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Abstract: The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway plays a critical role in triggering 
innate and adaptive immune responses through type I interferon activation and immune cell recruitment, holding significant promise 
for cancer therapy. While STING activators targeting this pathway have been developed, their clinical application is hindered by 
challenges such as poor membrane permeability, rapid degradation, suboptimal pharmacokinetics, off-target biodistribution, and 
toxicity. Nanoparticle-based delivery systems offer a promising solution by enhancing the stability, circulation time, tumor accumula
tion, and intracellular release of STING activators. Furthermore, combining nanoparticle-delivered STING activators with radio
therapy, chemotherapy, phototherapy, and other immunotherapies enables synergistic antitumor effects through multimodal 
mechanisms, addressing resistance to monotherapies and reducing risks of recurrence and metastasis. This review outlines the 
immunomodulatory mechanisms of the cGAS-STING pathway, surveys current STING-targeted activators, and comprehensively 
discusses recent advances in nanoparticle-mediated delivery strategies for STING activation. Additionally, we explore combinatorial 
approaches that integrate STING-targeted nanotherapies with conventional and emerging treatments. Finally, we highlight the current 
status, prospects, and challenges of nanoparticle-based STING activation for cancer immunotherapy. 
Keywords: cGAS-STING, nanoparticle, immunotherapy, cancer, drug delivery

Introduction
Immunotherapy represents a transformative approach to treating malignant tumors, leveraging both the innate and 
adaptive immune systems to recognize and eliminate cancer cells.1 Among various immune pathways, the cyclic GMP- 
AMP synthase-stimulator of interferon genes (cGAS-STING) pathway has garnered increasing attention due to its potent 
anti-tumor effects. The cGAS-STING pathway is a crucial component of the immune system, capable of detecting 
cytosolic DNA and triggering the production of type I interferons and other inflammatory cytokines.2–4 The inflammatory 
cytokines subsequently enhance the recruitment and activation of various immune cells, including dendritic cells (DCs) 
and cytotoxic T lymphocytes (CTLs), thereby coordinating a robust anti-tumor immune response.5,6 In recent years, 
numerous STING activators have been identified, demonstrating potential in anti-tumor therapy across cellular, animal, 
and clinical studies.7 Both the cyclic dinucleotides (CDNs) and non-nucleotide small molecule STING activators face 
challenges such as poor pharmacokinetics, nonspecific biodistribution, difficulty in crossing the plasma membrane and 
side effects, limiting their therapeutic application to cancer therapy.8,9

Similar to delivery of cytotoxic drugs required the steps of circulation, accumulation, penetration, internalization and 
release, STING activators also undergo these barriers in human body.10 In detail, delivery of STING activators into 
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cytoplasm of targeted cells is imperative for successful activation of cGAS-STING pathway owing to the intracellular 
location of STING protein. Based on it, nanoparticles are ideal delivery systems for targeted delivery of molecules to 
tumor site, as well as the cytoplasm for STING activation.11 First, the encapsulation of STING activators into 
nanoparticles enhances their stability and bioavailability during blood circulation and increased the accumulation at 
tumor site via EPR effect. Second, the shape or the surface modification of nanoparticles facilitate the penetration and 
uptake of STING activators loaded in the nanoparticles. Finally, the stimuli-response release of STING activators within 
the cytoplasm of tumor cells not only improves the efficacy but also reduces systemic toxicity.12–14 Leveraging these 
benefits, nanoparticle-mediated delivery of STING activators provides a novel and effective strategy for cancer 
immunotherapy.15

Besides successful delivery of STING activator, the tumor heterogeneity and adaptive resistance often limit the 
effectiveness of single STING therapy.16 This highlights the potential of combination therapies to overcome these 
challenges. Research indicates that combining surgery, radiotherapy (RT), chemotherapy, phototherapy (PT), including 
photodynamic therapy (PDT) and photothermal therapy (PTT), tumor vaccines, and other treatments with nanoparticle- 
mediated STING activators not only enhances tumor treatment outcomes but also mitigates associated side effects.17–22

In this review, we provide a comprehensive summary of the most recent advancements in nanoparticles designed for 
STING activators delivery, with a particular emphasis on combination with other agents or therapies. First, we 
investigated nanoparticle designs aimed at prolonging the circulatory persistence of STING activators and enhancing 
tumor accumulation. Second, we introduced nanoparticles engineered for superior tumor penetration and retention 
capabilities. Notably, we focus on how the nanoparticles leverage TME-specific triggers or external stimuli to achieve 
precise activation and release of STING activators, thereby enhancing their therapeutic efficacy and minimizing systemic 
toxicity. Additionally, the combination therapy based on nanoparticles is also included as an important method for 
enhancement of STING activators. We also discuss emerging trends and future directions in the development of these 
innovative systems, which may pave the way for more effective and safe immunotherapeutic strategies.

cGAS-STING Pathway
Cyclic GMP-AMP synthase (cGAS) is located in the cytoplasm, with its N-terminus facilitating nuclear translocation, 
and its C-terminus hosting the catalytic domain that acts as the active site of cGAS.23,24 STING is a transmembrane 
dimeric protein embedded in the endoplasmic reticulum (ER), with its C-terminus oriented towards the cytoplasmic 
space, functioning as a downstream sensor for detecting cytosolic DNA (Figure 1).25 During microbial infections and 
genomic damage, exogenous or endogenous DNA accumulates in the cytoplasm of mammalian cells, binding to cGAS 
and activating it (Table 1).26–29 Activated cGAS utilizes adenosine triphosphate (ATP) and guanosine triphosphate (GTP) 
as substrates to produce cyclic GMP-AMP (cGAMP).30 As a second messenger, cGAMP binds to and activates STING, 
triggering its oligomerization and translocation via autophagy to the Golgi apparatus, where it initiates downstream 
signal transduction. Upon activation, STING associates with TANK-binding kinase 1 (TBK1) and undergoes phosphor
ylation, forming phosphorylated TBK1 (p-TBK1). The p-TBK1 complex then translocate from the ER periphery to the 
nuclear periphery, where it phosphorylates signal transducer and activator of transcription 6 (STAT6), ultimately inducing 
the secretion of chemokines such as CCL2 and CCL20.31 Additionally, p-TBK1 catalyzes interferon regulatory factor 3 
(IRF3), promoting its translocation to the nucleus and upregulating the expression of type I interferons such as type 
I interferons-β (IFN-β).31 Subsequently, p-TBK1 activates NF-κB, recruiting it to the nucleus where it activates the 
transcription of genes encoding pro-inflammatory cytokines.32,33 Following the signaling cascade, STING is internalized 
into lysosomes. Its accumulation induces lysosomal membrane permeabilization (LMP), releasing hydrolases such as 
cathepsins into the cytoplasm. These enzymes directly degrade critical proteins (eg, cytoskeletal and mitochondrial 
components) and activate apoptotic signaling, thereby triggering cell death.34,35

Currently, compelling evidence supports the notion that activation of the STING pathway significantly contributes to 
anti-tumor therapy. STING pathway activation mediates potent anti-tumor immune responses, including the release of 
tumor-associated antigens (TAAs), induction of DC maturation, enhancement of antigen presentation, promotion of CTL 
differentiation and activation, and stimulation of immune cell proliferation.52–54 Within the TME, STING activation is 
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triggered by leaking self-DNA from apoptotic cell nuclei or mitochondria. This activation can initiate antigen-specific 
immune responses, thereby establishing a positive feedback loop for anti-cancer immunity.

Types of STING Activators
Activators Directly Binding to STING Protein
Cyclic Dinucleotides (CDNs)
Natural CDNs and their analogs are the primary activators of the STING pathway. Natural CDNs primarily include 2′3′- 
cGAMP and 3′3′-cGAMP. Microbial double-stranded DNA, aberrant genomic DNA, and mitochondrial DNA (mtDNA) 
in mammals activate cGAS, which in turn releases 2′3′-cGAMP. The isomer 3′3′-cGAMP is naturally produced in 
bacteria and has been shown to activate the STING pathway and enhance CD8+ T cell function.55–57 CDN homologs, 
such as c-di-GMP (CDG) and c-di-AMP (CDA), serve as bacterial second messengers regulating various physiological 
functions and can also activate the STING pathway (Table 2).58–60

However, CDNs still face many challenges in clinic applications. Firstly, STING protein is located in the ER, and due 
to the large molecular weight and negative charge of natural CDNs and their homologs, they have difficulty crossing the 
cell membrane.88,89 Secondly, natural CDNs and their homologs are easily hydrolyzed by phosphodiesterases in the 
cellular microenvironment, losing their activity.90 To address these issues, researchers have optimized the structure of 
CDNs to enhance their clinical value. The phosphodiester bond in CDNs is prone to degradation by phosphodiesterases 

Figure 1 The mechanism of cGAS-STING pathway activation (By Figdraw). Microbial infections or genomic damage lead to the accumulation of exogenous or endogenous 
DNA in the cytoplasm, thereby activating cytosolic cGAS. Upon activation, cGAS synthesizes the second messenger cGAMP from ATP and GTP. cGAMP subsequently binds 
to and activates ER-localized STING, triggering its oligomerization and translocation to the Golgi apparatus to initiate downstream signaling. The activated STING recruits 
and phosphorylates TBK1, forming a p-TBK1 complex. This complex bifurcates into two pathways: (1) p-TBK1 phosphorylates STAT6, inducing the secretion of chemokines 
(eg, CCL2 and CCL20); (2) it concurrently phosphorylates IRF3, enabling its nuclear translocation to upregulate type I interferons (eg, IFN-β). Simultaneously, STING 
activates NF-κB to drive the transcription of pro-inflammatory cytokine genes.
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and nucleases, but substituting this bond with a thiophosphodiester bond effectively increases hydrolytic resistance.91,92 

Corrales et al synthesized mixed-linkage dithio-CDNs, resulting in R,R- and R,S-diastereomers, specifically ML RR-S2 
CDA (ADU-S100).65 Besides ADU-S100, other synthetic CDNs such as IACS-8779, IACS-8803, and MK-1454 have 
been developed.66,67 Despite the improved stability of these synthetic CDNs, they still achieve STING activation only 
through intratumoral injection.

Flavonoids
5.6-Dimethylxanthenone-4-acetic acid (DMXAA) was one of the earliest discovered STING activators. Initially applied 
clinically as an effective vascular-disrupting agent, it demonstrated significant tumor inhibition in mouse models. 
Subsequent experiments revealed that DMXAA is an activator for mouse STING, showing a high dependency on the 
STING pathway in mice and requiring CD8+ cells to maximize tumor suppression.69 Flavone-8-acetic acid (FAA) and 
carbomethoxy-9-acridone (CMA) are small-molecule STING activators structurally similar to DMXAA.93 Unfortunately, 
all three are specific to mouse STING and ineffective on human STING, likely due to differing residues between human 
and mouse STING. However, not all flavonoids are mouse-specific; for instance, α-mangostin has been shown to bind 
and activate human STING.94 Although DMXAA and CMA failed in clinical trials, analysis of their structure and 
function led to the development of six small-molecule STING activators with acridone backbones, three of which are 
effective on both human and mouse STING.95 While flavonoids exhibit potential for tumor therapy, successful clinical 
trials validating their effectiveness in human tumors are lacking.

Other Small Molecule Compounds
The application of high-throughput drug screening technology in modern drug discovery has identified numerous small 
molecule compounds that interact with specific targets.96,97 Through STING competitive binding assays and cell reporter 
system screenings, many novel STING activators have been discovered. For example, aminobenzimidazole (ABZI) 
compounds and their dimeric derivatives (di-ABZIs) have been developed and proven to be effective non-specific STING 
activators.70 Di-ABZIs exhibit much higher potency than cGAMP. Unlike CDNs, which are restricted to intratumoral 

Table 1 Classification of the dsDNA That Activates the cGAS-STING Pathway

The DNA Sources Possible Mechanisms

Leaked self-DNA Tumor DNA from dead cells, cell debris, exosomes, and microvesicles enters the 
cytoplasm via exocytosis or endocytosis, which activates the STING pathway.36

Mitochondrion Mitochondrial stress triggered by radiation, cytotoxic drugs, microbes, ROS, and other 

factors induces mtDNA leakage into the cytoplasm, which activates the STING 
pathway.37

Nuclear RNA Nuclear RNA is reverse transcribed into DNA by endogenous retroelements, which 

then activates the cGAS-STING signaling pathway.38

Cytosolic chromatin and micronuclei Cytoplasmic micronuclei, chromatin, DNA generated by defective DNA replication, 

repair, mitosis, and dysfunctional telomeres are intrinsic cellular self-DNA that can be 

detected by cGAS.39–41

DNA virus (eg vaccinia virus, cytomegalovirus, 

adenovirus, herpes simplex virus, papillomavirus)

DNA viruses invade host cells and release their DNA to induce the activation of the 

STING pathway.28,42–45

Retrovirus (eg HIV) Retroviruses invade host cells, and the DNA intermediates produced by the reverse 

transcription of their RNA can activate the STING pathway.46

RNA virus (eg dengue virus, SARS-CoV-2, influenza 
virus)

RNA virus infections may cause cellular damage and cell death, leading to the release of 
endogenous DNA and the activation of the STING pathway. The novel coronavirus 

binds to ACE2, which can lead to excessive angiotensin II signaling, thereby activating 

the STING pathway in mice.47,48

Bacteria (eg Shigella, Chlamydiatrachomatis, Mycobacterium 
tuberculosis, Francisella novicida)

Bacteria produce CDNs that directly activate the STING pathway.29,49–51

Abbreviations: ROS, reactive oxygen species; HIV, human immunodeficiency virus; cGAS, cyclic GMP-AMP synthase; CDNs, cyclic dinucleotides; STING, stimulator of 
interferon genes.
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Table 2 Current STING Activators and Their Preclinical Applications

Classification STING 
Activators

Application Models Therapeutic Effects References

Natural CDNs and 

their analogs

2′3′-cGAMP Colon 26 adenocarcinoma Restrain tumorigenesis [61]

3′3′-cGAMP Multiple myeloma Suppress growth [62]
c-di-GMP Colon cancer (H508 cells) Inhibit proliferation [63]

c-di-AMP Orthotopic; carcinogen-induced 

bladder cancer

Enhance antitumor activity [64]

Synthetic CDNs 

agonists

ML RR-S2 CDA 

(ADU-S100)

4 T-1 breast cancer; B16 melanoma; 

MC26 colon cancer

Durable tumor regression [65]

IACS-8779 B16 melanoma Antitumor response [66]
IACS-8803 B16 melanoma Antitumor response [66]

MK-1454 MC38 colon adenocarcinoma Inhibit tumor growth [67]
Flavonoids DMXAA B16 melanoma Accelerate tumor rejection [65]

FAA Murine colon tumors Extensive tumor rejection [68]

CMA HEK 293 T cells; mouse macrophages Antiviral activity [69]
Small molecule 

compounds

ABZI Colon tumors 80% of a treated group remained tumor free [70]

DSDP Human fibroblasts Antiviral activity [71]
BNBC Primary human fibroblasts and PBMCs Antiviral activity [72]

MSA-2 MC38 colon carcinoma Effectively inhibit tumor growth [73]

SR-717 B16.F10 melanoma; MC38 colorectal 
adenocarcinoma

Inhibit tumor growth [74]

E7766 Colon cancer (CT26) Establish an effective antitumor immunity 

against CT26 tumor

[75]

Chemotherapeutic 

drugs

Cisplatin 2F8 peritoneal tumor Increase T cell infiltration in tumors [76]

Doxorubicin H22 tumor bearing mice Enhance antitumor activity [19]
CPT Subcutaneous animal model based on 

CT26 cells

Enhance antitumor activity [77]

Paclitaxel Triple-negative breast cancer Inhibit tumor growth [78]
5-fluorouracil MC38 colon cancer Reduce tumor burden [79]

PARPi Brca1-deficient TNBC Strong T-cell cytotoxicity [80]

Prexasertib B6129F1 immunocompetent flank 
RPP/mTmG tumor bearing mice

Reduce tumor growth; increase T-cell 
infiltration; abrogate T-cell exhaustion invivo

[81]

Metal ion Mn2+ CT26 tumor Eradicate 78% of established tumors [82]

Other indirect 
STING activators

PDT 4T1 tumor Inhibit tumor growth [20]

PTT B16/F10 Inhibit tumor growth [21]

Radiotherapy MC38 colon cancer Adaptive immune response [83]
ATM protein B16F10 melanoma Suppress tumor growth and prolong host 

survival

[84]

PCA7 MC38 tumour Antitumor response [85]
Arginine 

starvation

CWR22Rv1 (castration resistant 

prostate cancer)

Slow cancer growth [86]

SGLT2 inhibitor Osteosarcoma Inhibit tumor progression [87]

Abbreviations: CDNs, cyclic dinucleotides; STING, stimulator of interferon genes; DMXAA, 5.6-Dimethylxanthenone-4-acetic acid; FAA, flavone-8-acetic acid; CMA, 
carbomethoxy-9-acridone; ABZI, aminobenzimidazole; DSDP, dispiro diketopiperazine; BNBC, 6-bromo-N-(naphthalen-1-yl)benzo[d][1,3]dioxole-5-carboxamide; PARPi, 
poly ADP-ribose polymerase inhibitor; PDT, photodynamic therapy; PTT, photothermal therapy; ATM, ataxia-telangiectasia mutated; PCA7, polymer with a tertiary amine 
seven-membered ring; SGLT2, sodium-glucose co-transporter 2.
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injection, intravenous administration of these STING activators in tumor-bearing mice resulted in strong antitumor 
activity, with 80% of the mice remaining tumor-free by the end of the study. For example, Liu et al discovered two 
human-specific STING activators, dispiro diketopiperazine (DSDP) and 6-bromo-N-(naphthalen-1-yl)benzo[d][1,3]diox
ole-5-carboxamide (BNBC), both of which can activate interferon and cytokine responses and induce an antiviral 
state.71,72 MSA-2, a non-nucleotide small molecule STING activator, can bind to STING and requires pre- 
dimerization for binding.73 In the acidic tumor microenvironment, the permeability of MSA-2 increases for preferentially 
activating STING within tumors. Oral administration of MSA-2 demonstrated good tolerability and antitumor activity in 
mice. SR-717 also shows significant efficacy after systemic administration, promoting antitumor immunity by activating 
CD8+ T cells, NK cells, and DC in relevant tissues.74 A new macrocyclic-bridged STING activator, E7766, currently 
undergoing Phase I clinical evaluation, has shown broad pan-genotypic activity across all major human STING variants 
and significantly enhanced potency.75 Furthermore, through modification and optimization of a central core template, 
Compound-53 (C53), was discovered, which bound to a pocket in the transmembrane domain of STING, located between 
the two subunits of the STING dimer.98,99 This binding induces outward displacement of transmembrane helices in the 
dimer, mediating the formation of higher-order oligomers.98

Compared to other STING activators, small molecule compounds offer the advantages of high specificity and fewer 
side effects. However, challenges such as resistance due to tumor gene mutations, balancing multi-target and selectivity, 
and the accuracy of small molecule drugs before clinical trials continue to hinder their clinical application.

Indirect STING Activators
Chemotherapeutic Drugs
Unlike the aforementioned non-nucleotide small molecule activators, some chemotherapeutic drugs do not directly 
activate STING but instead induce DNA damage or inhibit DNA repair, causing the accumulation of endogenous 
DNA in cells, which subsequently activates the cGAS-STING pathway. For example, studies have shown that in bladder 
and ovarian cancers, cisplatin induces cGAS-STING signaling, promoting T-cell proliferation and enhancing tumor 
immunogenicity.11,76,100 Doxorubicin-induced DNA damage combined with Mn2+ activates the cGAS-STING pathway. 
This activation promotes dendritic cell maturation, increases cytotoxic T lymphocyte infiltration, and recruits natural 
killer cells to the tumor site.19 They used amorphous porous manganese phosphate (APMP) nanoparticles, highly 
sensitive to the tumor microenvironment, to construct mixed nanoparticles (PL/APMP-DOX NPs) encapsulating doxor
ubicin (DOX) and phospholipids (PL).101 These nanoparticles remain stable in systemic circulation but can be triggered 
to release DOX to induce DNA damage and Mn2+ to enhance cGAS-STING activity. Other chemotherapeutic drugs that 
activate STING through similar mechanisms include camptothecin (CPT), daunorubicin, and other anthracyclines.77,102

Additionally, paclitaxel and 5-fluorouracil activate cGAS-STING through the production of micronuclei.78,79 Targeted 
therapies can also activate STING. Research has shown that in BRCA1-deficient triple-negative breast cancer and 
ERCC1-deficient non-small cell lung cancer, poly ADP-ribose polymerase (PARP) inhibitors activate the intrinsic 
STING pathway in tumor cells by generating micronucleus-associated chromatin fragments.80,103 Furthermore, the 
CHK1 inhibitor prexasertib accelerates DNA double-strand breaks and STING activation, subsequently enhancing 
T-cell recruitment and effector cell function in small cell lung cancer (SCLC) mouse models.81

Metal Ion
The significant role of metal ions in the immune system has gained increasing recognition, with metal ion-activated immu
notherapy emerging as a promising method for cancer treatment. Most metal ions do not directly activate the cGAS-STING 
pathway but act as regulators. Ca2+ and Zn2+ are recognized as positive regulators of the cGAS-STING pathway. Firstly, evidence 
indicates that reducing cytoplasmic Ca2+ flow can inhibit the STING-mediated IFN response, suggesting that STING activation 
requires an increase in intracellular Ca2+ within the endoplasmic reticulum (ER) and mitochondria.104 And the calcium sensor 
STIM1 retains STING in the endoplasmic reticulum, preventing aberrant activation of the cGAS-STING pathway, suggesting 
that calcium homeostasis may stabilize this pathway.105,106 Secondly, calmodulin (CaM) initiates a signaling cascade that 
phosphorylates calmodulin-dependent protein kinase II (CaMKII) and AMP-activated protein kinase (AMPK), contributing to 
STING activation.104,107 Additionally, the induction of autophagy is critical for STING activation, as both CaMKII and AMPK 
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target BECN1 within the VPS34 complex, promoting its phosphorylation and inducing autophagy.107 Finally, the increase in 
cytoplasmic Ca2+ may cause mitochondrial permeability transition (MPT), leading to mtDNA leakage into the cytoplasm, which 
activates cGAS and subsequently STING.108,109 The zinc finger protein ZCCHC3 enhances the binding of cGAS to DNA, and 
Zn2+ is essential for the production of cGAMP and the coordination of the interferon response.110–112 Besides, Zn2+ is required 
for cGAMP folding and liquid-phase separation of cGAMP-DNA complexes.112 Unlike Ca2+ and Zn2+, K+ is considered an 
inhibitory regulator. Research indicates that intracellular K+ efflux is crucial for inhibiting the cGAS-dependent IFN-β 
response.113 And as a lack of cytoplasmic K+ results in decreased cGAMP synthesis.106

Among metal ions, Mn2+ is particularly noteworthy. Mn2+ regulates the cGAS-STING pathway by increasing cGAS 
sensitivity to dsDNA, thereby facilitating cGAMP production and enhancing the activity of CDNs.82,106 Additionally, 
Mn2+ is considered a direct activator of STING.114,115 Studies have shown that Mn2+ can directly activate cGAS to 
synthesize noncanonical 2′3′-cGAMP and catalyze the conversion of H2O2 to reactive oxygen species (ROS) for 
chemodynamic therapy (CDT), leading to the activation of cGAS-STING signaling.21 The unique properties of Mn2+ 

highlight its immense potential in cancer immunotherapy.

Other Activators
PTT, PDT, radiotherapy, and the ataxia-telangiectasia mutated (ATM) protein activate the STING pathway through the 
release of mtDNA due to cellular damage or oxidative stress-induced mitochondrial disruption.36,84,116,117 Li et al 
discovered a pH-sensitive polymer with a tertiary amine seven-membered ring (PCA7).85 Unlike cGAMP, PCA7 binds 
to a non-competitive site on the surface of STING, distinct from the cGAMP binding pocket, and stimulates prolonged 
production of pro-inflammatory cytokines. Arginine starvation inhibits gene expression, leading to DNA damage, 
chromatin leakage, and cGAS-STING activation.86 Sodium-glucose co-transporter 2 (SGLT2) inhibitors can inhibit 
AKT phosphorylation, thereby upregulating STING expression.87

Strategies for Enhancing the Efficacy of STING Activators by 
Nanoparticles
Natural CDNs and non-nucleotide small molecule STING activators show promise in cancer immunotherapy but 
face significant limitations, such as poor stability, low cellular uptake, rapid clearance, systemic toxicity, and off- 
target effects.118 These challenges hinder their therapeutic potential and clinical translation. Nanoparticle-based 
delivery systems address these issues by enhancing stability, prolonging circulation time, improving tumor-specific 
targeting, enabling controlled release, and facilitating intracellular uptake.119,120 Therefore, nanocarrier-mediated 
delivery strategies play a important role in overcoming the inherent limitations of STING agonists and maximizing 
their antitumor efficacy.

Nanoparticles with Prolonged Circulation and Enhanced Tumor Accumulation
Lipid Nanoparticles
Lipid nanoparticles (LNPs), which are spherical vesicles encapsulating core substances, are widely used to deliver 
nucleic acids into cells and effectively neutralize the negative charge of CDNs. Multiple studies have utilized NPs with 
high fusion characteristics, named YSK05, to deliver c-di-GMP.121,122 These studies demonstrated that these NPs could 
transfer c-di-GMP into the cell membrane, induce the innate immune system, and promote NK cell-mediated MHC-I 
non-restricted antitumor immunity, offering a new direction for the immunotherapy of malignant melanoma. However, 
these studies have limitations, including a lack of comparison between liposomal CDN formulations and free CDNs in 
terms of antitumor activity, making it difficult to prove the clinical value of liposomal delivery.122 PEGylated liposomal 
formulations significantly enhance STING pathway activation by improving the pharmacokinetics and tumor-targeting 
efficiency of cGAMP.90 Compared to free cGAMP, polyethylene glycol (PEG)-modified liposomes (eg, PEG5-cGAMP 
and PEG10-cGAMP) exhibit prolonged circulation and increased accumulation in tumor-resident APCs, leading to 
robust immune activation within the tumor microenvironment (Figure 2A and B). This is evidenced by a 200-fold 
upregulation of IFNB1 and a 1400-fold increase in CXCL9 expression in the lungs of tumor-bearing mice (Figure 2C). 
Furthermore, PEGylated formulations achieve 50% complete tumor regression and confer 100% survival upon tumor 
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rechallenge, highlighting their superior therapeutic efficacy over non-PEGylated counterparts (Figure 2D and E). These 
results underscore the critical role of PEGylation in optimizing STING activator delivery and antitumor immunity. 
Similarly, several studies have demonstrated that conventional intravenous injection of cGAMP-LNPs more effectively 
activates STING than free Cgamp.123–125 However, only 2–10% of tumor cells or tumor-infiltrating immune cells uptake 
these LNP-delivered CDNs.124,125 This limited uptake may be due to the restricted diffusion of LNPs within the tumor 
extracellular matrix (ECM) and potential clearance by the reticuloendothelial system.

Polymeric Nanoparticles
Polymeric nanoparticles offer numerous advantages in drug and gene delivery due to their versatility, biocompatibility, 
and tunable properties.126 Polymeric nanoparticles enhance the stability and bioavailability of therapeutic agents by 

Figure 2 Lipid nanoparticles for delivering STING activators in cancer immunotherapy. (A) Schematic of liposomal cGAMP structure and therapeutic strategy. (B) 
Representative flow cytometry histograms showing the time course of BMDC binding with fluorescein-cGAMP delivered in free or liposomal form. (C) Gene expression 
analysis of interferon-β (Ifnb1) and chemokine ligand 9 (Cxcl9) in tumor-bearing lung tissues following intravenous injection. (D) Kaplan-Meier curve of overall survival for 
mice treated with the specified formulation. (E) Kaplan-Meier curve of overall survival for mice previously treated with the specified formulation during the re-challenge 
period. ****P < 0.0001. (Adapted from Koshy ST, Cheung AS, Gu L, Graveline AR, Mooney DJ. Liposomal delivery enhances immune activation by STING agonists for cancer 
immunotherapy. Adv Biosyst. 2017;1(1–2):1600013. © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.90
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protecting them from degradation during circulation. The ability to design polymers with adjustable molecular weights, 
charge densities, and degradability further optimizes their performance, making polymer-based systems a powerful 
platform for delivery of STING activators.126 For instance, a branched polymer-chlorin e6 (Ppa) conjugate (BGSSP) was 
developed to co-deliver the PARP inhibitor AZD2281 and the photosensitizer chlorin e6 for combined PDT and STING 
activation (Figure 3A).20 Upon laser irradiation, AZD2281 inhibits DNA repair caused by PDT-induced ROS, promoting 

Figure 3 Polymeric nanoparticles for delivering STING activators in cancer immunotherapy. (A) Schematic diagram of the structure of redox/enzyme-activatable 
nanomedicines containing GFLG peptides and disulfide bonds after encapsulating the PARP inhibitor AZD2281. (B) Measurement of tumor site accumulation of BGSSP 
and AZD@BGSSP using IVIS. (C) Tumor growth inhibition (TGI) in different groups. (D) Expression of CCL5, CXCL10, and IFN-β in tumor tissues after different 
treatments. (G1: Control (−irradiation), G2: BGSSP (−irradiation), G3: AZD@BGSSP (−irradiation), G4: Control (+irradiation), G5: BGSSP (+irradiation), G6: 
AZD@BGSSP (+irradiation). **P < 0.01. (Adapted from Luo Q, Duan Z, Li X, et al. Branched polymer-based redox/enzyme-activatable photodynamic nanoagent to trigger 
STING-dependent immune responses for enhanced therapeutic effect. Adv Funct Mater. 2022;32(13). copyright 2021 Wiley-VCH GmbH).20
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cytoplasmic DNA accumulation and subsequent cGAS-STING pathway activation. In a 4T1 tumor model, 
AZD@BGSSP demonstrated significantly enhanced tumor accumulation compared to BGSSP alone (Figure 3B), 
achieving 86.3% tumor growth inhibition (Figure 3C). Furthermore, elevated levels of CCL5, CXCL10, and IFN-β in 
tumor tissues confirmed the potent immune activation mediated by this nanoplatform (Figure 3D). These results highlight 
the potential of polymer-based nanocarriers for synergistic PDT and STING activation. Similarly, a polymer metal- 
organic framework (PMOF) nanoparticle with a PEG shell was developed to co-deliver SR-717 and generate singlet 
oxygen (1O2) upon irradiation.127 The 1O2 not only induced tumor cell apoptosis but also triggered PMOF degradation 
for rapid SR-717 release, synergistically enhancing anticancer immunity. Beyond synthetic polymers, natural biomacro
molecules such as chitosan have also been explored for STING activator delivery. Chitosan facilitates intracellular DNA 
release, activating the cGAS-STING pathway and promoting the production of IFNs and ISGs, which drive dendritic cell 
activation and cellular immunity.128 These examples underscore the potential of both synthetic and natural polymer-based 
systems for optimizing STING-targeted cancer immunotherapy.

Biological Membrane-Derived Nanoparticles
Biological membrane-derived nanoparticles offer unique advantages as drug and gene delivery vehicles due to their natural 
biocompatibility and biological origin.129 These carriers possess inherent properties such as low immunogenicity and excellent 
bioavailability, allowing them to evade immune clearance and achieve prolonged circulation in the body. Their ability to mimic 
the surface markers of parent cells enables highly specific targeting to diseased tissues or cells.130 Additionally, exosomes and cell 
membranes can encapsulate a wide range of therapeutic agents, including small molecules, proteins, and nucleic acids, while 
protecting them from degradation in the extracellular environment. The natural communication pathways of exosomes further 
enhance their capability to transfer genetic material or drugs across cellular barriers efficiently.131 These features make cell 
membrane- and exosome-based delivery systems a powerful and versatile platform for advanced therapeutics. Based on these 
advantages, plant-derived and cell-derived nanovesicles have been increasingly integrated into multifunctional therapeutic 
platforms in recent years. Plant-derived nanovesicles (PDNVs) from Artemisia annua contain plant-derived mitochondrial 
DNA (mtDNA), which not only serve as drug delivery carriers but also activate the cGAS-STING signaling pathway, thereby 
reprogramming tumor-associated macrophages (TAMs) into an antitumor phenotype.132 Meanwhile, cell membrane-coated 
composite nanoparticles engineered and functionalized with metallic nanomaterials have been designed to target the tumor 
microenvironment. By combining near-infrared-II (NIR-II) photothermal therapy with Mn²⁺-mediated STING activation, these 
nanoparticles enhance dendritic cell maturation and antigen presentation.21 In addition, programmable hybrid cell-derived 
nanovesicles (hNVs), which integrate components from different cellular sources, have demonstrated the capability to effectively 
recognize circulating tumor cells and preferentially accumulate at surgical sites. When loaded with cGAMP, these nanovesicles 
effectively inhibited postoperative tumor recurrence and metastasis in preclinical models of malignant melanoma and triple- 
negative breast cancer.17 Collectively, these strategies underscore the potential of membrane-based nanovesicle platforms as 
targeted and sustained therapeutic delivery systems. They highlight the broad applications of these multifunctional and robust 
systems in cancer immunotherapy and drug delivery.

Inorganic Nanoparticles
Compared to LNPs and polymeric NPs, inorganic nanoparticles exhibit unique physicochemical properties in optics, 
electricity, magnetism, and catalysis, garnering increasing attention in biomedical applications.133 Inorganic nanoparticles 
include both non-metallic and metallic types. Non-metallic nanoparticles, such as cationic SiO2 nanoparticles complexed 
with c-di-GMP have demonstrated extended retention in the tumor microenvironment and effective activation of tumor- 
infiltrating antigen-presenting cells.134 Although conventional mesoporous silica nanoparticles are generally biocompa
tible, their small pore sizes, slow biodegradation, and prolonged tissue retention limit their performance.135–137 Recently, 
silica nanoparticles engineered with a lower-density Si–O–Si matrix and enlarged pore sizes (5–10 nm) have enabled 
more efficient loading and delivery of biomolecules, effectively inducing robust innate and adaptive immune responses in 
melanoma models upon CDA delivery.138 For metallic nanoparticles, a biomimetic nano-platform (CMM-DiR) was 
developed by encapsulating manganese dioxide nanoparticles (MnO2 NPs) and the photothermal agent DiR within 
a cancer cell membrane (Figure 4A).139 In the TME, MnO2 rapidly degrades, releasing Mn²⁺ to activate STING and 
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generating O₂ to alleviate hypoxia and increase pH, thereby promoting T lymphocyte infiltration. Simultaneously, laser 
irradiation triggers DiR-mediated photothermal therapy, releasing tumor-associated antigens and transforming the 
primary tumor into an in situ vaccine. CMM-DiR demonstrated excellent tumor-targeting and long-circulation properties, 
with DiR fluorescence persisting in tumor cells for up to 36 hours (Figure 4B). In a melanoma model, CMM-DiR/laser 
treatment significantly inhibited tumor growth and prolonged survival (Figure 4C), while flow cytometry confirmed 
enhanced intratumoral infiltration of CD8⁺ and CD4⁺ T cells, underscoring the synergistic role of antigen release and 
STING activation in vaccine efficacy (Figure 4D). Additionally, a composite nanostructure combining gold nanoparticles 
complexed with single-stranded DNA and DOX assembled onto Mn₃O₄ has achieved synergistic immunotherapeutic and 

Figure 4 Inorganic nanoparticles for delivering STING activators in cancer immunotherapy. (A) Schematic illustration of the In Situ STING Activation Vaccination (ISSAV) 
strategy achieved by the biomimetic nanoplatform (CMM-DiR). (B) Immunofluorescence staining of tumor tissues. Scale bar = 50 μm. (C) Survival percentages of mice 
under different treatments. (D) Flow cytometry histograms of intratumoral infiltration of CD8+ T cells and CD4+ T cells. **P < 0.01; ***P < 0.001. (Adapted from Nano 
Today. Yang X, Yang Y, Bian J, et al. Converting primary tumor towards an in situ STING-activating vaccine via a biomimetic nanoplatform against recurrent and metastatic 
tumors. 38. Copyright 2021, with permission from Elsevier.139
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chemotherapeutic effects.140 Collectively, these strategies underscore the potential of inorganic nanoparticle-based 
systems for multifaceted and efficient cancer treatment.

Nanoparticles with Enhanced Tumor Penetration and Retention
Tumor penetration is crucial for the effective delivery of drugs as well as STING activators, as their therapeutic efficacy 
largely depends on reaching not only the tumor periphery but also deeply embedded tumor cells and the immunosup
pressive microenvironment.141 Efficient penetration ensures that the STING activators activate tumor-resident APCs, 
such as dendritic cells and macrophages, promoting robust production of type I interferons and other pro-inflammatory 
cytokines.46 This activation is essential for priming adaptive immune responses and converting “cold” tumors into “hot” 
ones, thereby overcoming immune resistance.142 Delivery strategies that enhance tumor penetration, such as nanoparticle 
carriers with shape-switching properties or surface modifications, significantly improve the therapeutic outcomes of 
STING activators-based immunotherapies.143

Non-Spherical Structures
In addition to the various carrier materials previously mentioned, nanotube structures have shown distinct advantages in 
extending the penetration and retention time of NPs in vivo.144 Non-spherical nanoparticles possess a larger surface area 
for contact with target cells, enhancing adhesion and promoting more effective internalization.145 This increased surface 
area also improves drug loading efficiency, ensuring efficacy at lower drug concentrations.146 A lipid nanodisc (LND) 
structure was developed by conjugating CDNs with PEGylated lipids via a cleavable linker, significantly enhancing 
tumor penetration compared to conventional PEG-lipids (Figures 5A and B).147 In vivo studies demonstrated that LND- 
CDN effectively stimulated T cell responses in tumor-draining lymph nodes (TDLNs), as confirmed by ELISPOT 
analysis of spleen cells co-cultured with irradiated tumor cells (Figure 5C). Moreover, LND-CDN treatment achieved 

Figure 5 Nanoparticles with non-spherical shapes enhance tumor penetration and retention. (A) Schematic of LnD containing CDn-PEG-lipid. (B) Coarse-grained simulation 
snapshots of LnD (left) and PEGylated liposomes (right). (C) IFN-γ ELISPOT assay of MC38 tumor-bearing mice treated with LnD-CDn or liposome-CDn. (D) The survival curves of 
MC38 tumor-bearing mice treated via intratumoral injection with 5 nmol LnD-CDN or liposome-CDN. Adapted from Dane EL, Belessiotis-Richards A, Backlund C, et al. STING 
agonist delivery by tumour-penetrating PEG-lipid nanodiscs primes robust anticancer immunity. Nat Mater. 2022;21(6):710–720. Creative Commons.147
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complete tumor regression in all treated mice, highlighting its superior therapeutic efficacy (Figure 5D). Similarly, 
nanotubes self-assembled from an amyloid fibril-forming peptide were employed to load and deliver c-di-GMP, leading 
to enhanced expression of cytokines such as IFN-β, TNF-α, IL-6, and IL-1β in a melanoma model, thereby inhibiting 
distal tumor growth with lower biotoxicity.148 These studies collectively demonstrate the potential of nanotube-based and 
other non-spherical nanoparticles as versatile and efficient platforms for targeted drug delivery and cancer therapy.

Modification with Tumor-Permeable Ligands-
Tumor-permeable ligands are critical for enhancing the efficiency and specificity of drug delivery systems in cancer 
therapy. These ligands are designed to bind selectively to receptors or biomarkers overexpressed on the surface of tumor 
cells or within the tumor microenvironment, such as integrins, folate receptors, or transferrin receptors. By facilitating 
active targeting, tumor-permeable ligands improve the accumulation of therapeutic agents at the tumor site, while 
minimizing off-target effects on healthy tissues. Human heavy-chain ferritin nanoparticles (HFn NPs) have been utilized 
to deliver SR717, leveraging their ability to bind transferrin receptor 1 (TfR1) for blood-brain barrier penetration 
(Figure 6A).149 Furthermore, modification of HFn NPs with the tumor-penetrating peptide RGE (RGERPPR) enhances 
their tumor tissue distribution. This modification significantly increases the accumulation of RGE-HFn NPs in sub
cutaneous tumors compared to unmodified HFn NPs (Figures 6B and C). In an orthotopic glioma model, RGE-HFn NPs 
exhibited stronger fluorescence signals in brain tissues, confirming improved targeting efficiency (Figure 6D). 
Additionally, SR717-loaded RGE-HFn NPs significantly upregulated the mRNA levels of immune-related genes, 
including Ifnb1, Cxcl10, Cxcl9, and TNF-α in RAW and THP-1 cells, compared to free SR717, demonstrating potent 
immune activation (Figure 6E). These findings highlight the potential of tumor-permeable ligands in enhancing the 
therapeutic efficacy and specificity of drug delivery systems.

In Suit-Forming Hydrogel for Enhanced Tumor Retention
Recent advances have led to the development of in situ forming hydrogels that substantially enhance the retention of 
STING activators within tumors, thereby amplifying antitumor immunity. For example, one strategy uses a silk protein- 
based injectable hydrogel that enable self-assembly into nanotubes in aqueous solution.150 Negatively charged CDA were 
electrostatically complexed onto the positively charged NT surface, forming a spherical hydrogel post-injection 
(Figure 7A). Compared to free CDA, which showed rapid fluorescence decline, CDA-NT maintained high fluorescence 
intensity in tumors for up to 15 days, indicating sustained drug retention (Figure 7B). In a GL-261 glioblastoma model, 
CDA-NT hydrogel treatment achieved significant tumor regression and 100% survival, outperforming both free CDA and 
locally delivered CDA (Figure 7C). Furthermore, CDA-NT treatment enhanced intratumoral infiltration of CD8⁺ T cells 
and increased the CD8⁺/CD4⁺Foxp3⁺ regulatory T cell ratio, demonstrating potent immune activation (Figure 7D and E). 
Together, these innovative in situ forming hydrogels offer a promising strategy to maintain high local concentrations of 
STING activators, ensuring robust and sustained immune responses against tumors.

Stimuli-Responsive Nanoparticles for Cytoplasmic Release of STING Activator
pH-Responsive Nanoparticles
pH-responsive delivery systems play a crucial role in tumor therapy, leveraging the acidic characteristics of the tumor 
microenvironment (pH ~6.5–6.8) and the even lower pH within lysosomes/endosomes (pH~4.5–5.5).151 These systems 
can trigger the release of drugs or genetic materials in response to the acidic environment either outside or inside tumor 
cells. For activation of STING protein in cytoplasm, the pH within endosome offers an ideal stimulus for targeted 
delivery of STING activators. One strategy involves encapsulating oxaliplatin and an immunomodulatory PC7A into 
nanoparticles that, under acidic conditions, simultaneously release oxaliplatin, which induces DNA damage and activates 
the STING pathway through the resulting DNA fragments.151 Additionally, the nanoparticles release PC7A monomers 
that directly bind to STING, triggering a robust immune response and leading to tumor eradication in preclinical models. 
Another strategy employs pH-responsive nano-prodrugs formulated from amphiphilic diblock copolymers (PEG- 
b-PDPA) to deliver DMXAA selectively at pH 6.0, thereby activating STING in dendritic cells while preventing 
premature drug release during circulation; such systems have markedly inhibited tumor progression in melanoma and 
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breast cancer models.152 Furthermore, the nanoSTING-VAX platform was developed using pH-responsive polymer 
vesicles to co-deliver CDNs, peptide antigens, and adjuvants, enabling tailored cellular immunity against cancer 
(Figure 8A).153 Fluorescence imaging confirmed enhanced antigen accumulation in inguinal lymph nodes when encap
sulated within polymer vesicles (Figure 8B). The vesicles retained pH-responsive degradation capabilities, as evidenced 
by reduced nanoparticle diameter at endosomal pH (Figure 8C). In vivo, nanoSTING-VAX combined with immunother
apy significantly inhibited tumor growth and prolonged survival (Figure 8D). Additionally, intracellular cytokine staining 
revealed that nanoSTING-VAX increased the frequency of multifunctional (IFN-γ⁺, TNF-α⁺) antigen-specific CD8⁺ 
T cells compared to free cGAMP and synthetic long peptides, demonstrating potent immune activation (Figure 8E). 

Figure 6 Tumor- permeable ligand nanoparticles enhances the targeted effect of STING activators. (A) Structural diagram of SR717@RGE-HFn NPs. (B) Quantitative 
analysis of the penetration depth of Dox@HFn and Dox@RGE-HFn NPs in GL261 glioblastoma spheroids. (C) Representative ex vivo images of subcutaneous GL261 
xenograft tumors and organs treated with PBS, Cy5.5-labeled HFn, or RGE-HFn NPs. (D) Representative IVIS images of brain tissues from mice bearing orthotopic GL261 
gliomas. (E) qRT-PCR analysis of mRNA expression levels following treatment with SR717@RGE-HFn NPs, free SR717, or PBS as a control. *P < 0.05; **P < 0.01; ***P < 
0.001. Adapted from Wang B, Tang M, Yuan Z, et al. Targeted delivery of a STING agonist to brain tumors using bioengineered protein nanoparticles for enhanced 
immunotherapy. Bioact Mater. 2022;16:232–248. Creative Commons.149
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Collectively, these systems harness the unique pH conditions of tumor tissues to achieve precise, controlled release and 
effective STING pathway activation, offering promising strategies for cancer therapy.

Reactive Oxygen Species-Responsive Nanoparticles
ROS-responsive nanoparticles have emerged as a promising approach for targeted tumor therapy. Tumor cells often 
exhibit elevated levels of ROS compared to normal cells, making this a key trigger for drug release. For delivery of 
STING activators, these systems also enable cell cytoplasm-specific delivery, enhancing activation of STING pathway. 

Figure 7 In suit-forming hydrogel for delivering STING activators in cancer immunotherapy. (A) Schematics of localized CPT and CDA delivery using a bioresponsive CPT-based 
nanotube hydrogel for TME regulation and chemoimmunotherapy. (B) Quantitative detection of the intratumoral retention profile of CDA-Cy7. (C) Survival percentages after 
different treatments. (D) CD8+ T-cell levels were quantified in C57BL/6 mice bearing GL-261 tumors. (E) The ratio of tumor-infiltrating CD8+ T effector (Teff) cells to 
CD4+Foxp3+ regulatory T (Treg) cells was assessed in C57BL/6 mice bearing GL-261 tumors. Adapted from Wang F, Su H, Xu D, et al. Tumour sensitization via the extended 
intratumoural release of a STING agonist and camptothecin from a self-assembled hydrogel. Nat Biomed Eng. 2020;4(11):1090–1101, with permission from SNCSC.150
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For example, a ROS-responsive chitosan hydrogel—synthesized via conjugation of (methylthio) acetic acid to chitosan— 
enables sustained release of the STING activator DMXAA and indocyanine green (ICG) in the tumor microenvironment, 
thereby converting an immunosuppressive milieu into an immunogenic one while ensuring excellent biocompatibility 
and biodegradability.154 Additionally, a ROS-responsive nanoparticle was developed through the self-assembly of 
a cisplatin-camptothecin prodrug and a ROS-sensitive polymer. This system enables tumor-specific drug release and 
simultaneously activates both DNA damage and the cGAS-STING pathway (Figure 9A).11 Platinum release was 
significantly enhanced by H2O2 in a concentration-dependent manner (Figure 9B). In vivo, these nanoparticles demon
strated potent tumor suppression, as indicated by reduced tumor weight (Figure 9C). In vitro analyses revealed elevated 
IFN-β and IL-6 levels (Figure 9D, left/middle), enhanced dendritic cell maturation, extensive tumor cell apoptosis 
(Figure 9D, right), and DNA fragmentation (Figure 9E).

Reduction-Responsive Nanoparticles
Reduction-responsive nanoparticles are designed to exploit the reductive environment characteristic within tumor 
environment, particularly within the intracellular compartments like glutathione (GSH)-rich areas.155 Tumor cells often 
exhibit elevated levels of reducing agents, such as GSH, compared to normal tissues. Reduction-responsive systems 
incorporate disulfide bonds or other redox-sensitive linkages that can be cleaved in the presence of high GSH 
concentrations, triggering the release of therapeutic agents.156 Based on it, these systems allow for precise delivery of 
STING activators, improving therapeutic outcomes while reducing off-target side effects. In this context, reduction- 
responsive biodegradable polymers were developed to enhance tumor retention and cytosolic delivery of ADU-S100, 
promoting robust STING activation in tumor-draining lymph nodes (Figure 10A).157 CPs exhibited glutathione (GSH)- 
dependent drug release, with only 7.4% CDN released under physiological conditions versus 58.9% in 10 mm GSH 
(Figure 10B). In a B16F10 melanoma model, combining CPs-CDN with fractionated low-dose X-ray irradiation (3 Gy) 
achieved superior tumor suppression compared to free CDN or radiation alone. This combination also extended median 

Figure 8 pH-responsive nanoparticles enhance nanoparticle delivery. (A) Schematic illustration of the nanoSTING-vax structure. (B) Representative fluorescence images of 
the draining inguinal lymph nodes (LNs) at the vaccine site 18 hours after subcutaneous administration of nanoSTING-vax. (C) Dynamic light scattering analysis of the 
number-average particle size distribution of STING-NPs under extracellular and endosomal pH conditions. (D) Tumor survival curves of mice. (E) Percentage of IFN-γ+, 
TNF-α+, CD8α, + T cells in peripheral blood after ex vivo stimulation with Reps1 and Adpgk epitopes. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Adapted with 
permission from Shae D, Baljon JJ, Wehbe M, et al. Co-delivery of peptide neoantigens and stimulator of interferon genes agonists enhances response to cancer vaccines. Acs 
Nano. 2020;14(8):9904–9916, copyright 2020, American Chemical Society.153
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survival to 42 days, significantly surpassing other groups (Figure 10C). Further analysis revealed that 5 Gy + CPs-CDN 
treatment increased CD8⁺ T cell infiltration and elevated plasma levels of IFN-β and TNF-α, demonstrating enhanced 
systemic immune activation (Figure 10D).

Photo-Responsive Nanoparticles
Photo-responsive nanoparticles have emerged as a powerful tool for tumor-targeted drug delivery, utilizing light as an 
external stimulus to achieve precise control over drug release.158 These nanoparticles are typically designed with 
photosensitive components, such as photo-cleavable linkages, photosensitizers, or photo-thermal agents, which respond 
to specific wavelengths of light (eg, near-infrared).158 Upon irradiation, these nanoparticles undergo structural changes, 
generate heat, or produce ROS, triggering the release of therapeutic agents directly at the tumor site. This approach 
minimizes off-target effects and enhances the therapeutic efficacy of drugs. For example, a multifunctional plasmonic 
gold-blackbody (AuPB) photo-responsive nano-adjuvant coated with polydopamine (PDA) and loaded with Mn2+ 

Figure 9 ROS-responsive nanoparticles enhance nanoparticle delivery. (A) CPT-Pt(IV) can self-assemble into nanoparticles NPs with the ROS-sensitive polymer (P1) and the 
lipid polymer mPEG2k-DSPE. (B) Cumulative Pt release from nanoparticles under different conditions at 37°C. (C) Tumor relative tumor weight. (D) Levels of IFN-β and IL- 
6 in the supernatant of CT26 cells were measured, along with the quantification of the mature BMDCs. (E) H&E and TUNEL staining of tumor tissues from different groups. 
*P < 0.05; **P < 0.01; ***P < 0.001. Adapted from Cao L, Tian H, Fang M, et al. Activating cGAS-STING pathway with ROS-responsive nanoparticles delivering a hybrid 
prodrug for enhanced chemo-immunotherapy. Biomaterials. 2022;290:121856. Creative Commons.11
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(AuPB@PDA/Mn) was reported.159 Triggered by second NIR-II light, AuPB@PDA/Mn induced local hyperthermia and 
released Mn2+ ions, activating STING. In a mouse colon cancer model, NIR-II light activation of AuPB@PDA/Mn 
significantly reduced preoperative tumor burden and minimized tumor recurrence after radical resection.

Nanoparticles-Mediated Combination With Other Therapeutics
Combining STING activator with other therapeutics is critical to maximizing their immunotherapeutic potential, as this 
approach leverages complementary mechanisms to overcome tumor resistance and enhance anti-tumor efficacy.36 STING 
activation alone induces innate immune responses and promotes the recruitment and activation of cytotoxic T cells, but 
combining it with immune checkpoint inhibitors (eg, anti-PD-1/PD-L1) can further amplify adaptive immunity by 
relieving T-cell exhaustion.160 Similarly, pairing STING activator with chemotherapies, photodynamic/photothermal 
Therapy (PDT/PTT) or radiotherapies enhances tumor antigen release, creating a more immunogenic environment.161 

These synergistic strategies not only improve therapeutic outcomes but also expand the scope of STING activator to treat 
immunologically “cold” tumors that are typically unresponsive to monotherapies.

Combination with PTT or PDT
PDT and PTT as PTs are extensively studied in anticancer treatment. Unlike radiation therapy and chemotherapy, which 
typically induce immune suppression, PT has been observed to stimulate immune responses.18,162,163 Photosensitizer 
molecules absorb light and convert it into ROS or heat to kill tumor cells and induce immune reactions.164 With the rise 
of tumor immunotherapy in recent years, many researchers have focused on combining PT with other immune stimulants 
or strategies to enhance tumor immune responses and anticancer treatment outcomes. For example, hollow mesoporous 
organosilica nanocomposites loaded with platinum nanoparticles (Pt-NPs) and the photosensitizer IR820, exposed to 
near-infrared irradiation, achieve PDT and PTT treatments.117 Concurrent oxidative stress leads to dual damage of 
nuclear and mitochondrial DNA, triggering activation of the cGAS/STING signaling pathway. In another strategy, 
a multifunctional nanoparticle (MDPMH) was developed to integrate PTT, chemotherapy, and immunotherapy.165 

Figure 10 Reduction-responsive nanoparticles enhance nanoparticle delivery. (A) Structural diagram of CPs-CDN. (B) In vitro release of Cy3-diAMP from CPs in the 
presence or absence of 10 mm GSH. (C) Tumor survival rates after treatment with different formulations with or without irradiation. (D) The proportion of CD8+ T cells in 
the tumor, the expression of CD206 on macrophages in the TME, and the plasma concentrations of IFN-β and TNF-α in mice. *P < 0.05; **P < 0.01; ***P < 0.001. Adapted 
from Zheng H, Guo B, Qiu X, et al. Polymersome-mediated cytosolic delivery of cyclic dinucleotide STING agonist enhances tumor immunotherapy. Bioact Mater. 2022;16:1– 
11. Creative Commons.157
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Synthesized via ultrasound-assisted self-assembly of DTX, a manganese-modified phthalocyanine sonosensitizer 
(MnIIIPC), Mn2+, and hyaluronic acid (HA)-PLGA hybrids (Figure 11A), MDPMH synergistically activated the 
STING pathway by downregulating Bcl-2 and upregulating Bax, thereby promoting tumor cell apoptosis 
(Figure 11B). In vitro cytotoxicity assays revealed that MDPMH combined with laser irradiation exhibited the strongest 
antitumor activity, as evidenced by minimal green fluorescence (viable cells) and dominant red fluorescence (dead cells) 
in Calcein-AM/PI staining (Figure 11C). This multimodal approach highlights the potential of MDPMH for enhancing 
therapeutic efficacy through coordinated PTT, chemotherapy, and immune activation. Additionally, multifunctional 
STING-activating nanoparticles containing double-stranded DNA and doxorubicin, which accumulate in tumors via 
the enhanced permeability and retention effect.140 This study have demonstrated synergistic effects in combining 
chemotherapy with immunotherapy, leading to effective tumor growth inhibition and prolonged survival.

Combination with Radiotherapy
In addition to surgery and chemotherapy, RT has been extensively used in cancer treatment for decades.166 Combining RT 
with immunotherapy is a common strategy in oncology. Therefore, numerous researchers have endeavored to synergize 
nanoparticle-mediated cGAS-STING activators with RT for cancer therapy. For instance, inhalable nanoparticles loaded 
with cGAMP have demonstrated synergistic effects with fractionated RT in lung tumors, inducing robust antitumor 
immunity, inhibiting lung metastases, and remodeling the tumor microenvironment.167 Moreover, cGAMP conjugated 
onto nanoscale metal-organic layers (MOL) not only sensitizes tumors to radiation by enhancing immunogenic cell death 
but also provides sustained STING activation compared to free cGAMP.18 Additionally biomineralized manganese oxide 
nanoparticles (Bio-MnO2 NPs), synthesized via enzyme-catalyzed biomineralization, synergize radiotherapy (RT) with 
cGAS-STING pathway activation. These NPs convert tumor-associated H2O2 into O2 to generate ROS, enhancing radio
sensitivity in non-small cell lung cancer (NSCLC) cells. Concurrently, Mn²⁺ released from Bio-MnO2 NPs amplifies cGAS- 
STING signaling by upregulating phosphorylated STING, TBK1, and IRF3 (Figure 12A and C).168 In a subcutaneous 
NSCLC model, Bio-MnO₂ NPs combined with fractionated RT (8 Gy × 3) achieved the most pronounced tumor growth 

Figure 11 Combination of STING activator with PTT or PDT. (A) The synthetic route of MDPMH. (B) Relative expression of different proteins Bax, and Bcl-2 after 
different treatment. (C) A549 cells were stained with Calcein-AM under different conditions, and real-time imaging was performed using a fluorescence microscope. *P < 
0.05; **P < 0.01; ***P < 0.001. Adapted from Feng X, Xiong X, Ma S. Docetaxel-loaded novel nano-platform for synergistic therapy of non-small cell lung cancer. Front 
Pharmacol. 2022;13. Creative Commons.165
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inhibition compared to controls (Figure 12B), demonstrating the potential of Mn²⁺-mediated STING activation to enhance 
therapeutic outcomes.

Combination with Immune Checkpoint Therapy
The combination of immune checkpoint inhibitors (ICIs) and STING activators represents a powerful synergy in cancer 
immunotherapy, addressing complementary aspects of the immune response. Immune checkpoint inhibitors, such as anti- 
PD-1/PD-L1 antibodies, function by blocking inhibitory signals on T cells, thereby restoring their activity and preventing 
T-cell exhaustion within the tumor microenvironment.169 However, ICIs alone are often insufficient in “cold” tumors, 
where there is a lack of immune cell infiltration and tumor antigen presentation. For example, intra-tumoral cyclic 
dinucleotide therapy combined with systemic extended half-life IL-2 and anti-PD-1 treatment has been shown to halt 
primary tumor progression and achieve long-term remission in metastatic breast cancer models.170 In addition, a triple- 
combination nanoplatform (GPS) was engineered by encapsulating the STING activator diABZI within a polymer- 
conjugated gemcitabine (GEM) prodrug and surface-modifying it with PD-L1 antibodies (αPD-L1) for targeted delivery 
(Figure 13A).163 The αPD-L1 conjugation significantly enhanced nanoparticle internalization in tumor cells 
(Figure 13B). In a postoperative recurrence model, GPS therapy completely suppressed metastasis and extended survival, 
outperforming monotherapy or dual therapy (Figure 13C). Immunoassays further revealed that GPS elevated intratumoral 
IFN-β and IL-6 levels, confirming enhanced STING pathway activation through efficient activator delivery (Figure 13D). 
Moreover, a nanoplatform composed of hollow manganese dioxide loaded with MSA-2 and modified with hyaluronic 
acid to deliver CRISPR-Cas9/sg-PD-L1 plasmids has enhanced tumor microenvironment immunogenicity, effectively 
suppressing both primary and metastatic cancers.171 Complementarily, engineering CAR-T cells with STING activators 
such as DMXAA or cGAMP-treated Th/Tc17 cells further improves tumor control.171

Conclusions and Outlook
STING plays a crucial role in cancer immunity by activating type I interferons and recruiting immune-related cells, 
effectively eliciting innate and adaptive immune responses, thereby demonstrating clinical potential in cancer therapy. 
Currently, an increasing number of STING activators are being discovered or synthesized and validated through 
experiments. However, these activators face challenges such as difficulty in crossing the cell membrane, susceptibility 
to degradation, poor pharmacokinetics, nonspecific biodistribution, and toxicity, making it challenging to achieve optimal 

Figure 12 Combination of STING activator with radiotherapy. (A) Schematic diagram illustrating the enhanced therapeutic efficacy of STING agonists in tumor treatment 
through the combination of Bio-MnO2 nanoparticles and radiotherapy. (B) Tumor growth curves of the combination treatment with Bio-MnO2 nanoparticles and 
radiotherapy. (C) mRNA levels of C-C motif chemokine ligand 5 (CCL5), CXC motif chemokine ligand 10 (CXCL10), and interferon-β (IFN-β) were assessed in A549 
and PC9 cells following various treatments. *P < 0.05; **P < 0.01; ***P < 0.001. Adapted from Liu X, Kifle MT, Xie H, et al. Biomineralized manganese oxide nanoparticles 
synergistically relieve tumor hypoxia and activate immune response with radiotherapy in non-small cell lung cancer. Nanomaterials. 2022;12(18). Creative Commons.168
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therapeutic effects through systemic administration via intravenous injection. Intratumoral administration may encounter 
certain difficulties in drug development and application for different indications.

Nanoparticle-based delivery systems present an effective strategy for improving the clinical efficacy of STING 
activators. Nanoparticles can be used to facilitate the intravenous administration of STING activators. First, nanoparticles 
formulated with PEG ot coated with natural biological membranes retain the physicochemical properties of nanomater
ials while maintaining the homotypic advantages of cells, thereby facilitating targeted therapy against immune-evasive 
tumor cells. Additionally, novel nanomaterials have the potential to enable precise targeted therapy, reducing drug dosage 
and toxicity. By utilizing the microenvironments within tumors, the release of STING activators release can be controlled 
and directed specifically at tumor sites, limiting harmful effects on normal tissues. Moreover, multifunctional nanopar
ticle probes designed for both cancer diagnosis and treatment enable simultaneous tumor imaging, precise therapy, and 
real-time assessment of drug distribution, release, and efficacy.

Combining nanoscale STING activators with novel treatments such as chemotherapy, radiotherapy, phototherapy, and 
other immunotherapy synergistically targets tumor cells through multiple mechanisms. This approach reduces resistance 

Figure 13 Combination of STING activator with immune checkpoint therapy. (A) Schematic diagram of the generation of GEM NP and αPD-L1/GEM NP. (B) PanCO2 cells 
were treated with DiI@GEM NPs or DiI@αPD-L1/GEM NPs at different time points, and cellular uptake of the two NPs was evaluated using flow cytometry analysis. (C) In 
vivo bioluminescence imaging of 4T1 recurrence and metastasis in different treatment groups. (D) IFN-β, IL-6, IFN-γ, CXCL9, and CXCL10 levels in the 4T1 TME. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. Adapted from Shi X, Shu L, Wang M, et al. Triple-combination immunogenic nanovesicles reshape the tumor microenvironment to 
potentiate chemo-immunotherapy in preclinical cancer models. Adv Sci. 2023;10(15). © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH.163
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commonly observed with single therapies and maintains sustained immune pressure on tumor cells, effectively prevent
ing tumor recurrence and metastasis. Radiotherapy and chemotherapy enhance tumor cell immunogenicity and modify 
the tumor microenvironment, facilitating immune cell infiltration and action. This synergy reduces the requirement for 
STING activators and induces robust immune responses.36 Phototherapy directly kills tumor cells upon light exposure 
using photosensitizers to generate reactive oxygen species or heat, triggering tumor antigen release that further augment 
immune responses initiated by nanoscale STING activators. Notably, integrating nanoparticle-mediated STING activa
tion with immune checkpoint inhibitors further amplifies antitumor immunity by reinvigorating exhausted T cells and 
converting immunologically “cold” tumors into “hot” ones. Preclinical studies demonstrate that triple-combination 
strategies (eg, STING activators + PD-L1 blockade + chemotherapy) significantly suppress metastasis and establish long- 
term immune memory. Cancer vaccines introduce tumor-associated antigens to enhance immune memory and compre
hensive immune activation when combined with nanoscale STING activators. These multimodal approaches highlight 
the transformative potential of STING-targeted nanotherapies in overcoming drug resistance and achieving durable 
clinical responses.

While NP-mediated STING therapy has shown promise in both preclinical and clinical experiments, several issues 
still require addressing in future research. Firstly, the cGAS-STING signaling pathway can either recruit immune- 
supporting cells to suppress malignant transformation or recruit immune-suppressive cells to drive tumor progression, 
demonstrating a dual effect on tumor development. Highly invasive and unstable tumors can paradoxically exploit 
STING signaling to stimulate tumor progression. Therefore, further research is needed to elucidate the underlying 
mechanisms of STING-mediated immune responses in specific tumors, with careful consideration given to the 
location and dosage of STING release when designing NPs for accurate in vivo delivery. Secondly, multifunctionally 
modified NPs hold promise for achieving precise STING delivery, but this approach complicates preparation 
processes, leading to low yields, high costs, batch-to-batch variability, and poor storage stability. Therefore, translat
ing these NPs into clinical practice should involve standardizing preparation processes, optimizing production 
procedures, and validating safety. To address the dual role of the STING pathway in diverse tumor microenviron
ments, in-depth investigations into its immunomodulatory mechanisms are warranted. Single-cell sequencing tech
nologies should be leveraged to delineate tumor type-specific STING activation patterns, integrated with stimuli- 
responsive delivery systems (eg, pH- or enzyme-sensitive nanoparticles, NPs) for spatiotemporally controlled release. 
Concurrently, optimizing dosage regimens, implementing tumor-targeting modifications, and combining STING 
activators with immune checkpoint inhibitors or adoptive cell therapies could enhance activation specificity and 
mitigate protumoral effects. Regarding challenges in multifunctional NP development such as fabrication complexity, 
high costs, and instable strategies including self-assembly techniques, microfluidic manufacturing, and standardized 
quality control protocols should be adopted to streamline production, improve batch-to-batch consistency, and 
enhance storage stability. Lyophilization and cryoprotectant formulations may further extend NP shelf life. 
Systematic toxicological evaluations and clinical validation are imperative to ensure safety and efficacy, ultimately 
accelerating the clinical translation of STING-targeted nanomedicines. In conclusion, NP-mediated STING activators 
present significant potential in combating cancer, but several challenges need addressing in future research to 
maximize their therapeutic efficacy.
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