-like reactivity of PMCG 
NGs under different GSH concentrations was then verified (Fig. 1F). The 
degradation percentage of MB first increased with the increase of GSH 
concentration from 0.5 to 1 mM, while the MB degradation decreased in 
excess of GSH (2− 10 mM). The inset in Fig. 1F showed that the solution 
blue color faded at low GSH concentrations and gradually remained blue 
with the increase of GSH concentration, in consistency with the quan
titative results. The obstructed MB degradation at relatively high GSH 
concentrations is likely due to the elimination of generated ⋅OH by GSH. 
In any case, benefiting from the conversion of MnO2 NPs to Mn2+ that 
consumes a certain amount of GSH, the PMCG NGs should enable more 
efficient CDT than free Mn2+ since free Mn2+ has no ability to deplete 
GSH that can capture ⋅OH.

Having confirmed the ability of PMCG NGs to generate ⋅OH, we next 
analyzed the SDT potential of PMCG NGs by detecting the 1O2 genera
tion efficiency under US irradiation. The fluorescence intensity of the 
BBoxiProbe® O21 probe was measured to test the generation of 1O2, 
which can oxidize the probe, leading to the display of green fluores
cence. Due to the existence of the sonosensitizer Ce6, the fluorescence 
intensity of O21 in PMCG NG dispersion gradually increased with the 
increase of US irradiation time (Fig. 1G). Interestingly, as depicted in 
Fig. 1H, the PMCG NG dispersion containing H+, H2O2 and GSH was able 
to increase the fluorescence intensity of O21 more quickly under US 
irradiation. Moreover, the oxidized O21 generation rate constant under 

this condition was measured to be 0.1539 min− 1 (Fig. 1I), which is 2 
times higher than that of the PMCG NG dispersion (0.0768 min− 1) in 
PBS. These results suggest that the efficiency of PMCG NGs to produce 
1O2 under US irradiation is significantly enhanced in a simulated TME, 
likely due to the improved release of Ce6 and generation of O2.

3.2. Synthesis and characterization of PMCG@AM NGs

We utilized free Ce6 and US to induce the apoptosis of B16-F10 cells 
before AM extraction (Fig. 2A). First, to optimize the timing for US 
irradiation, the cellular uptake of free Ce6 in B16-F10 cells at different 
incubation time points was evaluated by flow cytometry. As shown in 
Fig. S5, at the same Ce6 concentration, the intracellular fluorescence 
intensity of Ce6 gradually increased when the incubation time increased 
from 1 h to 6 h, and the cellular uptake of Ce6 did not significantly in
crease when the incubation time was further elongated to 8 h. Therefore, 
we decided to perform the US irradiation on B16-F10 cells after the cells 
were treated with Ce6 for 6 h. Next, to confirm the Ce6-induced SDT 
under US irradiation, the intracellular ROS generation as the major in
dicator of SDT was evaluated (Fig. 2B and C). B16-F10 cells treated only 
with Ce6 showed no significant increase in fluorescence intensity asso
ciated with the ROS level, while the addition of US enabled greatly 
increased ROS generation, demonstrating the successful implementation 
of SDT. Lastly, the efficiency of Ce6 and US to induce cell apoptosis was 
analyzed by flow cytometry. The treatment of Ce6 alone did not obvi
ously influence the cell apoptosis degree, while the further US irradia
tion increased the percentage of apoptotic cells in a Ce6 concentration- 
dependent manner, suggesting that the Ce6 under US irradiation can 
exert an SDT effect to induce cell apoptosis (Fig. S6A). Quantitative data 
revealed that the cell apoptosis rate was more significant when the 
concentration of Ce6 increased to 5 or 10 μg/mL with US irradiation, 
whereas the cell necrosis rate dramatically increased at a Ce6 concen
tration of 10 μg/mL (Fig. 2D and Figs. S6B–C). Therefore, to avoid excess 
necrosis and harvest cell membranes at an apoptotic state, 5 μg/mL of 
Ce6 under US irradiation was selected to treat B16-F10 cells before AM 
extraction.

To investigate the changes in cell membrane protein composition, 
the proteomics of B16-F10 cells before and after apoptosis was analyzed. 
As shown in Fig. S7A, 1520 upregulated proteins and 1752 down 
regulated proteins were confirmed in the Ce6 + US group relative to the 
negative control PBS group. Subsequently, the subcellular localization of 
these differential proteins (DEPs, totally 3272) was predicted, and the 
results showed that 13.08 % of DEPs was localized on the plasma 
membrane, meaning that the treatment of Ce6 under US irradiation can 
alter the protein composition of the cell membrane (Figs. S7B–C). Then, 
the DEPs located on the plasma membranes were classified according to 
the biological process of Gene Ontology (GO) analysis (Fig. 2E). It was 
found that totally 67 DEPs were related to the immune system process, 
suggesting that the Ce6/US-induced apoptosis may influence the 
expression of immune-related proteins on cell membranes, thereby 
regulating the immunoactivity of cell membranes. To confirm this hy
pothesis, the expression level of CRT on the cell membranes was further 
analyzed by Western blotting (WB), since CRT serves as a typical marker 
to reflect the immunogenicity degree. CRT level on the cell membranes 
was only found to be up-regulated when cells were treated with Ce6 in 
combination with US irradiation, demonstrating that the joint conduc
tion of Ce6 and US can induce ICD to promote CRT exposure, and also 
suggesting that the cell membranes possess enhanced immunogenicity 
in this situation (Fig. S6D). In summary, the AM extracted from Ce6/US- 
treated B16-F10 cells are expected to better stimulate immune cells 
thanks to the increased presence of immunogenicity marker.

Afterwards, the extracted AM were coated onto PMCG NGs through a 
co-extrusion method to prepare PMCG@AM NGs. A TEM image showed 
that the size of PMCG@AM NG was around 115 nm and multiple 
membrane fragments were wrapped around the surface of the NG par
ticle, validating the coating of AM (Fig. 2F and Fig. S8). Then, sodium 
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 
conducted to verify the retention of membrane proteins on PMCG@AM 
NGs after co-extrusion. For comparison, NM were also extracted and 
tested. As illustrated in Fig. S9, AM and NM both showed protein bands, 
suggesting that the extracted cell membranes carried sufficient mem
brane proteins. As expected, the proteins of AM were retained on the 
NGs since the protein bands of AM and PMCG@AM NGs showed no 
significant difference. For subsequent experiments, NM-coated NGs 
(PMCG@NM NGs) were also prepared for comparison. The hydrody
namic size and zeta potential of PMCG@NM NGs were analyzed to 
confirm the coating of NM. As shown in Fig. S10A, similar to 
PMCG@AM NGs, the hydrodynamic size of PMCG@NM NGs increased 
and the zeta potential of PMCG@NM NGs decreased compared to the 

uncoated NGs, suggesting the successful decoration of NM.
In addition, PMCG@AM NGs displayed good colloidal stability in 

water, PBS, and completed Dulbecco’s Modified Eagle Medium (DMEM) 
as their hydrodynamic sizes showed no significant change for at least 7 
days (Fig. S10B). More importantly, the PMCG@AM NGs are still able to 
generate O2 (Fig. 2G), produce 1O2 under US irradiation (Fig. 2H), as 
well as yield ⋅OH to degrade MB (Fig. 2I), suggesting that the coating of 
AM does not seem to significantly influence the physicochemical prop
erties of PMCG NGs.

3.3. PMCG@AM NGs for in vitro immune activation

Before analyzing the in vitro bioactivity of PMCG@AM NGs, their 

Fig. 2. (A) Schematic illustration of using Ce6 and US to induce apoptosis of B16-F10 cells. (B) Flow cytometry analysis and (C) quantification of intracellular ROS 
level in B16-F10 cells after different treatments for 6 h (n = 3). (D) Quantified apoptosis rate after different treatments (n = 3). (E) Up or down-regulated membrane 
proteins and their association with biological processes based on GO annotation. (F) TEM image of PMCG@AM NGs. (G) Generation of O2 in 100 μM H2O2 solution 
containing PMCG@AM NGs as a function of incubation time (n = 3). (H) Time-dependent 1O2 generation in PMCG@AM NG dispersion under a simulated TME 
condition (pH 6.5 + 100 μM H2O2 solution + 1 mM GSH) after US irradiation (1.0 MHz, 1.0 W/cm2). (I) Degradation percentage of MB mixed with PMCG@AM NGs 
at different GSH concentrations (n = 3). For (B–D), the parameters of US were set as: 1.0 MHz, 1.0 W/cm2, and 2 min. In parts C-D, * is for p < 0.05, ** is for p < 0.01, 
and *** is for p < 0.001, respectively.
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cellular uptake behaviors in different cell lines were investigated first 
and compared with those of PMCG or PMCG@NM NGs. The Mn amounts 
taken up in B16-F10 cells treated with PMCG@NM or PMCG@AM NGs 
were significantly higher (p < 0.001) than those treated with PMCG 
NGs, illustrating that the cell membrane decoration can facilitate the 
cellular uptake via homologous targeting and cell adhesion molecule- 
promoted endocytosis (Fig. 3A). Moreover, the cellular uptake of 
different NG formulations in DCs or macrophages (RAW264.7 cells) was 
also analyzed to confirm the potential of NGs to be taken up by immune 
cells. As compared to PMCG NGs, PMCG@NM NGs displayed lower Mn 
uptake in both DCs and macrophages likely due to the fact that NM 
decoration renders NGs with immune escape effect. On the contrary, an 
obvious increase of Mn uptake was observed in DCs or macrophages 
after treatment with PMCG@AM NGs, possibly because the enhanced 
immunogenicity of AM makes the NGs easier to be recognized and 
phagocytosed by immune cells, which is conducive for antigen presen
tation and activation.

Afterwards, the cytotoxicity of PMCG@AM NGs in DCs or macro
phages was analyzed via the cell counting kit-8 (CCK-8) assay to check 
their damage to immune cells. As depicted in Fig. 3B and C, PMCG NGs 
displayed no significant cytotoxicity to both DCs and macrophages 
because the Mn-mediated CDT and Ce6-mediated SDT were not trig
gered in immune cells. Although the treatment of PMCG@AM NGs 
slightly reduced their viabilities in a dose-dependent manner, the via
bilities of both immune cells were maintained above 80 % at relatively 
low Ce6 concentrations (less than 10 μg/mL). In general, the efficient 
cellular uptake and mild cytotoxicity of PMCG@AM NGs in immune 

cells should facilitate the activation of specific immune responses.
Subsequently, to exploit the potential of PMCG@AM NGs as a 

nanovaccine, PMCG@AM NGs were directly incubated with immune 
cells, followed by analysis of cytokine release and cell phenotype 
(Fig. 3D). Considering that the PMCG@AM NGs mainly rely on the 
loaded adjuvant cGAMP to activate the cGAS-STING pathway in im
mune cells, the release of type I interferon (IFN-β) as well as another 
essential immune-related cytokine necrosis factor alpha (TNF-α) after 
different treatments was first detected. As shown in Fig. 3E–H, compared 
with the PBS or NM group, higher secretion levels of IFN-β and TNF-α 
were found in both DCs and macrophages (RAW264.7 cells) after AM 
treatment, suggesting that the AM can better stimulate the immune cells. 
Except for cGAMP, PM NGs that containing MnO2 NPs also enabled the 
improved secretion of IFN-β and TNF-α, presumably due to the con
version of a portion of MnO2 NPs to Mn2+ by H+ in lysosomes after 
phagocytosis [48], and the generated Mn2+ has been proven to be a 
stimulator of cGAS-STING pathway [36]. As expected, the PMCG@AM 
NGs triggered the highest production of IFN-β and TNF-α among all 
groups (p < 0.001) due to the joint action of cGAMP, MnO2 NPs, and 
AM, reflecting the most efficient STING stimulation and immune 
activation.

Encouraged by the improved cytokine release, the maturation of DCs 
after different treatments was next investigated via analysis of the 
expression of CD80 and CD86 (markers of matured DCs) through flow 
cytometry. In addition, according to the results of cytokine release ex
periments showing that P NGs did not significantly impact the expres
sion levels of related cytokines and the PM NGs displayed effects similar 

Fig. 3. (A) Mn uptake in B16-F10 cells, DCs, or RAW264.7 cells after treatment with PMCG, PMCG@NM, or PMCG@AM NGs at an Mn concentration of 1 μg/mL for 
6 h (n = 3). Viabilities of (B) DCs and (C) RAW264.7 cells after treatment with PMCG, PMCG@NM, or PMCG@AM NGs at different Ce6 concentrations for 24 h (n =
6). (D) Schematic illustration of using PMCG@AM NGs to directly stimulate DCs or RAW 264.7 cells. Secretion of IFN-β and TNF-α in the culture medium of (E–F) DCs 
or (G–H) RAW264.7 cells after different treatments (n = 3). (I) Flow cytometry analysis of the DC maturation rate after direct incubation with different NGs for 24 h 
(n = 3, LPS-treated DCs were used as positive control). In parts A and E-H, * is for p < 0.05, ** is for p < 0.01, and *** is for p < 0.001, respectively.
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to PMC NGs, we then just tested the PMC, PMCG, PMCG@NM, and 
PMCG@AM NGs in the flow cytometry experiments with PBS and LPS as 
negative and positive controls, respectively. As displayed in Fig. 3I and 
Fig. S11, the treatment of PMC NGs resulted in slight DC maturation 
(6.1 %) and the PMCG NGs containing cGAMP increased the maturity 
rate of DCs to 9.9 %, while the addition of NM coating led to 2.2 % 
matured DCs. It should be noted that although the uptake of PMCG@NM 
NGs in DCs is lower than that of PMCG NGs, the decoration of NM still 
contributes to the DC maturation, likely because the NM carry a sig
nificant amount of TAAs. The PMCG@AM NGs with enhanced cellular 
uptake led clearly to the highest level of DC maturation (17.4 %, p <
0.001), which was close to the positive control (lipopolysaccharide 
(LPS)-treated DCs).

Subsequently, the repolarization of macrophages was also tested via 
analysis of the expression of CD86 (a marker of M1-type macrophages) 
and CD206 (a marker of M2-type macrophages) through flow cytometry. 
Herein, in addition to the PBS group, normal macrophages were first 
stimulated by interleukin-4 (50 ng/mL) to prepare M2-type macro
phages, then the M2-type macrophages were treated with different NGs 
or LPS. The treatment of PMCG@AM NGs led to the highest proportion 
of CD86 (7.8 %), the lowest proportion of CD206 (3.2 %), as well as the 
highest M1/M2 ratio among all groups except for the positive control 
(LPS-treated M2-type macrophages), which can be attributed to the 
effective STING activation and cytokine release (Fig. S12).

Lastly, to further verify the activation of STING in both DCs and 
macrophages after treated with the NGs, the expression levels of STING- 

Fig. 4. (A) Ex vivo fluorescence image (inset) and quantitative fluorescence intensity of lymph nodes extracted from mice at 12 h postinjection of PMCG, PMCG@NM, 
or PMCG@AM NGs. (B) Schematic illustration of the in vivo vaccination and tumor challenge process. Representative flow cytometry plots indicating the proportions 
of (C) CD11c+CD80+ DCs in lymph nodes and (D) CD3+CD8+ T cells in spleens after the mice were vaccinated for 3 times in different groups (n = 3). (E) The levels of 
TNF-α, IFN-γ and IFN-β in serum after the mice were vaccinated by different NGs (n = 3). (F) Individual tumor volume change of mice vaccinated by different NGs in 
tumor challenge assay (n = 6). Percentages of splenic (G) TEM (CD8+CD44+CD62L− T cells) and (H) TCM (CD8+CD44+CD62L+ T cells) on day 21. In parts G and H, * 
is for p < 0.05, ** is for p < 0.01, and *** is for p < 0.001, respectively.
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related proteins including phosphorylated STING, tank-binding kinase 1 
(TBK1), and interferon regulatory factor 3 (IRF3) were analyzed by WB. 
As is known, the activated STING could bind and stimulate the TBK-1 to 
phosphorylate the IRF3, thus producing type I IFN. The expression levels 
of these three essential proteins increased after cells were treated with 
PMCG NGs, and reached the highest levels in PMCG@AM NGs group 
(Fig. S13, p < 0.05), confirming the STING pathway activation in the 
two types of immune cells. Overall, the PMCG@AM NGs can be 
phagocytosed by DCs or macrophages to deliver antigens and immune 
adjuvants, then effectively activate the STING pathway to mature DCs 
and repolarize macrophages.

3.4. In vivo vaccination and tumor challenge assay

After demonstrating the immune activation potential of PMCG@AM 
NGs in vitro, their activity in tumor prophylaxis was next investigated in 
vivo. First, we checked whether the PMCG@AM NGs were accumulated 
in lymph nodes, since the lymph node is one of the most important 
immune organs. Different NG formulations, including PMCG, 
PMCG@NM, and PMCG@AM NGs were subcutaneously injected at the 
left groin of healthy mice and the inguinal lymph nodes were collected 
and ex vivo imaged after 6 h or 12 h. As shown in Fig. S14, fluorescence 
signals were detected in all groups at 6 h postinjection, and the 
PMCG@AM group exhibited significantly higher fluorescence intensity 
at the lymph node than the other groups (p < 0.01). At 12 h post
injection, the fluorescence signals in the groups of PMCG and 
PMCG@NM decreased, while the PMCG@AM group still maintained a 
high fluorescence intensity (Fig. 4A), highlighting the advantages of the 
AM coating to promote the lymph node delivery and residence of NGs. 
Considering that the lymph node homing of NGs relies on the migration 
of matured DCs, we hypothesize that the decoration of AM could pro
mote the phagocytosis of NGs by DCs and also boost the NG-mediated 
DC maturation.

To assess the PMCG@AM NG-induced immune responses, an in vivo 
vaccination assay was conducted and the treatment timeline is shown in 
Fig. 4B. Healthy mice were randomly divided into five groups and 
subcutaneously vaccinated with different NG formulations at the 
inguinal region for three times at a one-week interval. The populations 
of co-stimulatory markers (CD80 and CD86) on DCs extracted from 
lymph nodes nearby the injection site were first analyzed at 7 days post 
last vaccination. Compared to the percentages of CD11c+CD80+ DCs 
(2.3 %) and CD11c+CD86+ DCs (3.3 %) in the PMC NG group, the 
addition of cGAMP led to a higher level of DC maturation in the PMCG 
NG group as the percentages of CD11c+CD80+ DCs and CD11c+CD86+

DCs increased to 5.5 % and 7.1 %, respectively (Fig. 4C and Fig. S15). 
The expression levels of CD80 and CD86 on CD11c+ DCs were further 
improved after the treatment with PMCG@NM NGs due to the co- 
delivery of TAAs carried by NM. As expected, mice vaccinated by 
PMCG@AM NGs displayed the highest proportions of CD11c+CD80+

DCs (9.4 %) and CD11c+CD86+ DCs (11.0 %) in lymph nodes among all 
groups, which may be derived from the AM coating with regulated 
immunogenicity for improved DC recognition, thus facilitating the best 
maturation of DCs.

It is well-known that matured DCs interact with naïve T cells to 
present TAAs and activate T cells, thus favoring the induction of a spe
cific antitumor immune response [49]. Therefore, we next investigated 
the activation of splenic T cells on day 0 (7-day post the final vaccina
tion). As shown in Figs. S16–S17 and Fig. 4D, PMCG@AM NGs enabled 
the most obvious proliferation of CD3+CD4+ T cells (52.7 %) and 
CD3+CD8+ T cells (27.8 %), reflecting that the codelivery of AM, MnO2 
NPs, and cGAMP by PMCG@AM NGs elicits the differentiation of 
effective T cells and cytotoxic T lymphocytes (CTLs) in spleens, both of 
which play essential roles in antitumor immunity. Meanwhile, the 
treatment of such a nanovaccine led to the highest expression levels of 
TNF-α, IFN-γ, and IFN-β in serum among all groups, indicating the 
successful activation of STING-mediated immune responses (Fig. 4E). 

Overall, the in vivo immune activation ability of PMCG@AM NGs was 
superior to PMCG@NM NGs since the AM with regulated immu
noactivity could help PMCG@AM NGs be better recognized and swal
lowed by immune cells, thereby triggering enhanced antitumor 
immunity utilizing the presented AM and accumulated Mn/cGAMP.

Next, the effect of the PMCG@AM NG-induced immune response on 
tumor growth was investigated in vivo. After three times of vaccination 
by different NG formulations, mice were challenged with B16-F10 cells 
in their right hind leg at day 0. The individual tumor volume changes 
and average tumor growth curves showed that the vaccination with 
PMCG@AM NGs resulted in more efficient tumor inhibition compared to 
the other groups, consistent with the immune stimulating tendency 
(Fig. 4F and Fig. S18). To further confirm whether the vaccination of 
NGs can induce long-term antitumor immunity, splenocytes of mice 
were harvested again on day 21 and analyzed by flow cytometry to 
evaluate the percentages of memory T cells. As displayed in Fig. 4G–H 
and Fig. S19, the levels of both effector memory T cells (TEM, 
CD8+CD44+CD62L− T cells) and central memory T cells (TCM, 
CD8+CD44+CD62L+ T cells) increased after vaccination by different NG 
formulations, and the highest elevation of memory T cells was found in 
the group of PMCG@AM NGs (p < 0.001). Generally, the immunization 
of PMCG@AM NGs generates a prophylactic effect to protect mice from 
tumor challenge and also successfully increases the expression of 
memory T cells in spleens, which means that activated T cells can 
quickly proliferate from memory T cells for tumor suppression.

3.5. PMCG@AM NGs for in vitro CDT/SDT

After discussing the capacity of PMCG@AM NGs as a nanovaccine, 
the direct tumor killing ability of PMCG@AM NGs was next evaluated to 
demonstrate the roles played by the loaded of MnO2 NPs and Ce6 
components. First, a CCK-8 assay was performed to investigate the 
cytotoxicity of PMCG@AM NGs against B16-F10 cells with or without 
US irradiation. As shown in Fig. S20, both the P NGs and free cGAMP 
seem to have considerable cytocompatibility as the cells treated with 
both materials showed reasonable viabilities even at a relatively high 
concentration. In contrast, PM NGs loaded with MnO2 NPs showed 
significant cytotoxicity against B16-F10 cells compared to the PBS group 
(p < 0.001), probably because the decomposition of MnO2 NPs con
sumes GSH and the generated Mn2+ produces ⋅OH (Fig. 5A). After 
further loading with the sonosensitizer Ce6, the cytotoxicity of PMC NGs 
slightly decreased before US irradiation, and the combined treatment of 
PMC NGs under US irradiation displayed a significantly enhanced 
toxicity to B16-F10 cells compared to the experiment without US (p <
0.01), suggesting that the application of US can activate Ce6 to exert the 
SDT effect on cells. Due to the promoted cellular uptake after cell 
membrane coating (Fig. 3A), the PMCG@NM and PMCG@AM NGs 
showed the most effective cancer cell killing efficiency compared to 
other NG formulations at the same Ce6 concentration (2 μg/mL) after US 
irradiation, resulting in around 45 % of cell viability.

To confirm the occurrence of CDT/SDT of NGs under US irradiation, 
the major indicators of the combination therapy, including intracellular 
GSH depletion, ROS generation, and 1O2 production were analyzed. 
First, significant intracellular GSH depletion was observed in the PM 
NGs group, which is not only due to the consumption of GSH by MnO2 
NPs to form Mn2+, but also because the formed Mn2+ is able to catalyze a 
Fenton-like reaction to generate ⋅OH, thus further decreasing the GSH 
levels (Fig. 5B). Furthermore, the groups of PMC NGs and PMCG NGs 
under US irradiation promoted much more GSH depletion, which should 
be ascribed to the Ce6-mediated 1O2 production that can further 
consume GSH. With the assistance of AM or NM coating that enable 
enhanced cellular uptake, the groups of PMCG@NM and PMCG@AM 
NGs further displayed more significant GSH depletion ability than other 
groups (p < 0.001).

Subsequently, B16-F10 cells treated with different particles and US 
irradiation were stained by 2′, 7′-dichlorofluorescein diacetate (DCFH- 
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DA) and observed by confocal laser scanning microscopy (CLSM) to 
verify the intracellular ROS levels (Fig. S21). As expected, cells treated 
with PM NGs displayed increased green fluorescence signals associated 
with enhanced ROS levels, and the employment of US enabled signifi
cantly improved intracellular ROS levels in all Ce6-containing groups, 
demonstrating the generation of ⋅OH catalyzed by Mn2+ and the pro
duction of 1O2 induced by Ce6 + US. The PMCG@NM and PMCG@AM 
NGs led to the most significant ROS generation among all groups due to 
the enhanced cellular uptake.

To further validate the SDT effect, the production of 1O2 after cells 
were treated with NGs under US was also evaluated using an O22 probe, 
which could be oxidized by 1O2 to exhibit green fluorescence (Fig. 5C 
and D). Herein, we only tested the Ce6-containing NGs before and after 
US irradiation. Quantitative data from flow cytometry showed that all 
the NGs had no appreciable impact on the intracellular 1O2 levels 

without US irradiation as the fluorescence intensity did not obviously 
change. Conversely, US irradiation significantly improved the fluores
cence intensity in NG-treated B16-F10 cells, and the PMCG@NM and 
PMCG@AM NGs groups exhibited the highest fluorescence intensity 
among all groups (p < 0.001), demonstrating the enhanced generation 
of intracellular 1O2.

We next evaluated the cell apoptosis rate of B16-F10 cells via flow 
cytometry. Due to the Mn-catalyzed CDT, the treatments with PMCG, 
PMCG@NM and PMCG@AM NGs without US irradiation induced 10.7 
%, 15.2 %, and 14.2 % apoptotic cells, respectively (Fig. 5E and 
Fig. S22). With US irradiation, all the investigated NGs increased the 
apoptosis rate of the cells in all groups except for the PBS group (p <
0.001), indicating the prominent SDT effect on cell apoptosis. The 
PMCG@NM and PMCG@AM NGs exhibited a higher apoptosis rate than 
PMCG NGs due to the cancer cell membrane-facilitated enhanced 

Fig. 5. (A) Viability of B16-F10 cells treated with Ce6 or different NGs at a Ce6 concentration of 2 μg/mL for 24 h with or without US irradiation (n = 6). (B) 
Intracellular GSH depletion in B16-F10 cells after different treatments for 6 h (n = 3). (C) Flow cytometry analysis and (D) quantification of intracellular 1O2 level in 
B16-F10 cells after different treatments for 6 h (n = 3). (E) Flow cytometry analysis of B16-F10 cell apoptosis after different treatments for 12 h (n = 3). (F) CLSM of 
B16-F10 cells after different treatments and stained with LIVE/DEAD viability/cytotoxicity kit (green represents live cells, and red represents dead cells). Secretion of 
(G) IFN-β and (H) TNF-α in the culture medium of B16-F10 cells after different treatments (n = 3). (I) WB analysis of the expression of representative STING pathway- 
related proteins in B16-F10 cells after different treatments for 24 h. For (A–I), the parameters of US were set as: 1.0 MHz, 1.0 W/cm2, and 2 min. In parts A-B, D, and 
G-H, * is for p < 0.05, ** is for p < 0.01, and *** is for p < 0.001, respectively.
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cellular uptake. In addition, live/dead cell staining assay was also per
formed to better visualize the combined therapeutic effect of CDT and 
SDT. As shown in Fig. 5F, similar to the tendency of the cell apoptosis 
assay, the treatment of PMCG@AM NGs plus US irradiation induced the 
most significant cell death (green fluorescence represents living cells, 
while red fluorescence represents dead cells).

3.6. PMCG@AM NGs for in vitro activation of STING in B16-F10 cells

Besides the proven ability of PMCG@AM NGs to activate the cGAS- 
STING pathway in immune cells to mature DCs and repolarize macro
phages to the M1 type, we next measured the release of IFN-β and TNF-α 
from B16-F10 cells after different treatments to check whether the NGs 
could activate the cGAS-STING pathway in cancer cells. Before US 
irradiation, higher secretion levels of IFN-β and TNF-α were found in the 
PM and PMC NGs groups compared to the P NGs group, and the 

Fig. 6. (A) The release of HMGB-1 and (B) extracellular ATP secretion from B16-F10 cells after different treatments for 24 h (n = 3). (C) Immunofluorescence 
detection of CRT exposure on B16-F10 cells after different treatments for 24 h. (D) Flow cytometry analysis and (E) quantification of DC maturation after co-culturing 
with B16-F10 cells undergoing ICD (n = 3). (F) In vivo fluorescence images of B16-F10 tumor-bearing mice after intravenous injection of PMCG, PMCG@NM, or 
PMCG@AM NGs at different time points postinjection. (G) Quantitative fluorescence intensity of the tumor region at different time points post intravenous injection 
of PMCG, PMCG@NM, or PMCG@AM NGs (n = 3). For (A–E), the parameters of US were set as: 1.0 MHz, 1.0 W/cm2, and 2 min. In parts A-B, E, and G, * is for p <
0.05, ** is for p < 0.01, and *** is for p < 0.001, respectively.

Y. Guo et al.                                                                                                                                                                                                                                     Bioactive Materials 43 (2025) 129–144 

139 



treatment of PMCG NGs further improved the cytokine expression levels, 
indicating that Mn2+ in coordination with cGAMP enables the enhanced 
activation of cGAS-STING pathway in B16-F10 cells to promote the 
release of related cytokines (Fig. 5G and H). Notably, US irradiation 
significantly boosted the production of cytokines in all Ce6-containing 
groups, likely due to the SDT-generated abundant ROS that can induce 
DNA damage and the damaged DNA can be recognized by cGAS to 
further activate the STING pathway, in good accordance with the liter
ature [31].

To further confirm the effect of PMCG@AM NGs plus US irradiation 
on STING pathway activation in B16-F10 cells, the expression of related 
proteins, including phosphorylated STING, TBK1, and IRF3 was next 
detected via a WB assay. Compared with the PMCG NGs group, the 
higher expression levels of p-STING, p-TBK1, and p-IRF3 were achieved 
in PMCG NGs + US group, suggesting the essential role of US irradiation 
to sensitize the STING pathway (Fig. 5I and Fig. S23). Moreover, the 
PMCG@AM NGs + US group induced the most obvious upregulation of 
the three STING-related proteins due to the AM-promoted cellular up
take, reconfirming the capacity of PMCG@AM NGs to activate the 
STING pathway of cancer cells with the help of US for inducing 
immunity.

3.7. PMCG@AM NGs for in vitro ICD induction

Except for triggering immune responses via the STING pathway, CDT 
and SDT are also promising to induce the ICD of cancer cells to release 
damage-associated molecular patterns, thus stimulating the immune 
system. Therefore, the changes of three major ICD indicators, including 
the release of high mobility group protein 1 (HMGB-1) and adenosine 5′- 
triphosphate (ATP), as well as the CRT exposure on B16-F10 cells were 
evaluated after different treatments. As shown in Fig. 6A–C, the treat
ment of PMCG NGs alone increased the release of HMGB-1 and ATP, and 
promoted the translocation of CRT to the cell surface, demonstrating the 
positive role of Mn2+-mediated CDT in inducing ICD. Strikingly, the 
treatment of PMCG NGs plus US irradiation led to significantly enhanced 
HMGB-1 release and ATP secretion (p < 0.001), as well as increased 
green fluorescence signals associated with CRT on the cell surface, since 
the participation of SDT can amplify the ICD effect. NM- or AM-coated 
PMCG NGs with US irradiation displayed the strongest ICD effect 
among all groups due to the improved cellular uptake.

Subsequently, the in vitro DC maturation induced by cancer cells 
undergoing ICD was analyzed using a transwell system. The maturation 
rate of DCs was quantitatively analyzed by flow cytometry to check the 
percentages of CD80+CD86+ DCs after treatments. Without US irradia
tion, the treatment of PMCG NGs led to moderate DC maturation (9.1 
%), and the PMCG@NM and PMCG@AM NGs slightly increased the DC 
maturation rate to 12.0 % and 14.0 %, respectively (Fig. 6D and E), and 
significantly increased the DC maturation rate to 23.2 % and 25.5 % 
with US irradiation due to the US-triggered SDT. It is worth noting that 
not only the ICD of treated cancer cells can promote DC maturation, but 
also the activation of the STING pathway in cancer cells can mature DCs 
utilizing the released cytokines.

All these in vitro assays led us to conclude that the PMCG@AM NGs 
are able to not only directly stimulate immune cells, but also enable 
efficient CDT and SDT on cancer cells with the assistance of US, thus 
further triggering immune responses to complete the full-cycle immu
nomodulation for better tumor treatment (see below).

3.8. In vivo fluorescence imaging and biodistribution

Before using PMCG@AM NGs for in vivo tumor therapy, we first 
evaluated their in vivo tumor targeting efficiency via fluorescence im
aging in a subcutaneous mouse tumor model. PMCG@NM and PMCG 
NGs were also tested for comparison. The fluorescence images of B16- 
F10 tumor-bearing mice at different time points post intravenous in
jection of different NG formulations are displayed in Fig. 6F. The 

fluorescence intensity at the tumor site in the PMCG NGs group first 
increased to reach a maximum at 90 min postinjection, and then 
decreased. The considerable tumor accumulation of PMCG NGs can be 
attributed to the enhanced permeability and retention effect-based 
passive tumor delivery. Upon the injection of PMCG@NM NGs, the 
fluorescence signals of the tumor region were significantly higher than 
when PMCG NGs were administrated at each time point, confirming that 
the decoration of NM can facilitate active tumor targeting. Most note
worthy, the subcutaneous tumor in the PMCG@AM NGs group exhibited 
lower fluorescence intensity than in the PMCG@NM NGs group at the 
same time point, likely due to fact that the AM-camouflaged NGs are 
more easily recognized and phagocytosed by immune cells, thus hin
dering their tumor accumulation to some degree. The quantitative 
analysis of tumor fluorescence intensity shows the same tendency as the 
fluorescence images, reconfirming the enhanced fluorescence signals at 
the tumor site after injection with PMCG@NM NGs (Fig. 6G). Impor
tantly, the PMCG@AM NGs exhibited higher tumor fluorescence in
tensity than PMCG NGs, especially after 60 min, which indicates that the 
AM decoration is still able to render the NGs with tumor targeting to 
some extent.

To further validate the biodistribution of PMCG, PMCG@NM, or 
PMCG@AM NGs, the ex vivo fluorescence imaging of major organs and 
tumors was next performed at 120 min postinjection (Fig. S24). 
Compared to the PMCG NGs group, treatment with PMCG@NM NGs led 
to decreased fluorescence intensity in liver and lung, and increased 
tumor fluorescence intensity, reconfirming the improved tumor target
ing ability after coating with NM. Moreover, the PMCG@AM NGs group 
exhibited enhanced Ce6 fluorescence intensity in lung and decreased 
fluorescence intensity in tumor in comparison to the group of 
PMCG@NM NGs. Remarkably, the strongest fluorescence signals of the 
spleen were found in the PMCG@AM NGs group, proving that the 
decoration with AM caused improved NGs capture by immune cells, 
leading to accumulation in immune organs.

Lastly, the long-term biodistribution of NM/AM-coated NGs in 
tumor-bearing mice was quantitatively analyzed by ICP-OES at 48 h 
postinjection (Fig. S25). Clearly, the PMCG@AM NGs displayed higher 
Mn uptake in spleen and lung than the PMCG@NM NGs, and lower Mn 
uptake in tumor than the PMCG@NM NGs, in consistence with the re
sults of fluorescence imaging. To sum up, the PMCG@NM NGs could 
better be accumulated in tumors and the PMCG@AM NGs could better 
be captured by immune organs.

3.9. In vivo tumor treatment and immune activation

To investigate the in vivo tumor suppression efficiency of PMCG@AM 
NGs plus US irradiation, a bilateral B16-F10 mouse tumor model was 
established according to the timeline illustrated in Fig. 7A. When the 
primary tumor reached about 100 mm3, the targeting efficiency of 
PMCG@AM NGs to bilateral tumors was first assessed through detecting 
the Mn contents in both primary and distant tumors after intravenous 
administration. As shown in Fig. S26, the Mn contents in both primary 
and distant tumors showed no significant difference at three different 
time points, suggesting that the NGs have equal targeting specificity to 
the bilateral B16-F10 tumors.

Then, the tumor-bearing mice were subjected to different treatments 
via intravenous administration of PBS, PMCG, PMCG@NM, or 
PMCG@AM NGs. For PMCG@AM NGs + US group, only the primary 
tumors were exposed to US irradiation at 90 min postinjection. It was 
found that the mice in all groups showed a slight increase in body weight 
during 14 days, suggesting that the designed NGs did not cause severe 
side effects (Fig. S27A). As shown in Fig. 7B–C and Fig. S27B, the 
treatment of PMCG NGs alone resulted in a moderate inhibition effect on 
both the primary and distant tumors, possibly due to the Mn2+-mediated 
CDT. The PMCG@NM and PMCG@AM NGs, due to the cell membrane 
decoration displayed enhanced tumor accumulation, thus showing 
better suppression efficacy on bilateral tumors than PMCG NGs. 

Y. Guo et al.                                                                                                                                                                                                                                     Bioactive Materials 43 (2025) 129–144 

140 



Fig. 7. (A) Schematic illustration of the in vivo antitumor assay. (B) Primary and (C) distant tumor volume change of B16-F10 tumor-bearing mice after different 
treatments (n = 6). Percentages of CD3+CD4+ T cells, CD3+CD8+ T cells, and Tregs in (D–F) primary tumors or (J–L) distant tumors after different treatments (n = 3). 
The levels of TNF-α, IFN-γ and IFN-β in (G) primary tumors or (M) distant tumors after different treatments (n = 3). TUNEL staining of apoptotic tumor cells and 
immunofluorescence staining of CRT in (H) primary tumors or (N) distant tumors after the mice were treated for 14 days in different groups. The apoptosis rate of 
tumor cells in (I) primary tumors or (O) distant tumors after different treatments (n = 3). For (A–O), the parameters of US were set as: 1.0 MHz, 1.0 W/cm2, and 5 
min. In parts B-F, J-L, I and O, * is for p < 0.05, ** is for p < 0.01, and *** is for p < 0.001, respectively.
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Moreover, the treatment of PMCG@AM NGs + US not only clearly 
inhibited the primary tumor growth (p < 0.001) through the combined 
CDT and US-triggered SDT, but also efficiently delayed the growth of the 
distant tumors (p < 0.01) on the 14th day. The occurrences of CDT and 
SDT in the primary tumors were confirmed through immunofluores
cence staining of ROS. As shown in Fig. S28, without US irradiation, the 
treatments with different NG formulations were able to increase the red 
fluorescence intensity, which means that Mn2+ has triggered CDT in 
primary tumors to generate ROS. The addition of US irradiation led to a 
significant increase of intratumoral ROS levels in the PMCG@AM NGs +
US group, indicating the generation of 1O2 inside tumors via Ce6- 
mediated SDT. Besides, it is important to note that the growth rate of 
distant tumors was much lower than that of the primary tumors. 
Furthermore, even though the PMCG@AM NGs showed less tumor 
accumulation, they exhibited a better tumor inhibition performance 
than PMCG@NM NGs. We assume that in addition to CDT and SDT, the 
created immune responses induced by the different treatments play a 
crucial role in tumor growth inhibition.

To verify the above hypothesis, the immune cells were extracted at 
the 14th day post treatments for flow cytometry analysis. First, the DCs 
in primary tumor-draining lymph nodes were harvested to analyze the 
maturation of DCs via testing of the CD80 and CD86 expression levels. As 
shown in Fig. S29, the PMCG@AM NGs + US group promoted the per
centages of both CD11c+CD86+ DCs (9.4 %) and CD11c+CD80+ DCs 
(10.6 %) to a level much higher than the other groups (p < 0.001), 
which means that the combination of PMCG@AM NGs and US irradia
tion is able to significantly mature DCs in vivo through the induction of 
ICD or direct activation of DCs as demonstrated in the in vitro assays. 
Then, the tumor-infiltrating T cells in bilateral tumors were extracted for 
flow cytometry analysis of the CD3+CD4+/CD3+CD8+ T cells, as well as 
the regulatory T cells (Tregs, CD4+CD25+Foxp3+ T cells). The 
PMCG@AM NGs plus US irradiation led to the highest populations of 
intratumoral CD3+CD4+ T cells and CD3+CD8+ T cells in both primary 
(Fig. 7D–E and Figs. S30–S31) and distant tumors (Fig. 7J–K and 
Figs. S32–S33), along with the lowest populations of intratumoral Tregs 
in primary (Fig. 7F and Fig. S34) and distant tumors (Fig. 7L and 
Fig. S35). Despite the tumor-infiltrating T cells, the phenotypes of 
tumor-associated macrophages (TAMs) were also evaluated via immu
nofluorescence staining of inducible nitric oxide synthase (iNOS, a 
marker for M1-type macrophages) and arginase-1 (Arg-1, a marker for 
M2-type macrophages) in distant tumor sections (Fig. S36). The most 
decreased Arg-1 level and increased iNOS level were observed in the 
PMCG@AM NGs + US group, suggesting that the PMCG@AM NGs + US 
can trigger the most efficient immune responses in distant tumors to 
repolarize TAMs and also recruit M1-type TAMs, consistent with the in 
vitro data (Fig. S12). Lastly, ELISA showed that the expression levels of 
representative antitumor-associated cytokines, including TNF-α, IFN-γ, 
and IFN-β increased in both primary tumors (Fig. 7G) and distant tumors 
(Fig. 7M) after treatment with different NG formulations. The levels of 
these three cytokines in the primary tumors significantly increased in 
the PMCG@AM NGs + US group, since the US irradiation on primary 
tumors can induce more immune responses via local SDT/CDT than via 
CDT only. Taken together, the PMCG@AM NGs under US irradiation 
allowed for efficient induction of antitumor immune responses, thus 
limiting the growth of distant tumors. Notably, the PMCG@AM NGs 
always induced better antitumor immunity than PMCG@NM NGs due to 
the regulated immunostimulatory capability of AM, which proves our 
hypothesis that the PMCG@AM NGs with regulated immunogenicity can 
induce a more potent immune response to realize more efficient tumor 
suppression than the PMCG@NM NGs.

Subsequently, the mechanism of PMCG@AM NGs + US to efficiently 
suppress bilateral tumor growth was further confirmed by TdT-mediated 
dUTP Nick-End Labeling (TUNEL) staining of tumor sections, as well as 
the immunofluorescence staining of CRT in tumor sections. Herein, 
TUNEL staining was used to check the percentages of tumor cell 
apoptosis, while the CRT staining was used to indicate the ICD degree. 

As displayed in Fig. 7H–I, 7N-O, and Fig. S37, in both primary tumors 
and distant tumors, the tumor apoptosis rate and CRT-positive level 
followed the order of PBS < PMCG NGs < PMCG@AM NGs <
PMCG@NM NGs, consistent with the tendency of tumor accumulation as 
demonstrated in fluorescence imaging (Fig. 6F and G), indicating that 
the NGs can be accumulated in bilateral tumors to induce apoptosis and 
ICD through the triggered CDT effect. The group of PMCG@AM NGs +
US showed the most significantly enhanced apoptosis and CRT exposure 
in the primary tumors among all groups. However, this is not the same 
case for the distant tumors, since the distant tumors did not receive US 
irradiation, and the group of PMCG@NM showed the most significant 
tumor apoptosis and CRT exposure due to the improved distant tumor 
accumulation of the NGs that can only induce CDT effect.

3.10. Biosafety evaluation

Lastly, the in vivo biocompatibility of PMCG@AM NGs + US was 
analyzed. First, the major organs of mice after treatment with PBS or 
PMCG@AM NGs + US were harvested and H&E stained (Fig. S38). 
Clearly, no appreciable pathological abnormalities were observed in all 
major organs, suggesting that the administration of PMCG@AM NGs 
plus local US irradiation has no organ toxicity to mice. Then, 
PMCG@AM NGs were used to treat healthy mice for hematology and 
serum biochemistry analysis at 7 days postinjection. As shown in 
Fig. S39, PMCG@AM NGs displayed no significant influence on the 
tested blood routine indexes (white blood cell, WBC; red blood cell, RBC; 
and hemoglobin, HGB), liver function parameters (aspartate amino
transferase, AST; and alanine aminotransferase, ALT), as well as kidney 
parameter (blood urea nitrogen, BUN), which further indicates the 
desired biosafety profile of the PMCG@AM NGs.

4. Conclusion

In summary, we report an innovative design of a therapeutic nano
vaccine based on AM camouflaged PVCL NGs loaded with MnO2, the 
sonosensitizer Ce6 and the immune adjuvant cGAMP (PMCG@AM NGs). 
The presence of these therapeutic agents allows the NGs to directly 
stimulate immune cells through STING activation and antigen presen
tation, thereby activating T cells for preventing tumor growth. The 
PMCG@AM NGs can furthermore selectively trigger CDT at tumor sites 
and activate SDT under local US irradiation, thus significantly inhibiting 
the growth of bilateral tumors through the combined SDT/CDT- 
mediated ICD and immune modulation. Our results suggest that the 
synthesized PMCG@AM NGs can make full use of the antigenicity of AM, 
MnO2 and cGAMP to wake up the immune system against specific tu
mors, and the precise CDT/SDT can also induce immune responses to 
reinforce the antitumor immunity through the cycle of ICD-mediated DC 
maturation and T cell activation, thus realizing a full-cycle immuno
modulation for prevention of tumor occurrence and comprehensive 
tumor combination CDT/SDT/immunotherapy.
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