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A B S T R A C T   

Precise diagnosis and treatment of tumors currently still face considerable challenges due to the development of 
highly degreed heterogeneity in the dynamic evolution of tumors. With the rapid development of genomics, 
personalized diagnosis and treatment using specific genes may be a robust strategy to break through the 
bottleneck of traditional tumor treatment. Nevertheless, efficient in vivo gene delivery has been frequently 
hampered by the inherent defects of vectors and various biological barriers. Encouragingly, spherical nucleic 
acids (SNAs) with good modularity and programmability are excellent candidates capable of addressing tradi
tional gene transfer-associated issues, which enables SNAs a precision nanoplatform with great potential for 
diverse biomedical applications. In this regard, there have been detailed reviews of SNA in drug delivery, gene 
regulation, and dermatology treatment. Still, to the best of our knowledge, there is no published systematic 
review summarizing the use of SNAs in oncology precision medicine and immunotherapy, which are considered 
new guidelines for oncology treatment. To this end, we summarized the notable advances in SNAs-based pre
cision therapy and immunotherapy for tumors following a classification standard of different types of precise 
spatiotemporal control on active species by SNAs. Specifically, we focus on the structural diversity and 
programmability of SNAs. Finally, the challenges and possible solutions were discussed in the concluding re
marks. This review will promote the rational design and development of SNAs for tumor-precise medicine and 
immunotherapy.   

1. Introduction 

Over the past few decades, tremendous progress has been made in 
exploring cancer treatment, such as discovering new programmed cell 
death, advancing targeted therapies, and applying immune checkpoint 
blockade therapies (ICB) [1–3]. Nevertheless, relevant studies have 
shown that cancer treatment is greatly hampered by intra-tumoral het
erogeneity (ITH), which is a reasonable explanation for tumor chemo
therapy resistance, and that ITH causes a considerable variation in 
positive immunotherapy responses of patients [4–7]. Facing the current 
problems and challenges, we tend to put more emphasis on the appli
cation of precision therapy in cancer treatment [8]. The realization of 
precision medicine relies heavily on accurate diagnosis. Promisingly, 
with the rapid development of genomics and proteomics, precision 
medicine is gradually on the right track [9–11]. In the current stage, 
along with the gradual improvement of gene technology, the 

shortcomings of tumors are constantly exposed, and gene-level-based 
diagnosis as well as treatment, especially immunotherapy, can satisfy 
the requirements for personalized medicine to a certain extent [12–15]. 
Still, gene-based precision diagnostics and therapies now face significant 
challenges, mainly in vivo gene delivery that must overcome degrada
tion in peripheral blood, cell membrane-spanning, and intracellular 
release. 

As nanotechnology advances at a rapid pace, non-viral gene delivery 
vectors are emerging as a powerful alternative to low-security viral 
vectors [16,17]. Non-viral gene vectors generally have lower toxicity 
and immunogenicity in comparison to viral vectors, and the raw 
building materials for non-viral vectors are readily available with low 
costs for large-scale production. Therefore, these benefits have made 
non-viral vectors a promising and even better alternative to viral vectors 
for efficient gene transfer. However, conventional non-viral gene vec
tors, including lipid nanoparticles (LNPs), synthetic and natural-like 
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cationic polymers, and inorganic nanoparticles, have all faced relevant 
challenges. For example, LNPs suffer from a single targeting property to 
the liver [18] and compromised endosomal escape capacity after 
endocytosis [19,20]. Cationic polymers are likely to affect the cell 
membrane stability, leading to the potential and pore space changes of 
the cell membrane for inflammatory response generation [21]. In the 
case of inorganic nanoparticle-based gene vectors, more consideration 
should be focused on the low targeting performance, long-term sys
tematic toxicity, and increased metastasis in malignant tumors [22]. All 
the inherent defects of these typical non-viral gene vectors led to low 
transfection efficiency for compromised druggability and potential 
clinical translations. Hopefully, in the last decade, the rapid develop
ment of spherical nucleic acids (SNAs) as novel gene vectors in the field 
of disease diagnosis and immunotherapy has made a distinguished 
contribution to precision medicine. The SNA is a highly modular and 
programmable structure with a dense external nucleic acid and a func
tionally diverse core. This kind of particular spherical structure gives the 
nucleic acid an unparalleled efficiency [23]. Compared to linear nucleic 
acids, SNA has some unique physical and chemical properties, mainly 
due to the dense outer nucleic acid shell of the SNA, independent of the 
core of the SNA. The negative charge of the dense nucleotide layer of the 
outer SNA and the resulting high local salt concentration can reduce the 
risk of nucleic acid degradation by nucleases [24]. Additionally, the high 
density of charge of the outer SNA can also influence the activity of 
enzymes that recognize foreign nucleic acids to elicit immune responses, 
thereby reducing the immunogenicity of SNA [25]. SNA, which is not 
relying on the conventional controversial EPR effect to penetrate tumor 
tissue [26,27], has been shown in recent years to be endocytosed into 
cells via scavenger receptor A [28], allowing SNA to be efficiently taken 
up by cells in the absence of transfection agents. More surprisingly, in 
addition to its high transfection efficiency, SNA can also penetrate the 
blood-brain barrier as well as the skin barrier [29–31]. 

SNA has demonstrated outstanding results in preclinical and clinical 
studies, particularly in the treatment of glioblastoma [32], Merkel cell 
carcinoma (MCC) [33], and COVID-19 [34]. Its multi-modular structure 

enables it to deliver nucleic acids, proteins [35,36], drugs [37], and 
fluorescent moieties for gene-based precision diagnostics [38,39]. On 
top of that, its programmability grants it tumor microenvironment 
responsiveness [40], passive targeting ability [41], and precise drug 
release. In this review, we discuss the applications of SNA to precision 
medicine, focusing on the therapeutic guidance provided by 
gene-level-based precision fluorescence imaging and how SNA can be 
used for precise adjuvant and antigen control toward optimum immu
nomodulation. Initially, we provide a detailed description of the SNA 
nanostructure, concentrating on the classification and functionalization 
of the cores that enable multifunctionalities. We then discuss SNA’s 
non-invasive real-time imaging based on the genetic level, summarizing 
its potential applications for precision diagnosis, precise drug release, 
and providing precise guidance to surgical operations. Finally, we 
outline the application of SNA in tumor immunotherapy, mainly sum
marizing the way in which SNA achieves precise spatiotemporal control 
of antigens and adjuvants by structure for maximizing immunomodu
lation (Scheme 1). 

2. The structure and functionalization of SNA 

SNA, in the conventional sense, is a nanoparticle containing two 
elements, a dense outer layer of nucleic acid and a multi-functionalized 
inner core. The modular structure of SNA gives it the potential to be 
prepared as a combined therapeutic platform [42]as well as a thera
nostics platform [43,44], so the design of SNA nanoparticle structures is 
of great importance. In addition to the usual roles of suppressing gene 
expression, artificially increasing gene expression, or gene modification 
[45], the outer nucleic acid structure can also act as a “bonding agent” 
through its own base complementary pairing function to create multi
modal therapeutic platforms [41]. While some of the unique properties 
of SNAs arise from the sophisticated design of the sequence, density, and 
orientation of the outer nucleic acids, the core is often a source of great 
functional diversity in SNAs. Based on this, we will review the selection 
of SNA core and explore their structure. 

Scheme 1. Schematic illustration of the diversity of SNA cores, the functions of nucleic acids, and their applications in treating various diseases. (a) The 
metallic and nonmetallic types of the SNA cores. (b) The detailed functions achieved by SNA surface nucleic acids, including the “carrier” function often used in 
diagnostic bio-imaging, as well as RNA interference (RNAi) and antisense technology in the field of gene therapy. (c) The typical ways of SNA are used for tumor 
diagnosis and treatment. 
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2.1. Exploration of the selection of SNA core and their functionalization 

Here we classify the core of conventional SNAs as metallic or non- 
metallic, as shown in Table 1. The main reason for this classification is 
that metals have similar structural and physicochemical properties. 
Metal-containing drugs have many advantages, for instance: 1) the 
variable coordination number of metals can provide steric structural 
versatility; 2) the stimulus responsiveness conferred by variable redox 
states [46]; 3) as well as PTT therapies based on the photothermal 
conversion of metals and PDT therapies with photodynamic properties 
[47,48]; 4) metals with luminescence and magnetic capabilities can 
provide diagnostic guidance. The use of metals in medicine dates back a 
long time, with records of their use in medicine in China and Egypt more 
than 2000 years ago. There is growing interest in their new applications 
in cancer, particularly in three new cell death modes: iron death, cal
cium death, and copper death. In parallel, an increasing number of 
metals have been found to inhibit tumor cell proliferation through 
different mechanisms of action, such as interfering with cellular osmotic 
pressure homeostasis, activating immune system pathways, and pro
moting cellular oxidative stress, greatly complementing cancer thera
peutics [49]. 

2.1.1. Core of metals and metal compounds 
The metal currently most used in SNA core is gold nanoparticles. In 

1996, Mirkin et al. reported using oligonucleotide-based methods to 
assemble supramolecular structures, allowing controlled and reversible 
gold nanoparticles [50], pioneering the use of gold nanoparticles as SNA 
core. Many gold nanoparticles based SNAs have been developed for 
different applications, and gold nanoparticles play different roles in 
these SNAs. In the early stages of SNA research, Au-SNA was often used 

as a carrier due to the mature methods for preparing Au-based SNAs and 
their unique nature of being taken up by cells. For example, the linking 
of GdIII with alkyne groups to nucleic acids modified with azide groups 
via click chemistry enables the synthesis of a highly loaded, highly 
cell-permeable, and high-biocompatible MR contrast agent (DNA-G
dIII@AuNPs) [51](Fig. 1a). By functionalizing gold nanoparticles with 
oligonucleotides containing terminal dodecyl amines, followed by 
amidation linkage of DNA-AuNPs with cisplatin prodrug (Pt (IV)) con
taining carboxyl groups, low toxicity, and highly effective cisplatin 
prodrug complex was developed [52]. In later developments, the ther
apeutic as well as diagnostic functions of SNAs were gradually empha
sized. This further enriched the functions of Au nanoparticle cores as 
carriers for gene drugs [53], carriers for nucleic acid probes [54], bio
sensors based on the Localized Surface Plasmon Resonance (LSPR) 
phenomenon of gold nanoparticles [55], fluorescent bursting agents 
[56], photothermal therapeutic agents [57] and localization agents for 
the spatial distribution of nanoparticles in cells or tumors [32]. Using 
gold nanoparticles as the core of SNA has been a long and progressive 
development, the most successful example of which is NU-0129. 
NU-0129 is an Au-SNA drug for the treatment of glioblastoma, which 
has proven effective in phase 0 clinical trials. This is a significant finding 
as it is the first time that a nanotherapeutic agent has penetrated the 
blood-brain barrier by intravenous infusion and altered the genetic 
mechanism of the tumor to cause tumor cell death [58]. There are many 
Au–SNAs reported at this stage, of which triple therapy using photo
thermal, gene therapy, and chemotherapy shows a positive outlook. For 
example, two SNAs act synergistically in a triple therapy where the 
nucleotides of SNA1 bind to half of the miRNA-21 sequence, SNA2/
Doxorubicin (DOX) can release DNA-DOX when it captures miRNA-155. 
Then the remaining sequence of the SNA2 nucleic acid shell is able to 
bind to the remaining half of miRNA-21 to form an SNA aggregate in 
tumor cells, reducing the side effects of photothermolysis. At the same 
time, the aggregate prolongs the residence time of SNA in tumor cells 
[57] (Fig. 1b), which may be a revelation for Au-SNA nanomedicine 
development, exploiting the modular structure of SNA and the diversity 
of physicochemical properties of gold nanoparticles for multimodal 
combination therapy or diagnosis. 

In addition to the precious metal gold as the core, silver nano
particles can also be used as the core of SNA. In the 21st century, with 
the widespread use of antibiotics, bacterial drug resistance is gradually 
becoming an urgent problem. Targeting drug resistance genes may be a 
powerful solution to counter bacterial drug resistance [59]. Plus, Ag 
nanoparticles act as a safe, environmentally friendly natural bactericide 
by disrupting bacterial membranes and damaging subcellular structures 
in multiple ways [60]. Ag-SNA antibacterial drugs have an extensive 
scope for development. In 2007, a new strategy for preparing silver 
nanoparticle oligonucleotide adducts based on the modification of DNA 
by cyclic disulfide anchoring groups was reported, a synthetic approach 
that gives SNA enhanced stability [61]. In 2016, an SNA with a silver 
core for use against drug-resistant bacteria was reported [62](Fig. 1c). 
This Ag-SNA significantly reduces bacterial-resistant gram-negative in
fections and has lower cytotoxicity and minimum inhibitory concen
tration compared to Ag-Nps. Except for the well-known antibacterial 
activity of Ag, it has also been found in a large number of antiviral [63] 
and anticancer [64] applications, so we believe that Ag-SNA based on 
silver nanoparticles has a wide range of applications in the future. 

In 2022, Liang et al. developed a NaGdF4 SNA, an SNA formed by 
siRNA coordinates with NaGdF4 nanoparticles [65]. Gd3+ can bind to 
phospholipids of endosomal membranes, which disrupts the integrity of 
membrane structure and promotes endosomal escape of NaGdF4-SNA. 
SNA multivalent binding with DNA as the nucleic acid shell can be 
utilized for nanomaterials that are difficult to functionalize by DNA 
covalent attachment, such as metals, metal oxides, metal-organic 
frameworks, and nanocarbon. SNA-mediated DNA adsorption is up to 
a thousand times more efficient compared to free DNA adsorption, with 
the DNA in the SNA shell acting partly as an attachment and partly as a 

Table 1 
Summary about the classification of the core in SNA and its advantages and 
disadvantages.  

Classification Core Advantages Disadvantages Ref. 

Metal-SNA Au; Ag Diverse 
physicochemical 
properties that give 
SNA systems 
functional 
versatility. 

Difficult to 
attach DNA by 
covalent 
linkage; 
potentially toxic 
to humans 

[50, 
55–57, 
62] 

Polymers- 
SNA 

PLGA; 
poloxamer 
F127 

The use of 
polymers allows 
for controllability 
and greatly 
improves drug 
delivery efficiency 

Polymeric 
carriers are 
generally 
ineffective on 
their own and 
are prone to 
cause toxic side 
effects on 
organs. 

[73, 
74] 

Protein-SNA Cas9 
protein; 
glucose 
oxidase 

The nucleic acid 
shell of SNA is able 
to reduce the 
degradation of 
proteins by 
proteases, while 
being able to 
improve the uptake 
of proteins by cells. 

Requires 
proteins with 
sites that allow 
nucleic acids to 
attach; the 
protein needs to 
be kept active 

[36, 
95] 

Liposomes- 
SNA 

Lipids High 
biocompatibility 
and wide range of 
drug delivery. 

Does not have a 
long-term effect 
in the body; easy 
to leak drugs; 
low 
encapsulation 
rates 

[83, 
85] 

Nucleic acid- 
SNA 

DNA 
Nanoclew; 
peptide 
nucleic 
acid; PSDNA 

Capable of self- 
delivery, avoiding 
toxicity or 
immunogenicity of 
the carrier 

Complex 
preparation; 
inherent 
instability 

[89, 
91,93]  
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function, the structure also having the specific properties of SNA [66]. 
Rare earth metal ions can also act as a core for SNAs, and upconversion 
materials containing rare earth element ions (REE), UCNPs SNAs, can be 
programmed to control protein activity in a spatiotemporally control
lable manner by infrared light excitation [67](Fig. 1d). 

2.1.2. Polymer-based core 
Polymeric materials, as the main components of new drug delivery 

systems, have the following characteristics: 1) good biocompatibility, 
degradability, low toxicity, and low immunogenicity; 2) powerful drug 
delivery capacity; 3) controlled drug release behavior using physical, 
chemical, and biological parameters as well as improved target distri
bution of drugs; 4) improved efficacy of drugs and reduced toxic side 
effects [68]. 

SNA inherently has excellent modularity and efficient transfection 
efficiency, and thus it can be used as a delivery vector for small molecule 
chemotherapeutic drugs. Nanoparticles made of soft materials can 
encapsulate many chemotherapeutic drugs, and further developed 
nanoparticles for the co-delivery of chemotherapeutic drugs and nucleic 
acid drugs have shown good performance [69]. Inspired by amphiphilic 
copolymer fragments forming nanomicelles, polymer-DNA conjugates 
self-assembled into SNAs with a hydrophobic core capable of encapsu
lating the hydrophobic small molecule chemotherapeutic drug BKM120 
were developed, and the nano-SNAs were able to increase uptake by 
Hela cells, prolong circulation time and reduce leakage through the 
blood-brain barrier [37]. There are also micellar SNAs targeting specific 
tissues [70], where biocompatible polypropylene oxide (PPO) is selected 
as the hydrophobic portion of an amphiphilic copolymer fragment to 
encapsulate the hydrophobic chemotherapeutic drug DOX. The DNA 
portion is then conjugately linked to a complementary fragment to 
which folic acid is attached, enabling the nanoparticles to target the 
highly expressed folic acid receptor in tumor cells. The assembly of 
amphiphilic molecules into micelle-like SNAs allows for the covalent 

coupling of hydrophobic drugs with polymers to form nucleic acid-drug 
couples, other than encapsulating hydrophobic drugs as a core. Nucleic 
acid-drug couples (NADCs) hold broad promise for combination therapy 
yet are often underestimated. SNA, as a modular tool, can provide an 
ideal strategy for nucleic acid and drug co-delivery, and as a proof of 
concept, an SNA nanoparticle reported in 2016 is strong evidence of this. 
By linking paclitaxel and functional nucleic acids to a norbornene acyl 
polymer to form an amphiphilic molecule, which in turn assembles into 
a micelle SNA, the results show that the biocompatibility of oligonu
cleotides is an ideal carrier for hydrophobic drugs and that they can 
functionally complement each other [71]. Not only that, but this 
research team also used azidized tyrosine kinase inhibitor phenethyl 
resorcinol (PR) as the hydrophobic part, modified with antisense oli
gonucleotides targeting a key gene (MC1R) in the process of melanin 
synthesis in human skin via a click reaction. These couples were then 
able to assemble into micelle SNAs, and this SNA nanoparticle had a 
significant effect in inhibiting localized skin pigmentation [72](Fig. 2a). 
However, there are often many challenges with co-delivery vehicles, 
including how to mitigate low drug loading rates and the inability to 
control the release of drugs separately effectively. Based on this, Mirkin 
et al. designed PLGA-SNA to enable independent control of the surface 
nucleic acid shell and independent release of the encapsulated drug by 
changing the composition of the PLGA (PLA: PGA) [73](Fig. 2b). What is 
more, Mirkin et al. developed a thermally responsive micellar SNA in 
2017. The SNA uses Poloxamer F127 as the core of the SNA, and lipid 
tail-modified nucleic acids can be inserted into the hydrophobic region 
of the core; this temperature-sensitive SNA can be easily assembled and 
disassembled using temperature changes [74]. 

In our general understanding, SNA as gene therapy is achieved 
through its outer dense oligonucleotide, but the exposure of the oligo
nucleotide to the physiological environment cannot avoid causing 
damage to the therapeutic oligonucleotide, so it is an excellent option to 
bury the therapeutic nucleotide within the outer nucleic acid. Based on 

Fig. 1. The typical applications of SNA with metals as the core. (A) The multi-modular structure of SNA as a transport carrier enables accurate multimodal imaging 
for biomedicine. Reproduced with permission from Ref. [51]. Copyright 2009, Wiley. (B) SNA1 and SNA2 can separately capture the oncogenes miR-21 and miR-155, 
enabling precision gene therapy. SNA2 can release DOX for precision chemotherapy while capturing miR-155.Then, SNA1 and SNA2 formed aggregates, which 
increased the retention time of gold nano at the tumor site and improved the efficiency of photothermal treatment. Reproduced with permission from Ref. [57]. 
Copyright 2022, Wiley. (C) SNAs with a silver core have a more powerful antibacterial effect than a single silver. Reproduced with permission from Ref. [62]. 
Copyright 2016, Elsevier. (D) SNA based on upconversion nanoparticles performs reversible infrared light modulation of proteins. Reproduced with permission from 
Ref. [67]. Copyright 2022, Wiley. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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this, Ding et al. developed an SNA-like nanoparticle [75](Fig. 2c). This 
SNA nanoparticle is a spherical nanohydrogel formed by cross-linking 
siRNA with that DNA which is grafted onto PCL, and this nanoparticle 
also shows physiological stability and resistance to enzymatic degra
dation similar to SNA, as well as good siRNA release properties. Acidic 
mucopolysaccharide hyaluronic acid, which is widely available in the 

human extracellular matrix, has also been used as a carrier for SNA for 
the treatment of hyperplastic scarring (HS) and has shown significant 
results in both in vivo and in vitro experiments [76]. Polymer-based 
SNAs are attractive because they can be programmed to achieve the 
multifunctional nature of polymers. Although polymer based SNAs have 
been developed at this stage, there is still a gap in translating marketed 

Fig. 2. Some exquisite examples of SNA with polymers and proteins as functional cores in practical applications. (A) A poly-PR with a bioreducible disulfide bond 
was used as the core, and the shell was modified with ASO to deregulate the gene for synthesizing tyrosinase. This SNA demonstrates a strong ability to treat skin 
diseases. Reproduced with permission from Ref. [72]. Copyright 2021, American Chemical Society. (B) The use of PLGA as the core of SNA enables the encapsulation 
of hydrophobic drugs and the controlled release of the drugs. Reproduced with permission from Ref. [73]. Copyright 2018, Wiley. (C) Nanogel-like SNA not only 
protects functional nucleic acids from nuclease degradation but also has size-controllable properties. Reproduced with permission from Ref. [75]. Copyright 2018, 
Wiley. (D) SNA with protein as the core is capable of efficiently transfecting proteins into cells. Reproduced with permission from Ref. [80]. Copyright 2015, 
American Chemical Society. (E) The conversion of Cas9 proteins into SNA structures through chemical design and synthesis allows efficient access to the nucleus 
while maintaining the biological activity of Cas9 proteins. This provides a powerful strategy for a wide range of CRISPR-Cas9-based therapeutic applications. 
Reproduced with permission from Ref. [36]. Copyright 2022, American Chemical Society. (F) Modification of SNA with TfR aptamers enables the delivery of 
functional proteins across the blood-brain barrier into the brain or CNS. Reproduced with permission from Ref. [81]. Copyright 2022, American Chemical Society. 
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products. Therefore, further optimization of polymeric SNA delivery 
systems is still needed. 

2.1.3. Protein-like core 
Protein therapies have shown an increasingly important role in 

recent medical developments, which often utilize antibodies and a va
riety of enzymes that can regulate cellular functions to manipulate 
normal cellular processes or replace abnormal proteins in cells [77]. 
Recently, protein-based oncology therapies have been rapidly evolving 
[78]. But protein agents acting from in vitro to in vivo are often subject 
to three barriers, 1) low stability, low permeability, and low aggregation 
due to extracellular barriers, 2) low uptake due to cell membrane bar
riers, and 3) intracellular barriers, main susceptibility to enzymatic 
degradation, which seriously hinder the prospects of protein therapies 
[79]. In 2015, protein delivery mediated with a DNA oligonucleotide 

shell that not only protected the natural conformation of the protein but 
also allowed a 280-fold increase in cellular uptake caught the eye [80] 
(Fig. 2d). Inspired by this report, Huang et al. developed an SNA based 
on the function of the CRISPR-Cas9 gene editing system. This Pro SNA, 
with the Cas9 protein as its core, can be effectively taken up by cells 
without the support of transfection agents as well as electroporation 
techniques [36](Fig. 2e). Similarly, since SNAs can be modularly pro
grammed, modification of SNAs can achieve different functions, such as 
increasing the in vivo blood-brain barrier targeting of Pro-SNA using 
transferrin aptamers [81](Fig. 2f). This work shows that the appropriate 
addition of transferrin (Tfr) aptamers to the nucleic acid shell of ProSNA 
to target binding to transferrin receptors present on blood-brain barrier 
(BBB) endothelial cells can in turn increase the penetration of the 
blood-brain barrier to protein SNAs, allowing greater access of protein 
SNAs to the brain and central nervous system (CNS). ProSNAs are 

Fig. 3. Liposomal SNAs and Carrier-free self-delivery SNAs. (A) Liposomal SNA with stable multi-modular structure. Reproduced with permission from Ref. [83]. 
Copyright 2014, American Chemical Society. (B) FdU is integrated into the gene to form a chemogene, and then two PTXs are modified at the oligonucleotide ends to 
form a conjugate that self-assembles into an SNA, which has potent anti-tumor effects. Reproduced with permission from Ref. [90]. Copyright 2020, Wiley. (C) The 
use of thio-modified nucleic acids as carriers for hydrophobic chemotherapeutic drugs has high drug loading rates, and the unloaded portion of the nucleic acid can 
also be modified with probes or aptamers by Watson-Crick pairing, etc. Reproduced with permission from Ref. [91]. Copyright 2019, Wiley. (D) Co-delivery of siRNA 
and RAP to atherosclerotic plaques and implementation of synergistic therapy can significantly slow down the progression of atherosclerosis. Reproduced with 
permission from Ref. [92]. Copyright 2022, Wiley. (E) Self-delivery SNA that encapsulates photosensitizers in a hydrophobic core enable passive targeting of light 
responsiveness. Reproduced with permission from Ref. [93]. Copyright 2021, American Chemical Society. 
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modular structures that show promise in disease diagnosis due to the 
high uptake of SNA by a large number of cells. At the same time, due to 
the protection of the SNA shell and the ability to regulate bio
distribution, ProSNAs are able to achieve long circulation and wide 
distribution in vivo compared to ordinary proteins [35]. 

2.1.4. Liposomal spherical nucleic acid (LSNA) 
It is not hard to understand the broad application of liposomes in 

SNA as a common nanocarrier based on their biocompatibility and low 
toxicity [82]. In 2014, Mirkin et al. developed a metal-free liposomal 
SNA (LSNA), a novel SNA that is less prone to aggregation and precip
itation due to the charged nature of the nucleic acid shell compared to its 
liposomal core. The liposomal SNA can also be highly taken up by cells 
like Au-SNA and has little toxicity to cells at high concentrations [83] 
(Fig. 3a). In the subsequent development of liposomal SNAs, a liposomal 
SNA with a non-phospholipid nucleolipid was developed, which was 
synthesized by coupling a dibenzocyclooctyne (DBCO)-modified oligo
nucleotide with an azide-modified 1,3-hexadecylpropan-2-ol (DHP)-free 
copper click reaction [84]. Based on the preparation of nucleolipids by 
conventional click chemistry reactions, where the metal catalysts and 
radical catalysts used may introduce toxicity to the nanocarrier system, 
thiol-ene click reactions can be used to synthesize nucleolipids to pre
pare liposomal SNA with less toxicity [85]. In addition to the conven
tional liposomal SNA with nucleic acid as the shell and liposomes as the 
nucleus, liposomal encapsulated SNA with targeted functionalization 
can be used to achieve better therapeutic results. For example, liposomes 
can be modified with the brain-targeting peptide apolipoprotein E 
(ApoE) or rabies virus glycoprotein (RVG29), and then the liposomes 
encapsulate the SNA for RNAi treatment of glioblastoma. This approach 
may offer a viable strategy for brain diseases and central neurological 
disorders [86]. 

2.1.5. Nucleic acid-based core 
In order to reduce the long-lasting and various safety and efficiency 

problems associated with SNAs such as liposomes, inorganic nano
particles, micelles, and other cores [87], R&D workers have turned their 
attention to natural genetic materials. Among these, DNA is a good 
choice as an inherently biocompatible substance and has excellent 
properties such as low immunogenicity, biodegradability, and targeting 
using aptamers. Kim et al. used amphiphilic lipid DNA-loaded siRNA to 
derepress USE1 expression in lung tumors [88]. Ruan et al. have 
developed an SNA with DNA Nanoclew (DC) as the core. The new SNA 
shows significant advantages over metals and polymers due to the 
excellent biocompatibility of DNA, and the SNA also exhibits promising 
biological effects [89]. In an effort to minimize the side effects of SNA 
vectors, a vectorless SNA has emerged that is formed by paclitaxel 
(PTX)-chemical gene self-assembly. This coupling is formed by the 
binding of two PTXs to antisense nucleotides (chemical genes) inte
grated with FdU via fluorescent disulfide-maleimide (DTM) [90] 
(Fig. 3b). To apply the superiority of DNA nucleic acid as a carrier to a 
greater extent, the researchers cleverly designed the DNA into a diblock 
DNA strand containing a standard phosphodiester fragment (PODNA) 
and a phosphorothiolate fragment (PSDNA). PSDNA is a double-bonded 
oxygen on the phosphodiester group on DNA modified by a thio re
agent to form a double-bonded sulfur. This nucleophilic site greatly 
enhances the ability of DNA to be modified, for example, by attaching 
the hydrophobic drug PTX so that the DNA becomes an amphiphilic 
DNA hybrid copolymer that can then self-assemble into a nanomicellar 
SNA. The normal PODNA as the outer shell of the nanosphere nucleic 
acid can be modified with a complement fragment attached to the tar
geting aptamer or fluorescence for functionalization, and the results 
show both the tumor targeting and tumor suppression effects of the 
nanoparticles were greatly enhanced [91](Fig. 3c). Zhang et al. pre
pared rapamycin-containing SNA using PSDNA molecules as carrier 
materials for plaque targeting imaging and synergistic treatment studies 
of atherosclerosis [92](Fig. 3d). The self-assembled SNA structure was 

prepared by thio-modifying a portion of the nucleic acid molecule and 
then grafting benzyl-bromide-modified rapamycin onto the modified 
nucleic acid molecule to form an amphiphilic molecule, with the 
ungrafted portion of the nucleic acid serving as a dense shell for the SNA 
and the ungrafted portion also modified with Gd-DOTA by base com
plementary pairing for imaging or with LOX- 1 siRNA to achieve syn
ergistic anti-atherosclerosis. More interestingly, Zhang et al. have 
developed a carrier-free, near-infrared (NIR) light-controlled, self-
delivered SNA (PSNA). The SNA shell is a hydrophilic therapeutically 
functional siRNA, and the core is a hydrophobic peptide nucleic 
acid-based antisense oligonucleotide (pASO) and a photosensitizer (PS), 
which generates single linear oxygen 1O2 upon irradiation with 
near-infrared light. 1O2 cleaves the linker between the siRNA and pSNA, 
which allows the nanocarrier to be used in tumor site-specific passive 
targeting for a perfectly integrated therapy [93](Fig. 3e). 

A typical multinodular structure enables self-delivery SNAs with 
precise spatiotemporal control of multiple therapeutic reagents, but 
such a structure fails to achieve simultaneous implementation of mul
tiple gene therapies. The nucleic acid amplification method based on 
rolling circles amplification (RCA) may provide a solution strategy. A 
notable example is Shi’s vectorless self-delivery SNA, capable of 
aggregating multiple genes, which was self-assembled by rolling up and 
replication of customized ring templates, including caspase-3 gene- 
inhibiting antisense oligonucleotide (ASO) and transferrin (TfR) 
aptamers. The resulting SNA has higher treatment effects on ischemic 
stroke due to high blood-brain barrier penetration and caspase-3 gene 
silencing competency [94]. 

2.2. Structural modification of SNA and modification of its synthesis 
method 

With the booming development of nanomedicine, researchers began 
to pursue more efficient and high-quality nano-design ideas. SNA binds 
to serum proteins in the blood to form protein crowns [96], which is one 
of the main problems affecting the efficacy of SNA. Because protein 
crown affects the speed of phagocytosis, reduces blood circulation time, 
affects absorption, effect, etc. With the widespread use of PEGylated 
nano in nanomedicine, it may provide a solution to this problem, and its 
improvement is noticeable, but some inherent disadvantages of PEGy
lated nanoparticles limit its development. In SNA, although PEGylated 
SNA can prolong their circulation time in vivo, they may also reduce 
cellular uptake, and the amount of PEG needs to be adjusted to achieve 
prolonged circulation time and not affect endocytosis [97]. Although the 
formation of protein crowns is challenging to avoid, there are two sides 
to everything. A strategy that uses specific protein crowns to reduce 
immune system phagocytosis of nanocarriers opens up research ideas 
[98], and specific protein crowns applied to SNAs may have active 
targeting as well as improved biodistribution, in addition to reducing 
nonspecific uptake [99,100]. To balance the cycle time as well as 
cellular uptake, Mirkin et al. modified the EK peptide with a linker that 
is cleavable by matrix metalloproteinases (MMPs) upregulated in tu
mors. EK peptide as an amphoteric ionic peptide can play a similar 
function to PEG in prolonging blood circulation time, and when EK 
peptide-modified SNA enters MMP enzyme-upregulated tumor cells, it 
can be cleaved by the enzyme, preventing the peptide from blocking the 
binding of SNA to the uptake receptor [40]. Besides using PEGylation or 
protein crown to improve the stability and uptake efficiency of SNA, 
glycosylation to modify the SNA shell of nucleic acids can also cloak SNA 
and facilitate its effect [101,102]. 

3. Application of SNA in tumor diagnosis and imaging 

The leading cause of death in cancer patients is delayed diagnosis as 
well as treatment. By diagnosing and treating cancer in the preinvasive 
stage, early cancer detection may significantly influence the control of 
the disease and thus improve the chances of successful treatment. 
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However, traditional cancer screening methods, such as low-dose 
computed tomography screening for lung cancer [103], mammog
raphy for breast cancer [104], prostate-specific antigen (PSA) blood 
tests [105], and colonoscopy for colon cancer [106], are not accurate 
enough for early detection due to over-diagnosis issues. Using tumor 
biomarkers in diagnosis can help reduce the risk of overdiagnosis. For 
example, risk stratification biomarkers may help to distinguish low-risk 
populations from high-risk populations prone to develop advanced 
malignant tumors. Biomarkers may be less likely to detect precancerous 
and painless tumors during early tumor detection and prognosis than 
imaging and help to distinguish tumors with inert or aggressive 
behavior. In this area, continued advances may reduce the burden and 
harm of overdiagnosis [107]. Cancer biomarkers are highly selective, 
specific, and reproducible, which play an essential role in the diagnosis, 
prognosis as well as efficacy prediction of cancer patients. However, the 
sensitivity and specificity of currently clinically applied biomarker as
says are low and need to be improved. Nanoparticle-based assays offer 
ultra-high sensitivity and specificity as a promising method in cancer 
biomarker detection [108]. Furthermore, the detection is still simplified 
by technologies focusing on improving the detection sensitivity and 
building nanosensors for biomarker amplification systems [109,110]. 
However, facing the complex physiological environment, the main 
challenge in the development of nanotechnology-based assays at this 
stage is to overcome the precise detection of ultra-low biomarker con
centrations as well as point-of-care testing [111]. 

3.1. Benefits of SNA for diagnosis 

3.1.1. Outstanding contribution of SNA structure in biodiagnostics 
DNA-based probes constitute a versatile biometric platform due to 

their ability to recognize nucleic and non-nucleic acid targets, ease of 
synthesis and chemical modification, ease of interfacing with signal 
amplification schemes, and inherent biocompatibility. However, in live 

cell analysis, such linear DNA probes do not efficiently cross cell mem
branes without transfection reagents and are susceptible to rapid 
degradation by nucleases in the cellular environment. The arrangement 
of nucleic acids around the nanoparticle core in an SNA structure at high 
density leads to active cellular uptake, enhanced resistance to nuclease 
degradation, and enhanced binding to complementary targets [112] 
(Fig. 4a). In addition, DNA-functionalized gold nanoparticle probes have 
higher binding constants compared to molecular fluorescent probes of 
the same sequence, which greatly increases their sensitivity in analytical 
assays [113]. In 1997, Mirkin et al. reported a colorimetric biosensor 
based on the aggregation of AuNPs. They modified oligonucleotides on 
the surface of AuNPs as probes, and when target DNA is present, the 
probes hybridize to form a multimeric network, the AuNPs aggregate, 
and the color of the solution is visible to the naked eye from red to blue, 
which is one of the most typical biospecific reaction to make plasma 
nanoparticles aggregation of the sensor, since then began a new gener
ation of medical diagnostic technology based on nanomaterial colori
metric method [114]. In 1999, a method for assembling semiconductor 
quantum dots of cadmium selenide into macroscopic materials in three 
or two dimensions using the principle of DNA base complementary 
pairing was reported [115]. This method using DNA nucleic acid shells 
as cross-linkers to connect nanomaterials assembled into macroscopic 
materials enables a sensitizing effect on the materials [116]. SNA probes 
have better performance in comparison to nucleic acid molecular probes 
in terms of cellular uptake properties, resistance ability to enzymatic 
degradation, and sensitivity. Moreover, SNA nanoprobes can perform 
self-structure optimization for improved detection effects due to their 
own modular structure and programmable performance. The traditional 
nucleic acid functionalization of AuNPs using Au–S bonds has been 
extensively investigated together with the exploration of detection ap
plications. Nevertheless, biological thiols in the body (e.g.a high intra
cellular GSH concentration) are generally susceptible to any 
interferences with the Au–S bond for a high likelihood of false-positive 

Fig. 4. Some common design concepts and applications of SNA-based bio-diagnostics and imaging. (A) Mode of nanoflare and sticky-flare action on fluorescence 
imaging. Reproduced with permission from Ref. [112]. Copyright 2020, American Chemical Society. (B) Based on fluorescent π-conjugated polymers with 
light-trapping capability, it enables amplified detection of low concentrations of nucleic acids. Reproduced with permission from Ref. [130]. Copyright 2022, Wiley. 
(C) Nanoflares can precisely identify microRNAs in tumor exosomes and then combine them with thermophoresis to amplify the sensitivity of the detection. 
Reproduced with permission from Ref. [138]. Copyright 2020, American Chemical Society. 
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events [117,118]. Additionally, the electrostatic repulsions between 
negative charges and steric hindrance result in a compromised DNA 
density on the surface of gold particles [119]. To address the afore
mentioned critical issues, the nucleic acid functionalization methods for 
AuNPs have been continuously innovated. A notable example is the 
development of SNAs based on the Au–Se bond with a more resistant 
ability to any interferences with biothiols than Au–S-based analogs. 
Interestingly, a tighter connection between the nucleic acid and the gold 
nano core could be realized for more stable and improved accuracy of 
the gold-SNA-based nanoprobe via replacing the Au–S bonds with Au–Se 
bonds due to the greater sensitivity of Se than that of S [120,121]. Yet, 
the compromised stability of Au–Se due to the high reactivity of Se is 
also unbeneficial for the potential practical applications. Qing et al. later 
developed Pt–S bond-based nanoflares with enhanced SNA stability in 
biological conditions for high-fidelity detection of miRNA-21 micro
RNAs in experiments [122]. Besides, nucleic acid functionalization of 
AuNPs using a non-covalent binding approach has been confirmed to be 
a useful strategy. The use of polyA as a linker between DNA and AuNPs 
can achieve SNA probe sensitivity control by adjusting the length of the 
polyA tail, thus enabling reliable detection with a lower detection limit 
[123]. PolyA-mediated SNAs have been shown to be highly sensitive for 
imaging the tumor-associated nucleic acid marker miRNA-155 in living 
cells [124], because polyA20 tails as attachment blocks for nucleic acid 
probes offer programable modulation of the DNA loading density on the 
gold nanointerface for a greatly reduced detection limit of SNA probes 
compared to that of thiolated probes without surface density modulation 
[125]. Programmable DNA detection in a serum environment for 
simultaneous multicolor detection of pancreatic cancer-associated three 
different microRNAs can be facilitated by modulating the length of the 
diblock DNA probe on gold nanoparticles as the anchoring spacer of the 
polyadenine [126]. However, the Poly-A bond has a low adsorption 
affinity relative to thiols and is susceptible to biothiols, which limits its 
utility. Still further, Zeng et al. developed a method for modifying AuNPs 
using 2′-Fluorinated DNA (FDNA), leading to Au/FxDNA with good 
colloidal stability at high salt concentrations as well as in a wide pH 
range [127]. 

The core of SNAs can also be selected to achieve assay diversity. For 
example, the valence tunability of SNAs (FNA-mSNA) using framework 
nucleic acids (FNAs) that provide high valence controllability as the core 
can modulate biosensing performance to be suitable for bioassays in 
different situations [128]. A new strategy for chemical analysis of living 
cells using protein SNAs, known as ProSNAs constructs, allows for the 
analytical detection of targets through highly programmable nucleic 
acid shells or functional protein cores. As a proof-of-concept, i-base se
quences are utilized as nucleic acid recognition elements to detect pH in 
living cells. By interfacing the i-base sequence with a forced insertion 
readout, a quencher-free approach against false-positive signals is 
introduced, overcoming the limitations of conventional 
fluorophore/quencher-based gold nanoflare correlation. Moreover, this 
study demonstrates activity-based amplified sensing of glucose using 
glucose oxidase as a functional protein core [95]. Additionally, SNA 
probes based on the upconversion material LRET effect and catalytic 
hairpin assembly (CHA) can simultaneously achieve the robustness, 
sensitivity, and uniformity required to achieve the ideal probe [129]. 

3.1.2. SNA for ultra-low concentration molecular detection 
For low-concentration nucleic acid detection, DNA strand cleavage 

by nucleases to achieve recovery of target miRNAs, as well as recruit
ment of large amounts of electro-chemicals [Ru(NH3)6]3+ by hybridi
zation of SNAs with DNA1 on electrodes, enables double-amplified 
signal detection. Experiments have shown that this strategy is highly 
sensitive to detecting down-regulated microRNAs in influenza virus- 
infected cells [54].To detect deficient concentrations of nucleic acids 
in complex biological samples requiring highly sensitive and specific 
fluorescent probes, Xiao et al. developed an amplified in situ nucleic acid 
detection and imaging SNA tool that can be applied at the single cell 

level, using FRET technology with light-collecting antennae fluorescent 
π-conjugated polymers (FCPs) as hydrophobic cores to enhance signal 
transduction for nucleic acid detection [130](Fig. 4b). Qu et al. used 
SNA to design a DNA Walker with directional response capability, using 
exonuclease III as a driving force to provide a nucleic acid detection tool 
with autonomous movement and cascade signal amplification recogni
tion [131]. 

3.2. Major pathways of SNA in enabling biodiagnostics and imaging 

In 2007, Seferos et al. developed the nanoflare, the only new intra
cellular probe that combines cell transfection, enzymatic degradation 
protection, and oligonucleotide acid detection [132], whose main 
conformation is an oligonucleotide capture sequence probe attached to 
gold nanoparticles and a short nucleotide sequence with a fluorescent 
molecule hybridization, in this conformation, the proximity of the flu
orophore to the gold nanosurface causes fluorescence quenching [133]. 
Furthermore, when the target binds to the capture sequence, a fluores
cent chain is released, and a corresponding increase in fluorescence is 
detected by the displacement of the fluorescent chain [134]. In later 
developments, nanoflare has been refined; for example, light-activated 
nanoflare has now been developed [135], which has high spatiotem
poral control performance and make up for the shortage of target 
recognition response triggered by traditional nanoflare once they enter 
the cell, which can improve the detection sensitivity to a certain extent. 
Furthermore, there are multiple application nanoflare [136], which can 
detect multiple sequences simultaneously using a single structure. These 
advances have led to multiple applications of nanoflare, such as the 
identification of skin scars [38], identification and enrichment of skel
etal stem cells [137], identification of cancer cells [138](Fig. 4c), and 
assessment of drug nephrotoxicity to human kidney tubules [139]. 
Traditional nanoflare is only able to detect the “presence” or “absence” 
of a target, but since the quantification and location of RNA are critical 
for the diagnosis of some diseases, sticky-flare has been developed to 
study the dynamics of RNA in cells and to perform quantitative and 
spatial localization studies [140]. Sticky-flare differs from nanoflare in 
that sticky-flare bind specifically to the target with a fluorescent reporter 
strand rather than SNA. Sticky-flare has also been used in several ap
plications, such as in situ monitoring of telomerase in tumor cells [141] 
and tracking of p21 mRNA in living cells for visual assessment of tumor 
treatment efficacy [142]. In addition to nanoflare and sticky-flare, metal 
aggregation or dispersion with localized surface plasmon resonance 
phenomenon is also used to achieve visual detection, which is discern
ible to the naked eye and less costly. A colorimetric detection method for 
HIV-1 nucleic acid based on iambic structure-controlled gold nano
particle SNA assembly and dispersion is reported to be able to easily 
detect target DNA with picomole amounts of target DNA observed to the 
naked eye, which may be able to be extended to the detection of other 
viruses [55]. 

3.3. SNA for precise diagnosis and treatment of tumors 

Fluorescent probes are ideal tools for the detection of tumor-related 
biomarkers and the visualization of tumors for in situ imaging. This non- 
invasive detection can provide immediate, highly specific, and accurate 
imaging [143], and, in addition to its active role in early tumor diag
nosis, intraoperative imaging, and prognosis, its application in 
providing precise drug release at the tumor site during treatment is also 
promising [144]. At this stage, with the rapid development of SNA, its 
application area is becoming more and more extensive, and the detec
tion method is becoming more and more novel. In tumor biomarker 
diagnosis, SNA can provide accurate detection of tumor-specific mRNA, 
miRNA, exosomes, enzymes, ATP, and other biomarkers. Nanoflares are 
capable of qualitatively detecting “yes” or “no”. Furthermore, 
sticky-flares provide quantitative and spatiotemporal resolution [145]. 
Pathogenic nucleic acids or disease nucleic acid markers have an 
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indelible role in the diagnosis of some diseases. However, this type of 
nucleic acid is often only quantitatively up- or down-regulated. It is also 
present in healthy individuals to a greater or lesser extent, so a single test 
for the presence or absence of nucleic acid may give false positives. 
Exploiting the diversity of nucleic acid sequences may provide a solution 
to this dilemma. Jou et al. designed a nucleic acid functionalized with 

CdSe/ZnS quantum dots, and the nucleic acid includes two sequences; 
sequence one is the recognition sequence of prostate cancer biomarker 
miRNA-141, which can detect the presence of miRNA-141, and sequence 
two is the telomerase primer sequence, which can detect the effect more 
accurately [146]. In situ detection of cancer cells is vital for early tumor 
screening, but conventional SNA nanoflares probes are often limited by 

Fig. 5. The figure shows the precise tumor diagnosis based on biological responsiveness as well as physical stimulus responsiveness. Apart from that, there is also 
precision imaging of tumors. (A) Designing tumor-specific enzyme-triggered sites in nucleic acid sequences that can specifically identify tumor cells. Reproduced with 
permission from Ref. [147]. Copyright 2022, American Chemical Society. (B) Schematic of SNA application on theranostics. Reproduced with permission from 
Ref. [150]. Copyright 2021, American Chemical Society. (C) SNA activated by intracellular specific enzymes is used for the selective regulation of proteins. 
Reproduced with permission from Ref. [151]. Copyright 2023, Wiley. (D) Photothermal mode modulation within situ targeted photodynamic therapy. Reproduced 
with permission from Ref. [41]. Copyright 2022, Wiley. (E) Non-invasive imaging of glioblastoma using SNA-transported NIR–II–Emitting Dye. Reproduced with 
permission from Ref. [157]. Copyright 2022, Wiley. (F) The use of telomerase enables specific diagnostic imaging of tumor cells, overcoming the challenge of precise 
diagnosis due to tumor heterogeneity. Reproduced with permission from Ref. [158]. Copyright 2018, American Chemical Society. 
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off-target interference. Designing enzyme-triggered nanoflares by add
ing sites activated by apurinic/apyrimidinic endonuclease 1 (APE1) 
overexpressed in the cytoplasm of cancer cells enables the development 
of tumor-specific molecular nanoflares [147](Fig. 5a). Using FRET 
nanoflares, false positive signals generated by biological or thermody
namic systems can be minimized when detecting mRNA in living cells 
[117]. 

The ability to detect tumor biomarkers more accurately using SNA 
provides excellent conditions for precise treatment at the tumor site. For 
example, the unique oligonucleotide stem-loop structure of the fluo
rescent DOX inserted into the molecular beacon (MB) leads to fluores
cence quenches. When the MB encounters the target DNA or RNA, it can 
bind to the target to release DOX and restore the cytotoxicity of DOX 
[148]. Subsequently, the group designed a dual-targeted nano-SNA for 
tumor cell imaging and therapy, capable of detecting tumor cell-specific 
mRNA and releasing DOX in an mRNA concentration-dependent manner 
[149]. Using gold nanostars (AUNs) functionalized with reporter chain 
substrates that can be cleaved by the tumor biomarker flap-like endo
nuclease (FEN1), tumor cells can be precisely identified, and then the 
AUNs can be made to generate heat at the desired site by near-infrared to 
release DOX [150](Fig. 5b). The use of enzyme-activated SNA can now 
also precisely and reversibly regulate the location of proteins in tumor 
cells. Li et al. modified the activatable site of APE1 enzyme on the 
nucleic acid sequence, which is widely present in the cytoplasm of tumor 
cells and in the nucleus of normal cells, thus achieving tumor 
cell-specific protein control [151](Fig. 5c). Apart from enzyme activa
tion, there is also ATP-activated SNA for tumor imaging and therapy, 
using BHQ2 to quench the fluorescence of Ce6 and inhibit the ability to 
produce singlet oxygen. After targeting tumor cells through AS1411, 
ATP turns on the fluorescence of Ce6 and the ability to produce singlet 
oxygen and releases DOX [152]. Nevertheless, in their complex bio
logical systems, such stimulus-responsive targeting is easily disturbed, 
and targeting using external stimuli can well avoid such disturbances. 
Du et al. used SNA containing an NMR imaging agent as a linker to 
connect the fluorescent photosensitizer PPF-1 and black phosphorus 
sheets and were able to achieve photothermally triggered precision 
photodynamic therapy by changing the ratio of nucleic acid sequences 
(A + T) and (C + G) [41](Fig. 5d). 

3.4. SNA guides precision surgery 

At this stage, surgical resection remains the primary treatment for 
primary and regional solid tumors. However, in surgery, physicians 
subjectively evaluate tumor tissue versus normal tissue primarily 
through textural palpation and visual tissue differences, which may lead 
to incomplete surgical resection or accidental removal of normal tissue 
[153]. Many imaging techniques have been applied to surgical proced
ures for tumors to date, but there are some drawbacks, such as the use of 
MRI causing surgical interruptions and perhaps fluorescent optical 
contrast agents more appropriate for the intraoperative setting [154]. 
Molecular fluorescence imaging of tumors enables non-invasive visual
ization of tumor-associated marker molecules at different stages, thus 
facilitating precise diagnosis and treatment of cancer [155,156]. 
Bladder cancer is challenging to precisely outline tumor margins due to 
the lack of effective tumor margin recognition techniques, and it is still 
extremely difficult for surgical treatment. SNA nanoprobes modified 
with R11 peptide-promoting molecular beacons are used to achieve 
precise determination of bladder tumor boundaries through the endo
somal escape pathway [39]. Besides, the researchers used the amphi
philic DNA block copolymer PS-b-DNA as a polymer vector, loaded with 
nanofluorophores that can emit near-infrared-II rays and cross the 
blood-brain barrier, which showed superior performance to the 
PS-b-PEG polymer-based nanofluorophores in the diagnostic imaging of 
glioblastoma [157](Fig. 5e). The diagnostic and imaging identification 
of tumors at this stage is diverse, as the heterogeneity among tumors and 
the lack of tumor-specific biomarkers for all tumors have led to a lack of 

methods to identify all tumors with high accuracy at the molecular, 
cellular, and systemic scales. The detection of telomerase may be a 
breakthrough point to solve this problem. The uncontrollable growth of 
tumor cells is a significant feature of tumors, and uncontrollable cell 
growth requires high telomerase activation. However, the activity is 
inhibited in normal human cells. Therefore, using an SNA with a telo
merase primer (Tp) long strand and a short strand carrying a fluorescent 
group complementary to the long strand, when telomerase is present, 
telomerase will extend the TTAGGG sequence of Tp and then form a 
thermodynamically more stable hairpin-like DNA structure, displacing 
the fluorescent strand and restoring fluorescence for easy detection, 
which is expected to affect clinical diagnosis as well as surgical guidance 
[158] (Fig. 5f). Studies have shown that the choice of excision thickness 
for skin tumors significantly affects patient mortality [159]. SNA 
nanoflares can be used for rapid, real-time monitoring of skin scar types 
and their severity. This method avoids traditional invasive biopsies of 
scar tissue that result in new scars or worsening of original scars. This 
high specificity and sensitivity of nanoflares as a non-invasive diagnostic 
tool can be extended to the diagnosis of skin diseases characterized by 
overexpression of other nucleic acid markers and to the screening of 
dermatologically based drugs with high effectiveness; in particular, we 
should note that this tool can determine the extent of skin tumor exci
sion and provide guidance for the surgical excision of skin tumors [38], 
improving the efficiency of diagnosis and treatment. 

4. Application of SNA in immunotherapy 

The human innate immune recognition receptors for nucleic acids 
can be divided into two categories, DNA and RNA sensors. DNA immune 
recognition sensors are mainly Toll-like receptors (TLRs) located in 
endolysosomes and cyclic GMP-AMP synthases (CGAS) located in the 
cytoplasm, depending on their location [160]. RNA immune recognition 
sensors are another important intermediate of the innate immune 
response, mainly endolysosomal receptors (TLR3, TLR7/8) and cyto
plasmic receptors with retinoic-acid inducible gene I -like receptors 
[161]. To date, Toll-like pattern recognition receptors have been rela
tively well studied, and four nucleic acid immune recognition sensing 
receptors have been reported, namely TLR3, which recognizes dsRNA; 
TLR7, TLR8, and TLR13, which recognize ssRNA; TLR9, which recog
nizes ssDNA containing CpG motifs [162]. The interferon gene cGAS 
stimulator (cGAS-STING), a cGAS recognition receptor mainly in the 
cytoplasm, can activate the catalytic activity of cGAS when dSDNA or 
other Y-type DNA and hybrid DNA are elevated in the cytoplasm, 
generating a second messenger, cGAMP, which triggers a conforma
tional change in the STING ligand binding region on the endoplasmic 
reticulum and further initiates downstream signaling cascade to express 
pro-inflammatory large-scale type I interferons (IFN) [163]. RLRs, 
widely expressed in human immune and non-immune cells, primarily 
recognize RNA viruses or short-stranded RNAs that are abnormally 
present in cells, ultimately leading to the upregulation of type I in
terferons [164]. There are three main ways in which a group of nucleic 
acids and oligonucleotides can function in the innate immune system: 1) 
they can stimulate pattern recognition receptors to activate innate im
mune cells, 2) they encode proteins or peptides with immunostimulatory 
effects, 3) they silence specific genes to block negative regulators of 
immune cells [165]. 

4.1. SNA as immunotherapeutic vaccines 

Vaccination has significantly contributed to global human health and 
has an irreplaceable role in controlling viruses such as poliovirus [166] 
and measles [167]. Although smallpox and rinderpest viruses have been 
eliminated [168], vaccination still has a bright future in the control of 
new infectious diseases and the fight against tumors. The main types of 
vaccines are live attenuated vaccines, inactivated vaccines, antitoxins, 
subunit vaccines (including peptide vaccines), vector vaccines, nucleic 

S. Liu et al.                                                                                                                                                                                                                                       



Materials Today Bio 22 (2023) 100750

12

acid vaccines, etc. In the last decade, mRNA vaccines are gaining mo
mentum. The development of nucleic acid vaccines appears to have been 
a long process from a historical perspective, with researchers beginning 
to think about their use as early as 1995 [169]. But it was not until 
COVID-19 that nucleic acid vaccines showed an unprecedented rate of 

development [170]. The nucleic acids in nucleic acid vaccines include 
common DNA and RNA. However, the nucleic acids have different 
functions, including those that translate antigenic peptides and those 
that act as adjuvants to stimulate immune responses. Compared with 
traditional attenuated vaccines, inactivated vaccines, subunit vaccines, 

Fig. 6. SNA’s programmable properties enable optimal immunotherapy results. (A) Precise spatial and temporal control of antigen and adjuvant by designing the 
structural positions of antigen and adjuvant can enhance the immune effect of the SNA vaccine. Reproduced with permission from Ref. [175]. Copyright 2023, 
Springer Nature. (B) Some of the altered approaches and combinations of options shown in the figure provide robust strategies for the implementation of rational 
vaccinology. Reproduced with permission from Ref. [179]. Copyright 2022, American Chemical Society. 
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etc., mRNA vaccines have high safety, high yield, and high efficacy 
[171], but in vivo, delivery of nucleic acids is easily degraded by nu
cleases, which is an essential driving force to promote the application of 
nanomaterials in vaccines. Of course, the need for better spatiotemporal 
coordination and higher biosafety of vaccines is also a significant driving 
force to promote the application of nanomaterials in vaccines [172]. 
Nanovaccines can increase the stability of antigens as well as adjuvants, 
target in situ to improve immunogenicity, control release rates, and 
target delivery, among other advantages [173]. Nanovaccines have also 
shown excellent results in studies; for example, glycosylated nano-HIV 
immunogens trigger more potent immunity compared to monomers 
because glycosylated nano antigens trigger mannose-binding lectin-
mediated innate immune mechanisms, leading to their aggregation in 
germinal centers in vivo [174]. In nanovaccines, designing vaccines 
based on SNA has considerable advantages because SNA has a highly 
modular architecture. In addition to vaccine composition, vaccine 
structure is a key determinant of vaccine efficacy. Mirkin et al. recently 
demonstrated that even the right target could produce an ineffective 
vaccine if it’s processing by immune cells is not taken into account. The 
researchers demonstrated that vaccine structure in antigen placement is 
a design criterion that strongly affects vaccine efficacy because nano
scale antigen placement changes the time scale of intracellular antigen 
processing and the residence time of antigen in different cellular com
partments, and rational design parameters achieved through modular 
architectures (e.g., SNA) can greatly improve vaccine efficacy [175] 
(Fig. 6a). In past studies, developers have often spent a great deal of time 
on the composition and combination of adjuvants and tumor-associated 
antigens, neglecting the impact of structural and spatiotemporal coor
dination of antigen and adjuvant presentation on immune stimulation 
[176], when in fact the manner and point in time at which adjuvants and 
antigens meet the immune system and the size of the nanocarrier are 
pivotal in exerting immune effects [177]. Researchers have shown that it 
is not only the structure of the carrier that affects the immune response 
but also differences in the structure of the antigen and adjuvant com
bination, even within the same material [178]. SNAs are capable of 
rapid uptake by antigen-presenting cells through receptor-mediated 
endocytosis. For innate immune responses, the unique adjuvant 
nucleic acid three-dimensional structure of the SNA shell can provide 
better recognition of TLRs [179](Fig. 6b). For adaptive immune re
sponses, some nucleic acid adjuvants or antigenic peptides that are not 
clinically effective may exhibit the opposite result when delivered using 
nanostructures. It is also an example of rational vaccinology, such as 
prostate-specific membrane antigen, which does not do its job well 
clinically, but when utilized with SNAs, it can show a robust immune 
response [180]. 

TLR9 is the first pattern recognition receptor (PRR) we have iden
tified that can sense nucleic acids, and it is capable of sensing bacterial 
DNA through CpG sequences, as well as being specifically activated by 
synthetic non-methylated CpG oligonucleotides [181]. TLR9 receptor is 
different from other immunotherapeutic target receptors; the develop
ment of TLR9 agonist is influenced by its structure and other inherent 
properties. On the one hand, it is located in the intracellular endosome 
of the cell membrane; TLR9 agonist needs to enter inside the cell to be 
effective; therefore, the process of TLR9 agonist entering the cell 
through endocytosis is the key step for its efficacy. On the other hand, 
TLR9 agonists are unmethylated CpG oligonucleotides, and oligonucle
otides are easily degraded by nucleases in plasma. Hence, the choice of 
TLR9 carrier or the mode of administration is quite important. There
fore, contemporary TLR9 agonists are mainly optimized in terms of 
preventing oligonucleotides from being rapidly degraded and enhancing 
endocytosis. Nowadays, nucleic acids are widely used as adjuvants in the 
development of cancer vaccines, but they are easily degraded by en
zymes in vivo and have poor cellular uptake, so the application of 
nucleic acids as immune adjuvants should first consider how to maintain 
the stability of nucleic acids and thus play an immune role. SNA seems to 
be the best choice for TLR9. SNA can not only protect oligonucleotides 

from degradation by nucleases but also transport TLR9 nucleic acid 
agonists to the intracellular side of the cell membrane through receptor 
endocytosis, which greatly improves transport efficiency. The applica
tion of SNA vaccines is not only limited to tumor vaccines, but it has also 
received a lot of attention in the field of anti-infectious diseases, espe
cially the SNA vaccine against novel coronavirus (SARS-CoV-2) [34]. 
Using the receptor-binding domain (RBD protein) of the novel corona
virus spike-in protein wrapped in liposomes as an antigen and DNA with 
an immunostimulatory CpG sequence modified on the liposome shell, a 
novel vaccine with a high degree of modularity was constructed, and 
only one dose of the SNA nano vaccine was sufficient for 100% pro
tection against the novel coronavirus in animal studies. 

4.2. SNA as modulators of tumor immunotherapy 

Cancer treatment mainly consists of chemotherapy, radiotherapy, 
and surgery, but these traditional methods have corresponding disad
vantages. For example, in chemotherapy, the toxic side effects of 
chemotherapeutic drugs are too strong. Radiotherapy and surgery can 
only be localized and cannot be used to control the metastasis of tumor 
cells. Along with the development of nanotechnology, nanomedicines 
have shown promising applications in improving cancer chemotherapy 
[182]. Nevertheless, some studies have found that after systemic 
administration, only 0.7% of nanomedicines reach solid tumors [183]. 
The high attrition rate is a critical factor in promoting the development 
of nanomedicine, and these nanomedicines are often eliminated due to 
low penetration aggregation rate and high toxic side effects. In order to 
deal with the severe threat of tumors to human life and health, immu
notherapy is a good choice. First, with immunotherapy, a small amount 
of nanomedicine can activate the immune system, reducing the 
off-target toxicity caused by a large amount of commonly used nano 
chemotherapy drugs, and the activated systemic immune system can be 
localized to distant tumor cells [184] (Table 2). 

In recent years, researchers have been encouraged by advances in 
tumor immunotherapy, which can not only initiate the immune cycle in 
response to primary as well as distant tumor cells but can also use a 
strong immune response to reduce the likelihood of future tumor for
mation [185]. The main exogenous immunostimulants used for immu
notherapy include small chemical molecules, therapeutic proteins, and 
nucleic acids. Among the therapeutic nucleic acids (TNAs), CpG oligo
nucleotides acting on Toll-like receptors have received much attention. 
However, CpG oligonucleotides often cause a strong inflammatory 
response. Not only that, the vectors delivering the therapeutic nucleic 
acids can often be immunostimulatory and cause strong side effects 
[186], so the choice of carriers is very urgent. In the selection of vectors 
to deliver therapeutic nucleic acids, the 3D structure of nucleic acid 
nanoparticles (NANPs) has been shown to be the key factor influencing 
immune recognition rather than the sequence and particle size of the 
nucleic acid. The connectivity and composition of nucleic acids can also 
influence immune effects, and the spherical structure of RNA nano
particles tends to be more effective than RNA rings and RNA fibers 
[187]. 

Due to the modular nature of SNAs and their specific three- 
dimensional structure in cellular uptake and anti-nucleic acid enzy
matic cleavage, both immunostimulatory and immunomodulatory SNA 
can exhibit better immunotherapeutic effects [188]. Among these, 
Cavrotolimod (AST-008), a Toll-like receptor 9 (TLR-9) agonist designed 
to activate the innate immune system and induce an effective 
anti-cancer immune response, is highly effective in combination with 
immune checkpoint inhibitors. Currently, cavrotolimod is being tested 
in a Phase 1b/2 clinical trial to evaluate the safety, tolerability, phar
macokinetics, pharmacodynamics, and preliminary efficacy of cav
rotolimod alone or in combination with the anti-PD-1 antibody 
pembrolizumab in the treatment of patients with Merkel cell carcinoma 
(MCC) or squamous cell carcinoma (cSCC) of the skin [33,189]. There 
are many excellent results of SNA on the bench here at the 
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proof-of-concept stage. The first SNA conjugate that co-delivers nucleic 
acids and small molecules to the same cells, with small molecules 
inhibiting TLR4 and specific nucleic acids inhibiting TLR9, showed that 
this co-delivery structure has a significant advantage in TLR inhibition 
compared to oligonucleotide sequences as well as small molecules 
[190]. Related work has shown that maximum immune responses are 
possible when co-delivering antigen and adjuvant to the same targeted 
immune cells [191] and that encapsulating antigen in the core of an SNA 
increases the co-delivery of antigen and nucleic acid adjuvant to im
mune cells. In order to avoid the off-target effect of immune stimulation 
as much as possible, co-delivery of DOX with CpG via SNA, using DOX to 
induce immunogenic death (ICD) to produce tumor-specific antigens, 
and activation of the immune system with CpG, can achieve better 
specific immune effects [192](Fig. 7a). In a triple-negative breast cancer 
model, the use of SNAs with CpG-1826 as adjuvant and tumor cell lysate 
as antigen significantly increased the co-delivery of both immune 
components to the same immune cells in the lymph nodes, providing 
better tumor control compared to a simple mixture of tumor lysate an
tigen and nucleic acid adjuvant in vitro as well as in vivo experiments 
[193]. In a mouse model of prostate tumor, immunostimulant SNA with 
CpG oligonucleotides as the nucleic acid shell and as an immune adju
vant followed by an empty shell core wrapped around the antigen 
demonstrated a significant tumor suppressive effect. Further studies 
showed that chemical coupling of prostate cancer peptide antigen to the 
shell of CpG SNAs resulted in a stronger immune response, which also 
demonstrated that the modular programmable structure of SNA can well 
meet the high dependence of cytotoxic T lymphocyte (CTL) immune 
response on the carrier structure [194]. For being able to avoid the 
stimulation of the immune system by SNA carriers, Chen et al. used CpG 

co-loaded with vitamin E to construct a dual adjuvant self-delivery 
system that could well meet the requirements of immunostimulants 
for carrier-free delivery [195](Fig. 7b). 

In glioblastoma treatment, Stegh et al. used the Bcl2-Like 12 
(Bcl2L12) oncogene as a target for SNA-mediated gene silencing and 
showed that siRNAs carrying a target for Bcl2L12 were able to cross the 
blood-brain barrier without transfection agents, effectively reducing 
tumor burden and progression [29]. And the SNAs (NU-0129) were 
obtained in a phase 0 clinical trial in rodents and non-human primates 
with similar results, showing significant inhibition against both recur
rent glioblastoma, indicating that SNA is a safe and precise medical 
treatment with the ability to penetrate the blood-brain barrier. SNA is a 
safe and precise medical tool that can deliver siRNA oligonucleotide 
systems to intracranial tumor sites for RNAi therapy [32]. More recently, 
Mirkin et al. have developed STING-SNA for glioblastoma, targeting 
cGAS by loading high-density dsDNA, developing STING agonistic 
immunotherapy, slowing tumor growth with just one dose of intranasal 
STING-SNA in a homozygous mouse glioma model, and addressing the 
challenge of delivering nucleic acids to intracranial tumor sites via the 
intranasal route [196]. 

Interestingly, in addition to its prominent application in immuno
therapy, the immunomodulatory function of SNAs can also be used as an 
adjuvant tool in combination therapy. For example, there is evidence 
that treatment with radiotherapy (RT) can alter the tumor microenvi
ronment, in which nanoparticles can increase its infiltration rate using 
macrophage-mediated vascular rupture. However, the macrophages 
recruited by RT are mainly M2-type macrophages that suppress 
inflammation, which can inhibit the tumor microenvironment and thus 
promote tumor infiltration and invasion [197]. Perhaps SNA may 

Table 2 
Summary of SNA working strategies for tumor immunotherapy.  

Adjuvant Antigens or drugs Disease model Innovative Strategies Modes of action Outcomes Ref. 

CpG Pembrolizumab/ 
cemiplimab 

Advanced MCC/ 
CSCC patients 

AST-OO8, an SNA that activates 
TLR9, in combination with 
pembrolizumab for the treatment of 
MCC or with cemiplimab for the 
treatment of CSCC. 

AST-OO8 increases th1-type 
cytokines, which in turn activate 
T cells and NK cells; 
pembrolizumab and cemiplimab 
bind specifically to PD-1 

Tumor regression was observed 
and, at the site of the lesion, 
increased infiltration of toxic 
immune cells 

[189] 

dsDNA None Glioblastoma Nucleic acids can be delivered to 
intracranial tumor sites through the 
nasal cavity using SNA transported 
dsDNA. 

Binding of dsDNA to cGAS 
induces endogenous CDN 
production, which in turn 
stimulates interferon gene- 
stimulating proteins to activate 
innate immunity for tumor 
treatment. 

Tumors have good tolerance to 
STING-SNA, and fewer doses 
can delay tumor growth and 
improve survival. 

[196] 

CpG Prostate peptide 
antigens (PSA; 
PSMA; PAP) 

C57BL6 mouse 
prostate cancer 
transplantation 
tumor model 

Co-delivery of SNA to adjuvants and 
peptide antigens enhances DC 
activation, spanning the current 
limitations of immunotherapy 
against weakly immunogenic tumors 
using only antigens such as OVA. 

Class B CpG matures DCs to 
produce Th1 cytokines such as 
IL-12; peptide antigens activate 
antigen-specific T-cell immune 
responses in vivo 

Co-delivery of CpG and antigen 
using SNA produced a stronger 
immune response than delivery 
of a simple mixture of CpG and 
antigen, and structural 
activation of immunity by 
antigen and adjuvant on the 
surface of SNA was most 
effective. 

[194] 

CpG- 
1826 

Lysates from TNBC 
cells (Oxidized or 
non-oxidized) 

EMT6 model of 
TNBC; Py230 and 
Py8119 models of 
TNBC 

Use of oxidized tumor cell lysates as 
antigens in SNA 

SNA co-delivery of lysates and 
adjuvants can increase cellular 
uptake and bioavailability 

Lys-SNAs were more potent 
than CpG and lysates co- 
mixtures in delaying tumor 
growth in Py230 and Py8119 
models; OxLys-SNAs showed 
potent anti-tumor effects in 
EMT6 model of TNBC. 

[193] 

CpG DOX Tumor-bearing 
E.G7-OVA mice 

Ability to generate tumor-specific 
antigens, effectively avoiding off- 
target effects 

Using DOX to generate ICD 
effects and CpG to enhance ICD- 
generated immune responses 

Enhances CD8+ and CD4+

amplification, delays tumor 
growth and prolongs survival of 
tumor-bearing mice 

[192] 

CpG Au&αPD-L1 Tumor-bearing 
4T1 mice 

SNA acts as both a radiosensitizer 
and an immunotherapeutic agent. 

Gold nanoparticles of SNA act as 
radiosensitizers; RT causes 
tumor cells to produce ICD; SNA 
captures antigen to form an in 
situ vaccine and works 
synergistically with αPD-L1. 

A potent anti-tumor effect was 
obtained, completely inhibiting 
tumor growth. 

[198]  
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change this status quo, using CpG-modified gold nano SNA, which not 
only can reshape the tumor immune microenvironment, changing M2 
type macrophages to M1 type macrophages but also can act as a radi
osensitizer. Moreover, RT can again provide conditions for the infiltra
tion of CpG-AuSNA, increasing the aggregation as well as infiltration of 
SNA with immune function in tumors [198](Fig. 7c). Nanogel SNA 
nanoparticles, as mentioned earlier, also have similar physiological 
stability and resistance to enzymatic degradation as SNAs. A major 
challenge in the clinical application of CpG is its ability to activate not 
only M1-type macrophages but also M2-type macrophages, so it is worth 
considering blocking M2 activation when CpG is used as immuno
therapy. Based on this, a nanogel with a highly loaded CpG motif that 
can activate the immune system and, at the same time, block M2 acti
vation using siRNA has been developed [199]. Photodynamic therapy 
(PDT) not only kills tumor cells through reactive oxygen species 
generated by photosensitizers but also theoretically induces tumor 
immunogenic cell death and thus activates effector T cells to generate an 
anti-tumor immune response, so the combined application of PDT and 
ICB therapy can produce a good synergistic anti-tumor effect. Guo et al. 
have developed a novel self-assembled nucleic acid nanogel platform 
using PD-L1 siRNA as a cross-linking agent, co-loaded with siRNA and 
demagnetized chlorophyll A (PPA) photosensitizer, enabling a perfect 
combination of photodynamic therapy and immune checkpoint 
blockade therapy [200]. The PD1/PD-L1 signaling pathway is an 
important target for tumor immunotherapy because the combination of 
PD1 and PD-L1 will initiate a negative signaling cascade that will further 
inhibit T-cell activation, which will help the immune escape mechanism 
in the tumor immune microenvironment. In recent years, ICB therapies 
with therapeutic antibodies against PD1 (as competitive inhibitors of 
PD-L1) have been heavily used. However, the effectiveness of such 

applied antibody immunotherapy is not obvious due to some inherent 
drawbacks of antibodies. At this point, the development of immune 
checkpoint inhibition therapy with gene regulation of PD-L1 expression 
has obvious advantages [201](Fig. 7d), using SNA multi-modular 
structure to co-deliver anti-PD-L1 expression antisense DNA and im
mune stimulation antigen into tumor cells, which can reduce PD-L1 
expression in all cells in the tumor microenvironment, and thus 
enhance combined immune stimulation, and we expect that this com
bined therapy using SNA to achieve ICB and immune stimulation will 
become a new milestone in tumor immunotherapy. 

In the study, it was found that altering the length of the liposomal 
diacyl lipid tail can change the biological properties of liposomal SNA as 
well as the immunomodulatory ability of tumors [202], suggesting that 
liposomal SNA can influence the properties of the SNA system by 
altering the structure of the liposome. SNA co-delivery of antigens with 
immune adjuvants shows great promise for application. However, it has 
been shown that the linker between antigen and complement nucleic 
acids should not only consider the convenience of the synthesis method, 
as the coupling chemistry between them can affect the effectiveness of T 
cell activation [203]. Altering the chemical linkage of antigens to the 
SNA surface can also affect the immune ability of immunologically 
applied SNA, as the linkage of antigens to the nucleic acid adjuvant 
complement controls the rate of antigen release, which was found to 
strongly influence the efficacy of therapeutic SNA in vivo [204]. In 
addition to the impact of the internal composition of the nucleic acid on 
the application of SNA, the diversity of nucleic acid sequences also af
fects the effect of SNA [205]. It was found that double-sequence (CpG-a 
and CpG-b) SNA are better delivered compared to those delivered as a 
mixture of two linear oligonucleotides or as a mixture of single oligo
nucleotide SNA. Nucleic acid sequences on SNA also affect the immune 

Fig. 7. Some representative cases of SNA in immune regulation. (A) SNAs with DOX and CpG achieve synergistic functions of chemotherapy and immunotherapy 
with specific enzymatic activation, which can significantly retard tumor growth. Reproduced with permission from Ref. [192]. Copyright 2022, Springer Nature. (B) 
The use of vector-free immune SNA with a dual adjuvant can greatly maximize the TLR9 activation effect. Reproduced with permission from Ref. [195]. Copyright 
2022, American Chemical Society. (C) Radiotherapy enhances the infiltration accumulation of SNAs, while SNAs act as radiosensitizers and in situ vaccines for 
tumors, enabling a synergistic treatment strategy of radiotherapy and immunotherapy. Reproduced with permission from Ref. [198]. Copyright 2022, Elsevier B.V. 
(D) The use of antisense DNA that specifically blocks PD-L1 can effectively block the PD-1/PD-L1 signaling pathway, providing a powerful approach to this precision 
immunotherapy. Reproduced with permission from Ref. [201]. Copyright 2022, American Chemical Society. 
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response of SNA. G-rich SNA induces higher levels of macrophage 
activation than polyT SNA or single G- or T-rich DNAs, and although no 
long-term cellular activation is observed in vivo with G-rich SNA, they 
have short-term macrophage activation in vitro and short-term cytokine 
release in vivo [206]. It is suggested that SNA used for immunostimu
lation can be enhanced by adding G-sequences to the shell nucleic acid 
or by directly coupling G-rich nucleic acids to the SNA surface. Table 3 
shows the effect of structural or component variations in SNA on 
immunomodulation, providing a design strategy for maximizing acti
vated immunity. 

As a widespread substance, it appears important for the human or
ganism to accurately identify self- and non-self-directed nucleic acids, 
and it is now well understood that nucleic acid sensors that trigger 
innate immune responses are associated with the development of dis
eases, such as systemic lupus erythematosus and arthritis [208]. Ima
nishi et al. found that nucleic acids, such as DNA and RNA (released by 
dead cells), can trigger the differentiation of immune naïve T cells into T 
helper type 2 (Th2 cells) cells [209], which can mediate allergic re
sponses or anti-parasitic infections, all of which demonstrated a strong 
link between nucleic acids and disease in vivo and provide a solid 
foundation and direction for the development of research on SNA. Be
sides SNA as an immunostimulant or immunomodulator, we conjecture 
that it is feasible to use the nucleic acid sequences of SNA as a tool in 
immunotherapy, which was recently brought to our attention by a study 
in which bispecific nanobonders transformed the immune function of 
solid tumors [210]. The study noted that hematologic immune malig
nancies are more sensitive to immune responses than solid tumors, 
primarily because hematologic malignancy cells express a family of 
molecules capable of expressing targeted activation of lymphatic im
mune cells member 7 (SLAMF7). The investigators used nano-adherents 
to modify solid tumors with SLAMF7, which in turn induced a strong 
phagocytic immune response and greater sensitivity to CD47 immune 
checkpoint inhibitors. This report is actually similar to the PROTAC 
technology, both of which enable the functional integration of “target
ing” and “recruitment”. The nucleic acid sequence of SNA is mainly used 
as an immune adjuvant or to silence specific genes to block the negative 
regulatory factors of immune cells in immunotherapy at this stage, and 

for a large number of modifications to the structure of the shell nucleic 
acid sequence of SNA, for example, the complement of the nucleic acid 
sequence can be modified with different structures, which opens up the 
application of SNA, and we can also consider SNA as an application of 
linker. 

5. Summary and outlook 

Definitely, the applications of SNA in the biomedical field have been 
a promising prospect. The unique nucleic acid arrangement structure 
has been reported to enable SNA with sufficient colloidal stability in the 
extracellular circulation, promoted intracellular transfection efficiency, 
and even the ability to cross the blood-brain and skin barriers. More 
importantly, this multi-modular structure, very similar to a core-shell 
nanoparticulate structure, provides not only a rapidly developed nano
platform for the target treatment of diverse diseases but also great op
portunities for rational design and optimization of therapeutic 
combinations toward greater synergistic effects. In this review, we made 
a comprehensive summary on the applications of SNA in precision 
medicine and immunotherapy from the perspective of the structure- 
activity relationship, which is believed to inspire some fresh ideas for 
researchers and physicians, such as non-invasive diagnostics, precise 
treatment at the lesion site, and intraoperative imaging guidance. We 
also provided an in-depth discussion on precise spatiotemporal control 
of adjuvants and antigens or antigens and antigens via SNA for maxi
mizing the immune system activation to fight against diseases. 

Looking to the future, we are confident that more and more SNA- 
based drugs will break through the preclinical research stage, which 
will require the concerted efforts of multidisciplinary researchers in 
multiple fields. Of note, most SNA research is currently limited to the 
proof-of-concept stage, with only a very few studies entering clinical 
research [32,33,58,211]. There are still critical challenges to overcome 
for most SNA clinical translations. As a novel gene delivery vector, SNA 
can somewhat overcome the challenges of enzymatic degradation and 
toxicity faced by traditional gene delivery vectors, including cationic 
vectors, and greatly improve the transfection efficiency. Nonetheless, 
SNAs are similarly confronted with the degradation of endosomes and 

Table 3 
Summary of design strategies for SNA’s programmable structure on maximizing immune system activation.  

Structure Variables in the structure Adjuvant Antigen modol Outcomes Ref 

L -SNA Differential hydrophobic anchors 
between nucleic acids and 
liposomes (lipid-tail or 
cholesterol-tail) 

CpG-1826 None RAW-Blue 
macrophages 

The structures utilizing lipid tail-anchored nucleic acids 
in LSNA have greater stability as well as greater ability to 
activate TLR receptors than those utilizing cholesterol- 
anchored nucleic acids. 

[207] 

L -SNA Diacyl lipid tail CpG-1826 Py8119 TNBC 
cells lysates 

Orthotopic mouse 
models of 4T1 & 
Py8119 

The use of DPPC with high Tc value as a lipid tail could 
improve the serum stability of L-SNA as well as the ability 
to activate immunity, with obvious anti-tumor effects, 
and inhibit the lung metastasis of TNBC cells. 

[202] 

L -SNA The Linker between antigen and 
SNA(Whether or not it can be 
cracked) 

CpG Gp100 
(KVPRNQDWL) 

DC cells derived from 
bone marrow 

A cleavable traceless linker between antigen and SNA 
enhances activation of T cells. 

[203] 

L -SNA The Linker between peptide 
antigens and SNAs(The rate of 
cleavage) 

CpG OVA-1 C57BL/6&OT-1 
mouse splenocytes 

The cleavable Linker and the ability to rapidly release 
antigen can enhance the immunizing effect of SNA. 

[204] 

L -SNA Location of antigen and adjuvant CpG Prostate cancer 
peptide 

Syngeneic mouse 
models of prostate 
cancer 

HM SNAs, which can simultaneously present antigen and 
adjuvant on the surface, are capable of inducing stronger 
anti-tumor immune responses than EM SNAs, in which 
the SNA core encapsulates the antigen. 

[194] 

L -SNA Location of OVA1 and OVA2 on 
the SNA & the way of delivery for 
both antigens OVA1 and OVA2. 

CpG OVA1&OVA2 DC cells derived from 
bone marrow& 
C57BL/6 

Simultaneous delivery of both antigens with the same 
SNA induced stronger T cell activation than delivery of 
two SNAs separately. Moreover, the structure of core- 
coated OVA2 and externally crosslinked OVA1 
significantly improved the tumor suppression effect than 
the structure of core-coated OVA1 and externally 
crosslinked OVA2. 

[175] 

L -SNA Categories of nucleic acids loaded 
on the surface of LSNA 

CpG- 
A&CpG-B 

None DC cells derived from 
bone marrow 

LSNA containing two-component CpG activated the 
maturation of DC cells more than mixtures of CpG-A and 
CpG-B and single-component LSNA containing CpG-A or 
CpG-B. 

[205]  
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the formation of protein crowns in the extracellular circulation for 
severely compromised transfection efficiency. At the current stage, there 
are solutions to the endosomal escape of SNA [65,212], but these efforts 
remain insufficient for the general applicability of SNA. Furthermore, 
only a few examples of SNA nanoplatforms have been constructed based 
on carrier-free self-delivery strategies, and most of the reported SNAs 
still utilize conventional nanomaterials for construction, thus requiring 
more efforts to examine the toxicity and immunogenicity issues brought 
by the materials. Beyond that, there exist limitations in SNA prepara
tion. The kinds of SNAs explored at this stage seem to be limited despite 
the multimodular and programmable properties of SNA. The widely 
investigated SNAs based on gold nanoparticles or liposomes provide 
numerous opportunities for further SNA exploration. The study on the 
structure-property relationship of SNA should be performed with the 
expansion of the core domain materials and application fields. For 
example, the current organic core-based SNAs, especially polymer-based 
SNAs, have attracted increasing attention. However, the polymers used 
for polymeric core construction are limited to linear polymers [73,74], 
which apparently limits the universal preparation as well as the poten
tial clinical translations of SNAs. 

Last but not least, more attention should be paid to self-delivering 
SNAs that can avoid carrier-associated toxicity or immunogenicity 
since a stabilized simple structure is considered the most important 
requirement for druggability. The development of SNA is currently 
facing great opportunities as well as challenges. The excellent results of 
SNA in bench, as well as some clinical trial results, including precise 
diagnostic imaging and drug release; precise intraoperative imaging 
guidance and prognosis; and the activation of more potent immune ef
fects based on precise structural control and precise spatial-temporal 
control of components, make us convinced that SNA will be a power
ful nanotool that can be eventually clinically translatable in the field of 
precision medicine and immunotherapy. 
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A. Noriega-Rivera, G. Martínez-Zayas, Y. Santana-Rivera, G.S. Santiago-Sánchez, 
F. Valiyeva, P.E. Vivas-Mejía, Brain targeted gold liposomes improve RNAi 
delivery for glioblastoma, Int. J. Nanomed. 15 (2020) 2809–2828, https://doi. 
org/10.2147/ijn.S241055. 

[87] H. Yin, R.L. Kanasty, A.A. Eltoukhy, A.J. Vegas, J.R. Dorkin, D.G. Anderson, Non- 
viral vectors for gene-based therapy, Nat. Rev. Genet. 15 (2014) 541–555, 
https://doi.org/10.1038/nrg3763. 

[88] H. Kim, I.H. Jeong, Y.K. Choi, Y.K. Lee, E. Moon, Y.H. Huh, W. Im, J.O. Jin, 
M. Kwak, P.C. Lee, Suppression of lung cancer malignancy by micellized siRNA 
through cell cycle arrest, Adv. Healthcare Mater. (2023), e2202358, https://doi. 
org/10.1002/adhm.202202358. 

[89] W. Ruan, M. Zheng, Y. An, Y. Liu, D.B. Lovejoy, M. Hao, Y. Zou, A. Lee, S. Yang, 
Y. Lu, M. Morsch, R. Chung, B. Shi, DNA nanoclew templated spherical nucleic 
acids for siRNA delivery, Chem. Commun. 54 (2018) 3609–3612, https://doi. 
org/10.1039/c7cc09257a. 

[90] L. Zhu, Y. Guo, Q. Qian, D. Yan, Y. Li, X. Zhu, C. Zhang, Carrier-free delivery of 
precise drug-chemogene conjugates for synergistic treatment of drug-resistant 
cancer, Angew. Chem. Int. Ed. 59 (2020) 17944–17950, https://doi.org/ 
10.1002/anie.202006895. 

[91] Y. Guo, J. Zhang, F. Ding, G. Pan, J. Li, J. Feng, X. Zhu, C. Zhang, Stressing the 
role of DNA as a drug Carrier: synthesis of DNA-drug conjugates through grafting 
chemotherapeutics onto phosphorothioate oligonucleotides, Adv. Mater. 31 
(2019), e1807533, https://doi.org/10.1002/adma.201807533. 

[92] Y. Guo, J. Qin, Q. Zhao, J. Yang, X. Wei, Y. Huang, M. Xie, C. Zhang, Y. Li, Plaque- 
targeted rapamycin spherical nucleic acids for synergistic atherosclerosis 
treatment, Adv. Sci. 9 (2022), e2105875, https://doi.org/10.1002/ 
advs.202105875. 

[93] L. Chen, G. Li, X. Wang, J. Li, Y. Zhang, Spherical nucleic acids for near-infrared 
light-responsive self-delivery of small-interfering RNA and antisense 

oligonucleotide, ACS Nano 15 (2021) 11929–11939, https://doi.org/10.1021/ 
acsnano.1c03072. 

[94] W. Yu, C. Xuan, B. Liu, L. Zhou, N. Yin, E. Gong, Z. Zhang, Y. Li, K. Zhang, J. Shi, 
Carrier-free programmed spherical nucleic acid for effective ischemic stroke 
therapy via self-delivery antisense oligonucleotide, Nano Res. 16 (2023) 
735–745, https://doi.org/10.1007/s12274-022-4402-7. 

[95] D. Samanta, S.B. Ebrahimi, C.D. Kusmierz, H.F. Cheng, C.A. Mirkin, Protein 
spherical nucleic acids for live-cell chemical analysis, J. Am. Chem. Soc. 142 
(2020) 13350–13355, https://doi.org/10.1021/jacs.0c06866. 

[96] A.B. Chinen, C.M. Guan, C.H. Ko, C.A. Mirkin, The impact of protein corona 
formation on the macrophage cellular uptake and biodistribution of spherical 
nucleic acids, Small 13 (2017), https://doi.org/10.1002/smll.201603847. 

[97] A.B. Chinen, J.R. Ferrer, T.J. Merkel, C.A. Mirkin, Relationships between poly 
(ethylene glycol) modifications on RNA-spherical nucleic acid conjugates and 
cellular uptake and circulation time, Bioconjugate Chem. 27 (2016) 2715–2721, 
https://doi.org/10.1021/acs.bioconjchem.6b00483. 
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