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Abstract: Recently, programmable assembly technologies have enabled the application of DNA in the creation of new nanomaterials 
with unprecedented functionality. One of the most common DNA nanostructures is the tetrahedral DNA nanostructure (TDN), which 
has attracted great interest worldwide due to its high stability, simple assembly procedure, high predictability, perfect programmability, 
and excellent biocompatibility. The unique spatial structure of TDN allows it to penetrate cell membranes in abundance and regulate 
cellular biological properties as a natural genetic material. Previous studies have demonstrated that TDNs can regulate various cellular 
biological properties, including promoting cells proliferation, migration and differentiation, inhibiting cells apoptosis, as well as 
possessing anti-inflammation and immunomodulatory capabilities. Furthermore, functional molecules can be easily modified at the 
vertices of DNA tetrahedron, DNA double helix structure, DNA tetrahedral arms or DNA tetrahedral cage structure, enabling TDN to 
be used as a nanocarrier for a variety of biological applications, including targeted therapies, molecular diagnosis, biosensing, 
antibacterial treatment, antitumor strategies, and tissue regeneration. In this review, we mainly focus on the current progress of TDN- 
based nanomaterials for antimicrobial applications, bone and cartilage tissue repair and regeneration. The synthesis and characteriza-
tion of TDN, as well as the biological merits are introduced. In addition, the challenges and prospects of TDN-based nanomaterials are 
also discussed. 
Keywords: tetrahedral DNA nanostructure, carriers, antibacterial treatment, bone regeneration, cartilage regeneration

Introduction
DNA nanotechnology, which applies the specific self-assembly property of base pairs, holds great promise for the 
development of novel materials and medical treatments.1 However, precise manipulation and accurate control of the sizes 
and shapes of DNA at a nanometer scale are still very challenging. The immobile DNA junction as the building blocks 
was firstly presented by Nadrian C Seeman in the early 1980s.2 Breakthroughs in these fields prompt the prosperity of 
three-dimensional molecular nanofabrication with highly spatial programmability, followed by DNA building blocks 
assembling, tiled-based assembly, and the evolution of DNA origami technique.3–6 Until now, a large range of DNA 
nanostructures were fabricated in three-dimensional modalities including cube,7 tetrahedron,8 octahedron,9 

icosahedron,10 tube,11 and DNA origami structure.12,13 Of these, the tetrahedral DNA nanostructure (TDN) stood out 
because of a series of unique performance, including admirable cellular membrane and tissue permeability, high yield, 
and multiple cell biological functions.14
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TDN is synthesized by four appropriately designed single DNA strands (ssDNA) based on the complementary rules 
of base pairing.8 It was more easily synthesized with yields as high as 95% in one-step process within a few seconds in 
contrast to other challenging assembling of DNA cages like DNA cubes7 and octahedra,15 which were reported to 
assemble in complex process with yield as low as 1%. Moreover, the most prominent characteristic of TDN compared 
with other DNA nanostructures is that TDN can enter cells autonomously in large quantities without the assistance of any 
functional molecules. Previous studies reported that the cell entry of TDN was size-independent in the range of several 
tens of nanometers and dependent on the morphology of DNA nanostructures.16 The pyramid structure of TDNs can 
minimize electrostatic repulsion and induce uneven charge redistribution in the membrane, which play important roles in 
the internalization of TDNs.16 In addition to these unique advantages compared with other 2D or 3D DNA nanostruc-
tures, TDNs also offer a variety of other benefits. First, as a natural genetic material, TDNs exhibit excellent 
biocompatibility and positive effects to various living cells like mouse L929 fibroblasts, human corneal epithelial cells 
and chondrocytes, etc.17–19 Second, TDN features in rigidity and structural stability that resist nucleases degradation and 
increase circulation time in vivo.20,21 A latest founding indicated that the DNA crosshair had a rapid degradation within 
20 min, while TDN remained sustaining existence after 1 hour in a single living cell.22 Last but not least, TDN possesses 
abundant functional modification sites due to the programmability. Oligonucleotides can be monovalently or multi-
valently modified to the vertex or side of TDN by extending ssDNA during synthesis or chemical crosslinking via 
complementary sequence.23,24 Besides, some functional molecules can be intercalated into duplex DNA via electrostatic 
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interaction or be capsuled into the DNA cage.25,26 These merits contribute TDN to be promising biomedical application 
for biosensing, antitumor, antibacterial therapy and tissue regeneration.

Currently, TDNs-based biosensors have gained widespread application in anchoring small molecules, nucleic acids, 
proteins, and cells to specific sites due to their high specificity, rapid analysis, accuracy, and cost-effectiveness.27–30 For 
instance, Miao et al developed an ultrasensitive electrochemical system using TDN-modified AuNPs tags that can 
distinguish targeted miRNA from interfering miRNAs with slightly different sequences.31 TDNs-based nanoplatforms 
have also shown potential in clinical diagnosis, as exemplified by the use of DNA walking nanomachine on a tetrahedral 
DNA scaffold interface for ultrasensitive electrochemical analysis of miRNA (miR-141), a stable serum-based biomarker 
for prostate cancer diagnosis.27 Additionally, TDNs have been utilized to target tumor cells and enhance the stability and 
cell entry of chemical drugs. Lin et al developed an intelligent DNA nanorobot by anchoring an anti-HER2 DNA aptamer 
on a TDN, which demonstrated improved stability of the aptamer and specific induction of lysosomal degradation of the 
membrane protein HER2 in HER2-positive breast cancer cells.32 Despite the promising outlook for regenerative 
medicine applications, such as bone, cartilage, nerve, and dental regeneration,33–35 it is worth noting that TDN also 
exhibit potential in addressing infectious bone defects.

The clinical treatment of infected bone defects is a complex and intractable problem in orthopedics, where infection 
can significantly impair the repair capacity of mesenchymal stem cells, making it difficult to heal.36,37 In this regard, 
infection control and bone regeneration are the primary objectives for repairing infectious bone defects.36 Effective 
infection control measures involve debridement of the infected area, systemic administration of antibiotics, and the use of 
antibiotic-impregnated spacers. However, the systemic administration of antibiotics poses a significant challenge in 
achieving adequate local concentrations due to vascular destruction and osteonecrosis caused by the infection.38 The 
emergence of drug-resistant bacteria such as methicillin-resistant Staphylococcus aureus (MRSA) and multidrug-resistant 
Acinetobacter baumannii (MRAB), have made the treatment of wound infections increasingly challenging, requiring the 
development of novel antimicrobial agents and therapeutic approaches to effectively combat these multidrug-resistant 
pathogens.39,40 In addition, biofilm formation at the wound site further enhances antibiotic resistance and prevents 
effective treatment, while biofilm can cause excessive and persistent inflammation that inhibits bone healing, which is 
one of the main reasons for chronic non-healing wounds.41,42 Therefore, the development of bone substitutes that exhibit 
dual functionality in terms of anti-bacterial efficacy and the promotion of osteogenesis represents a highly significant 
treatment strategy for managing infectious bone defects. TDN has proven to be an exceptional delivery vehicle with 
tremendous potential for multifunctional antibacterial application and bone regeneration. In this comprehensive review, 
we have provided an insightful summary of the current antibacterial strategy based on TDN and their potential 
mechanisms for combating infections. Moreover, we have discussed the latest research in TDNs-based bone and cartilage 
repair and regeneration, shedding light on novel ideas for the therapy of infectious bone defects. Finally, we have also 
addressed the significant obstacles facing the development of TDN-based nanomaterials and highlighted the future 
prospects for this promising field.

Synthesis and Identification of TDN
Turberfield et al firstly introduced a single-step self-assemble procedure of TDN in 2004.8 The TDNs, comprised of four 
vertexes and six edges, were accomplished via the use of four specifically designed oligonucleotides. Each oligonucleo-
tide was constructed with three distinct sequences, which were complementary to the other three oligonucleotides in 
accordance with Watson-Crick base-pairing rules. To ensure the preservation of the 60° angle at each vertex, unpaired 
“hinges” were incorporated within the structure. Subsequently, Goodman was able to synthesize a family of TDN 
molecules with varying sizes in seconds, resulting in a remarkable yield as high as 95%.43 Recently, TDN synthesized 
from four 63-mer oligonucleotides separated by a single base-pair hinges at every vertex to ensure sufficient flexibility, 
are commonly used by Lin group.14 These TDNs exhibited higher synthesis efficiency, fewer instances of secondary 
structure, and demonstrated more positive effects on various types of cells.44 To ensure their good programmability and 
high predictability, four appropriately designed ssDNA at equivalent mole concentration were mixed in TM buffer (10 
mM Tris, 20 mM MgCl2, pH 8.0), then a thermal annealing process (95°C for 10 minutes, then rapidly reduced to 4°C for 
over 20 minutes) were performed (Figure 1A).21,45,46 To confirm the successful preparation of TDN, several analytical 
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techniques are typically employed. The molecular weight of TDN is typically analyzed using 8% polyacrylamide gel 
electrophoresis (PAGE) as shown in Figure 1B. Furthermore, the structure of TDN can be characterized using atomic 
force microscopy (AFM) and transmission electron microscopy (TEM) as shown in Figures 1C and D respectively. 
Additionally, the dynamic light scattering (DLS) technique is commonly utilized to analyze TDN size and zeta-potential 

Figure 1 Synthesis and identification of TDN. (A) Four paired ssDNA molecules were assembled into a tetrahedral DNA nanostructure (TDN). (B) The molecular weights 
of ssDNA and TDN were determined using 8% PAGE, with the size of TDN estimated to be around 200 base pairs. The morphology of TDN was characterized using AFM 
(C) and TEM (D). The red circle indicated a pyramid-shaped structure of TDN, with a size of approximately 10–20 nm. Scale bar: 50 nm for the main figure and 20nm for 
detailed figure. (E) The size of TDN was analyzed using dynamic light scattering (DLS), which yielded an average size of 18 nm. (F) The zeta potential of the TDN exhibited 
a negative electric charge. (A–F) Reprinted with permission from Zhou M, Zhang T, Zhang B, et al. A DNA nanostructure-based neuroprotectant against neuronal apoptosis 
via inhibiting toll-like receptor 2 signaling pathway in acute ischemic stroke. ACS Nano. 2022,16,1,1456–1470. Copyright 2022 American Chemical Society.46
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as depicted in Figures 1E and F. Collectively, these techniques provide valuable insight into the structure and general 
properties of TDN.

Biological Merits of TDN
Positive Regulation of Cellular Function
As a natural biological genetic material, TDN possess splendid biocompatibility and are easier to realize diverse 
biological application. In 2016, Lin group explored the biological effects of pure TDNs on mammalian cells, taking 
advantage of TDN’s natural ability to enter cells without the aid of transfection agents.17 The effects of various 
concentrations of TDNs, ranging from 62.5 nM to 500 nM, on cellular proliferation was investigated in this study. 
The results demonstrated that TDNs, specifically at a concentration of 250 nM, significantly enhanced cell 
proliferation by modulating the Wnt/β-catenin signaling pathway. Subsequently, numerous studies have demon-
strated that TDN can enhance the proliferation of various cell types, including mesenchymal stem cells,33,47 neural 
stem cells,48 and umbilical endothelial cells.24 Moreover, TDNs also promote cell migration in various cell types, 
including endothelial cells,24 human corneal epithelial cells,18 neural stem cells (NSCs)49 and Schwann cells 
(SCs),50 all of which are involved in the intricate tissue healing process. TDNs have been shown to facilitate 
NSC differentiation into neurons and oligodendrocytes in the nervous system, promoting neural tissue formation in 
injured spinal cords.34 In the immune system, TDNs exhibit immunomodulatory effects, influencing cytokine 
secretion and signal transducer and activator of transcription (STAT) signaling to regulate B and T cell 
differentiation.51

In addition to regulating cell proliferation, migration, and differentiation, TDNs also exhibit anti-apoptotic properties. 
Apoptosis is a crucial programmed cell death process involving significant changes in morphology and metabolic 
activity, leading to cell death and playing a critical role in the development and normal function of an organism.52 

Studies have shown that TDNs can effectively suppress cell apoptosis induced by excessive reactive oxygen species 
(ROS) production and inflammatory responses. In retinal ganglion cell injury model, TDNs regulated the expression of 
oxidation-related enzymes to reduced ROS production and affect the expression of apoptosis-related proteins, inhibiting 
cell apoptosis.53 Additionally, TDNs upregulated the expression of the antioxidant enzyme heme oxygenase-1 (HO-1) to 
attenuate ROS generation and oxidative stress, inhibiting cell apoptosis in RAW264.7 cells stimulated with lipopoly-
saccharide (LPS).47

Enhanced Cellular and Tissue Permeability
As is well-known, mammalian cells exhibit low efficiency in taking up exogenous DNA due to its polyanionic nature. 
However, in the absence of viral vectors or transfection agents, TDN can be readily internalized into cells. In a study 
conducted by Walsh et al,54 the ability of TDN to enter live cells was investigated, revealing that TDN can effectively 
enter human embryonic kidney cells in the absence of transfection reagents, and can remain substantially intact in the 
cytoplasm for up to 72 hours (Figure 2A). Previous studies have shown that TDN can penetrate cells through the 
caveolin-dependent endocytosis pathway.55 Subsequently, Liang et al56 utilized single-particle tracking to monitor the 
entry and transport pathways of TDN in Hela cells, and discovered that TDN could fuse with the plasma membrane over 
a period of approximately 87 seconds before entering the cell. This fusing process was facilitated by the unique 
tetrahedral structure of TDN, which allowed its corners to approach the cytomembrane, thereby reducing electrostatic 
repulsion. Additionally, the short-range attraction that occurs after charge redistribution at the membrane interface was 
assisted by caveolin.16

In addition to their improved endocytosis capabilities, recent studies have reported on the enhanced tissue penetration 
behavior of TDN structures. Wiraja. C investigated the skin penetration ability of TDNs with sizes ranging from 20 to 
200 nm.26 The results showed that TDN with sizes ≤75 nm could effectively reach the dermis layer, with TDN of 20 nm 
exhibiting the strongest penetration ability, indicating a size-dependent penetration phenomenon (Figure 2B–D).26 This 
characteristic is an important factor to consider in drug development, as it can significantly affect the efficacy of drug 
delivery. Unlike other DNA nanostructures that are hindered by their dimensions, TDN structures can overcome these 
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Figure 2 Enhanced cellular and tissue permeability. (A) Confocal images of intracellular internalization of Cy5-labeled naked TDN without the aid of transfection reagent. 
Blue: nuclear stain; red: Cy5; green: lysosomes; gray: phase contrast. Scale bars: 20 μm. Adapted with permission from from Walsh AS, Yin H, Erben CM, Wood MJA, 
Turberfield AJ. DNA Cage Delivery to Mammalian Cells. ACS Nano. 2011;5(7):5427–5432. Copyright 2021, with permission from American Chemical Society.54 (B) 
Schematic illustration of 8 kinds of DNA nanostructures including Th21, Th37, Th337, 6H714, 6H14498, R13730, B14498, T14498. (C) Representative fluorescence images 
of mouse skin histology post various DNA nanostructures penetration (red: Cy5.5-labeled DNA nanostructures, blue: Hoechst 33342-stained skin). (D) Cy5.5 fluorescence 
signal from various DNA nanostructures along skin depth. (B–D) Reproduced from Wiraja C, Zhu Y, Lio DCS, et al. Framework nucleic acids as programmable carrier for 
transdermal drug delivery. Nat Commun. 2019;10(1):1147. Copyright 2019, with permission from Springer Nature.26 

Abbreviations: TH21, tetrahedron with 21 bps; TH31, tetrahedron with 37 bps; TH337, tetrahedron with 337 bps; 6H714, 6-helical rods with 714 bps; 6H14498, 6-helical 
rods with 14,498 bps; R13730, rectangular plane with 13,730 bps; B14498, rectangular box with 14,498 bps; T14498, triangular plane with 14,498 bps.
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limitations with their improved tissue penetration, which could further broaden their potential applications as drug 
delivery vehicles or sensor platforms.

Multiple Drug Delivery Options
DNA possesses several drug binding mechanisms including intercalation, electrostatic interaction, and chemical cross- 
linking, due to its unique structure.57 Previous studies have explored various methods for loading drugs onto TDNs, such 
as embedding nucleic acids, intercalating or encapsulating small-molecule drugs.58–60 Despite the fact that TDNs offer 
a backbone for incorporating various drugs, there exist differences in both the loading mechanism and efficiency, as well 
as the subsequent release profile.

Through sequence extension or hybridization techniques, nucleic acids such as DNA, RNA, and PNA can bind to the 
vertex or side edge of TDNs.14 The sequence extension method is a molecular biology technique that utilizes homo-
polymeric oligonucleotide end ligation via terminal transferase to attach diverse nucleic acid molecules, including DNA, 
RNA, and other nucleotides, to the 5′- or 3′-ends of ssDNA.61 Through this approach, a multifunctional TDN with 
targeted or therapeutic efficacy can be synthesized from four normal and functional ssDNAs utilizing the same synthesis 
procedure of TDNs. Compared with the directly oligonucleotide extension, the sticky-ended hybridization may be a more 
practical approach.62 Functional molecules or groups could hybridize with ssDNA or ssDNA extensions located at either 
the termini or internal regions of their sequences. This approach has facilitated the development of diverse nucleic acids 
with distinct functionalities, which have shown promising results in tumor suppression, immune regulation, and stem cell 
regulation.63,64 Despite their potential, prior investigations have failed to provide a satisfactory explanation regarding the 
detachment of nucleic acid drugs from TDNs, which is expected to be transported to the lysosome. Small-molecule drugs 
exhibit distinct binding mechanisms for different targets, and the unique helical structure of DNA offers a multitude of 
binding options. For example, peptides and proteins with positive charges, such as antimicrobial peptide histatin 5, can be 
loaded onto TDNs with negative charges by leveraging electrostatic force.65 In addition, a variety of functional 
molecules, including anticancer drugs, traditional Chinese medicine monomers, metal complexes, and fluorescent 
molecules, can be intercalated into the TDNs’ double helix through groove docking and hydrogen bonding.55,66–68 

Furthermore, functionalized molecules could be wrapped into the cage structure of TDNs.60 Turberfield et al estimated 
that a sphere with a radius of approximately 2.6 nm could fit within the central cavity of a tetrahedron.69

Utilizing TDNs for drug delivery offers numerous benefits, such as enhancing drug solubility, mitigating off-target 
effects, and increasing intracellular accumulation. However, the binding of small molecules with TDN can significantly 
alter its structure. Recent research has demonstrated that DOX intercalation with DNA can lead to partial B-to-A-DNA 
conformational transitions.70 It should be noted that the intercalation mechanism is susceptible to environmental factors 
such as pH value and Mg2+ concentration.71

TDN-Based Nanostructures for Antibacterial Application
Bacterial infections are a significant global health concern, causing a range of diseases and health complications that 
affect millions of people each year. While the immediate impact of bacterial infection is often attributed to the physical 
damage it causes to tissues, it can also have significant and long-lasting effects on the body’s ability to regenerate 
damaged tissue. Bacterial toxins and inflammation can interfere with the complex cellular processes involved in tissue 
repair and regeneration, leading to delayed or incomplete healing. Furthermore, the emergence of antibiotic-resistant 
strains of bacteria has made it increasingly difficult to treat infections and promote tissue regeneration. Therefore, there is 
a critical need to develop new therapeutic approaches to combat bacterial infections and support tissue regeneration.

TDN has emerged as a promising multifunctional antibacterial assistant due to its excellent delivery potential, 
abundant modification sites, and high bacterial absorption rate.72 Current research has shown that the TDN-based 
nanoplatform is capable of inhibiting multiple bacterial strains, including Methicillin-resistant Staphylococcus aureus 
(MRSA),73 Porphyromonas gingivalis (P. gingivalis),74 and Escherichia coli (E. coli),75 by enhancing the uptake rate of 
antibiotics, preventing efflux of antibiotics, suppressing bacterial growth through transcription regulation, or inhibiting 
biofilm formation. Currently, TDN has been developed into a novel delivery system to load antibiotics,76 peptide nucleic 
acids (PNAs),73 antimicrobial peptides (AMPs),74 and antisense oligonucleotides (ASOs)77 into multiple bacteria with 
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rich abundance. In this section, we provide a comprehensive summary of the novel antibacterial strategies based on TDN 
in recent years, along with their potential mechanisms of action as illustrated in Figure 3.

The Combined Use of TDN with Antibiotics
MRSA has become a significant pathogen of nosocomial and community infections, accounting for 13% to 74% of all 
S. aureus infections worldwide, posing an enormous threat to public health.78 The broad-spectrum β-lactam antibiotic, 
ampicillin, often shows little influence on MRSA when used alone at prescribed doses due to its multiple drug resistance 
mechanisms.79 To enhance its antibacterial efficacy against MRSA, Sun et al76 incubated TDN with an ampicillin 
solution, which exhibited a high encapsulation rate and favorable stability. The uptake rate of TDN-ampicillin by 
MRSA18908 was significantly higher than that of ampicillin alone, as demonstrated by flow cytometry and confocal 
microscopy. Moreover, the minimum inhibitory concentrations (MIC) of TDN-ampicillin to MRSA were half that of 
ampicillin alone, significantly lower than the recommended resistance dose by the European Committee on Antimicrobial 
Susceptibility Testing.80 Morphological observation revealed that TDN-ampicillin had a stronger cell wall-damaging 
effect on MRSA than free ampicillin, possibly because TDN improved the efficiency of ampicillin binding to penicillin- 
binding protein 2 (PBP2), a protein involved in the synthesis of peptidoglycan, the primary component of bacterial cell 
walls.81 Similarly, Sun et al75 loaded erythromycin into TDN and evaluated its antibacterial activity against E. coli, which 
showed stronger bacteriostatic effects than free erythromycin, possibly due to the increased cell membrane permeability 
enabled by TDN, which allowed erythromycin to enter the cell more efficiently.

Currently, Gram-negative bacteria are highly resistant to a wide range of drugs and are becoming increasingly 
resistant to most available antibiotics.82 The unique thick outer membrane of Gram-negative bacteria hinders the entry of 
most antibiotics into bacterial cell membrane. In addition, Gram-negative bacteria have an efflux pump that promotes the 
excretion of antibiotics in order to enhance their survival.83,84 To address this challenge, TDN’s excellent transmembrane 
ability makes it a promising delivery platform for antibiotics to enhance their bactericidal activity against Gram-negative 
bacteria. Future studies should focus on designing special aptamers and reducing the minimum inhibitory concentration 
(MIC) of antibiotics at the genetic level to directly eradicate drug-resistant bacteria.

Figure 3 Schematic illustration of antibacterial applications of TDN-based delivery systems. Antibacterial agents, such as antibiotics, asPNA, AMPs, and ASOs, can be 
modified into TDN through intercalation and sticky-end hybridization methods. The resulting TDN-based nanoplatform is capable of inhibiting multiple bacterial strains 
through several mechanisms, including enhancing the uptake rate of antibiotics, preventing their efflux, promoting membrane destabilization, regulating bacterial transcrip-
tion, and inhibiting biofilm formation.
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The Combined Use of TDN with PNAs
PNAs are artificial oligonucleotide mimetics with a neutral peptidic backbone instead of a negatively charged phosphor-
ibosyl backbone. As such, PNAs combine the properties of both peptides and nucleic acids and possess many super-
iorities: favorable stability,85,86 strong binding ability,87 and superior specificity,88 which make them effective for 
therapeutic applications. Previous studies have shown that antisense PNA oligomers can inhibit bacterial growth in 
micromolar concentrations by inhibiting the translation process.89 However, the hydrophobicity of the PNAs backbone 
causes poor water solubility of PNAs, making it difficult to deliver them to bacterial cells.90 Moreover, some bacteria can 
prevent the uptake of these peptides through gene mutations encoding translocated proteins.91 Therefore, it is necessary 
to develop novel vectors that can deliver PNAs without deleterious effects on mammalian cells.

In 2016, Readman et al92 developed a TDN nanoparticle platform incorporating a targeted anti-blaCTX-M-group 1 

antisense PNA (PNA4), which has been previously demonstrated to restrain the expression of blaCTX-M-15 in Escherichia 
coli and partially restore cefotaxime (CTX) sensitivity in strains with reduced susceptibility phenotypes.93 The results 
showed that TDN-PNA4 potentiated the antibacterial activity of CTX in a dose-dependent manner, and the MIC was 
reduced. In contrast, no growth inhibitory effects were observed when treated with TDN vectors alone. Similarly, an 
antisense peptide nucleic acid (asPNA), targeting a specific ftsZ gene involved in bacterial cell division, was inserted into 
TDN by changing the short sequence on a single strand73,94 TDN-asPNA was easily taken up by MRSA cells and 
effectively inhibited MRSA growth in a dose-dependent manner by reducing ftsZ expression. However, the structure of 
TDN-asPNA was susceptible to degradation compared to naked TDN, which was possibly due to the imbalanced stress 
distribution between DNA duplexes.73,95 Therefore, how to improve cargo stability is still a problem that needs further 
study.

The Combined Use of TDN with AMPs
AMPs are a diverse group of bioactive oligopeptides that can combat drug-resistant bacteria by destroying the 
antimicrobial mechanism of bacterial cell wall.96,97 However, the antibacterial activities and stability of AMPs require 
further study.98 Recently, the antimicrobial peptide GL13K was coated onto TDN through electrostatic interaction, with 
a loading efficiency of approximately 95% at a 1:500 ratio of TDN/GL13K.74 TDN also reduced the susceptibility of 
GL13K to degradation in an extracellular environment rich in proteases of P. gingivalis. Furthermore, flow cytometry 
revealed that TDN improved the uptake of GL13K by E. coli and P. gingivalis, resulting in the deformation and 
disintegration of both bacterial strains. Another antibacterial peptide-like molecule, Histatin 5, was combined with 
TDN using the same electrostatic attraction method, which demonstrated excellent stability and enhanced bactericidal 
activity against Candida albicans.99 These findings suggest that TDN is a suitable carrier not only for loading AMPs for 
antibacterial applications but also for other types of protease-sensitive AMPs for various therapeutic applications. For 
instance, TDN could be used as a codelivery system for antibacterial AMPs and other therapeutics, such as anti- 
inflammatory or osteogenic AMPs for in vivo infectious models such as conjunctivitis, periodontitis, and infected bone 
defect repair.100,101 Further research will explore more ways to apply TDN/AMP complexes.

The Combined Use of TDN with ASOs
ASOs are short single-stranded DNA or RNA sequences that can block the transcription or translation of target genes.102 

While ASOs have shown potential in developing gene-targeted therapeutics, natural ASOs are often degraded quickly 
in vivo, have low specificity, and can cause toxic side effects.103 As oligonucleotide drugs, ASOs can theoretically 
combine with TDN through complementary base pairing.

In 2020, Zhang et al developed an ASO-modified TDN delivery system by self-assembling four ssDNA and an ASO 
sequence.77 This system was stable and could easily penetrate the cell wall of S. mutans. When delivered into bacterial 
cells, the ASO sequence targeting multiple genes (gtfBCD, gbpB, and ftf) significantly reduced extracellular polysac-
charide synthesis and inhibited biofilm formation. This represents the first attempt to combine ASOs with TDN in 
antibacterial applications, and these results suggest a promising treatment for chronic biofilm-mediated infections 
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through early debridement. However, further investigation is needed to test this approach on different types of bacterial 
strains and biofilms.

TDN-Based Strategy for Bone Repair
Bone tissue defect is a commonly clinical practice challenge, affecting numerous people throughout the world.104 Bone 
tissue repair involves a complex physiological process that is activated early by an inflammatory immune reaction, which 
includes angiogenesis, osteogenic differentiation, biomineralization, and other multiple processes.105 Although bone 
tissue is continually undergoing remodeling and regeneration, in cases of severe bone damage or defects, external 
intervention is required to enhance the process. Currently, autologous or allogeneic bone grafting techniques are the most 
commonly used methods to deal with critical bone defects. However, these approaches are restricted by the size of 
harvestable grafts and increase the risk of surgical area morbidity, including infection and persistent post-operative 
pain.106 Bioactive materials-based bone tissue engineering technologies offer a new direction for repairing bone defects. 
In recent years, TDN has been shown to promote osteogenic differentiation of mesenchymal stem cells, enhance bone 
regeneration, and inhibit cartilage degradation in various in vitro and in vivo models.19,107,108 Additionally, TDN has 
been used as a delivery system for bioactive molecules to target bone tissue and enhance bone regeneration. These 
exciting findings suggest that TDN-based platforms hold great potential for the development of novel bone and cartilage 
tissue engineering strategies.

TDN Promote the Osteogenic Differentiation of Mesenchymal Stem Cells (MSCs)
MSCs, which are pluripotent stem cells capable of self-renewal and multidirectional differentiation, have been found to 
undergo osteogenic differentiation with the help of TDN, as demonstrated by previous studies on various MSCs, including 
adipose-derived stem cells (APSCs), dental pulp stem cells (DPSCs), and periodontal ligament stem cells (PDLSCs).33,109,110 

PDLSCs, in particular, have attracted considerable attention for alveolar bone defect repair due to their accessibility through 
minimally invasive surgery and low immunogenicity.111 Recently, Zhou et al found that TDN facilitated osteogenic 
differentiation of PDLSCs by regulating the Wnt/β-catenin signaling pathway, suggesting that TDN may be useful for 
PDLSC-based bone tissue regeneration.33 Alveolar bone defect repair typically occurs in a chronic inflammatory and 
infectious condition.112 Recent evidence suggests TDN possess prominent anti-inflammatory and antioxidant activities 
mediated by regulating the macrophage response through suppression of MAPK phosphorylation.113 To further investigate 
TDN’s effects on PDLSCs in an inflammatory microenvironment, Zhou et al114 constructed an inflammatory model in vitro 
and in vivo induced by lipopolysaccharide and silk ligature. PCR assays showed that TDN treatment enhanced the gene 
expression levels of ALP and Runx2, while the expression of osteogenic proteins, such as OPN and Runx2, increased after 
exposure to TDN (Figure 4A and B). Additionally, TDN significantly reduced ROS production and LPS-induced inflam-
matory cytokines like TNF-α, IL-6, and IL-1β in PDLSCs. In vivo experiments demonstrated that TDN inhibited the 
destruction of periodontal tissue in periodontitis (Figure 4C–E).114 In summary, TDN was found to promote osteogenic 
differentiation of PDLSCs in both normal and inflammatory conditions. These findings suggest that TDN may be useful as 
a prophylactic or therapeutic agent in an inflammatory bone defect model.

TDN-Based Strategy for Bone Tissue Repair
In recent decades, nucleic acid-based gene therapy has emerged as a promising therapeutic strategy for bone tissue repair 
and regeneration.115 Specifically, gene therapy employs nucleic acid therapeutics such as ASOs, siRNAs, miRNAs, 
CRISPR-Cas9, etc. to activate or inhibit key signaling pathways in specific organisms.116–118 Among these, miRNAs are 
a class of evolutionarily conserved non-coding short RNA molecules that play a vital role in regulating various 
physiological and pathological activities, including cell proliferation and differentiation, as well as vascular growth 
and invasion at the posttranscriptional level of gene expression.119 However, the instability of miRNAs has been 
a limiting factor as they are vulnerable to degradation by RNA enzymes.120 To address this issue, TDN has been 
developed as a promising nanomaterial for efficient gene delivery, particularly for promoting bone tissue repair and 
regeneration.
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Recently, Li et al developed a versatile TDN-based transport system for delivering miR-2861 to promote bone 
regeneration by targeting histone deacetylase 5 (HDAC5) expression in BMSCs.35 The system employed four ssDNAs 
with sticky ends self-assembled to a sticky-end modified TDN, which acted as a “truck” to deliver double-stranded 
miRNA with paired sticky ends. The TDN/miR complex was easily able to penetrate the cytomembrane in BMSCs after 
incubation for 12 hours, leading to darker blue-purple precipitates and denser mineralized nodules observed by alkaline 
phosphatase staining and alizarin red staining, respectively (Figure 5A and B). In addition, a femoral defect model was 
constructed to assess the effect of TDN/miR-2861 on bone regeneration in vivo. The representative images from micro- 
CT indicated a completely recuperated appearance after topical injection of the TDN-miR-2861 complex for 2 weeks 
(Figure 5C and E). The histological analysis further demonstrated the regenerative tissue was much closer to a natural 
bone tissue (Figure 5D, F and G). To extend the release time and enhance the bone repair, a dual delivery heparin lithium 
hydrogel system was also constructed to transit lithium and TDN- miR-335-5 complex to treat challenging bone lesions 
associated with steroid-associated osteonecrosis (SAON).121 The results showed that the injectable poly-porous heparin 
lithium hydrogel encapsulating the TDN-miR-335-5 complex facilitated the bone defect repair in the early stage of 
SAON.122 Li et al also integrated TDN carriers encapsulated Clindamycin (CLI) and BMSCs in a 3D bioprinted 
methylacrylylated gelatin (GelMA) scaffold for treating infected bone defects. The hydrogel provided a 3D extracellular 
matrix-like environment for sustained-release of transplanted cells or antibiotics, and interconnected holes facilitating 
vascularization and bone ingrowth.123

TDN-Based Strategy for Cartilage Repair and Regeneration
Articular cartilage (AC) lacks vascellum, nerves, and lymphatic vessels, which restricts its self-repair when damaged, 
making it a significant challenge in clinical research and regenerative medicine.124–126 Traditional clinical treatments, 

Figure 4 TDNs protect alveolar bone under inflammatory conditions. (A) Analysis of RUNX2 and OPN expression levels in PDLSCs exposed to TDNs and LPS using 
Western blotting, with statistical evaluation of results. Data are presented as means ± standard deviations (n = 3). ***P < 0.001. (B) Immunofluorescence staining imaging of 
OPN proteins. Scale bars are 50 μm. (C) Schematic diagram depicting the rat periodontitis experiment. (D) The images of H&E staining at 5×magnification and 
20×magnification. The area surrounded by yellow solid line was cementum, and the area surrounded by yellow dotted line was the cementum absorbed by inflammation. 
The yellow arrow indicated the cementum in the yellow line. (E) The photographs of TRAP staining at 5×magnification and 20×magnification. The red arrow indicated the 
osteoclasts. The tFNA is equal to TDN. (D) dentin; (C) cementum. (A–E) Reproduced from Zhou M, Gao S, Zhang X, et al. The protective effect of tetrahedral framework 
nucleic acids on periodontium under inflammatory conditions. Bioactive Materials. 2021;6(6):1676–1688. Copyright 2020, with permission from Elsevier.114 

Abbreviations: MR/DR, mesial root/distal root; AB, alveolar ridge; PDL, periodontal ligament.
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such as conservative drug therapy and articular replacement have their own limitations. However, in recent years, tissue 
engineering techniques based on seed cells, biomaterials, and appropriate microenvironments have shown remarkable 
potential in cartilage regeneration. In this section, we summarize the current applications of TDN-based nanostructures 
for repairing and regenerating cartilage.

Figure 5 Using TDN to deliver osteogenic miRNA for bone regeneration. (A) Osteogenic differentiation was assessed by alkaline phosphatase detection and the statistical 
analysis results at day 5 are displayed. Scale bars are 200 μm. Data are presented as means ± standard deviations (n = 3). **P < 0.01. (B) Osteogenic differentiation at day 14 
detected using alizarin red S staining and the statistical analysis results. Scale bars are 100 μm. Data are presented as means ± standard deviations (n = 3). **P < 0.01. (C) 3D 
reconstruction of the femur at day 14. (D) Representative images of Masson staining at 5×magnification. (E) The statistical analysis of the results of BV/TV, Tb.N, Tb.Sp, and 
Tb.Th (C). (F and G) The statistical analysis of collagen volume fraction at day 7 and day 14 (D). Data are presented as mean ± standard deviation (SD) (n = 5). *p < 0.05, **p 
< 0.01. (A–G) Reproduced from Li S, Liu Y, Tian T, et al. Bioswitchable delivery of microRNA by framework nucleic acids: application to bone regeneration. Small. 
2021;17(47): e2104359. Copyright 2021, with permission from Wiley-VCH GmbH.35
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TDN Regulates Chondrocyte Function
Chondrocytes have become a popular choice for cell-based cartilage regeneration strategies;127 however, their utility is 
limited by the scarcity of donor sites and the low yield of isolated cells. Furthermore, chondrocytes are prone to 
dedifferentiation and the loss of their characteristic phenotype during in vitro expansion, which presents a challenge for 
their efficacy in tissue engineering.128 This issue is compounded in elderly patients, as chondrocytes in this population 
exhibit reduced proliferation and differentiation potential, significantly impacting their function in cartilage tissue 
engineering.129,130 To improve the performance of chondrocytes, Shao et al19 investigated the effects of TDN on 
chondrocytes and the results indicated that TDN at 250 nM concentration significantly promoted the proliferation of 
chondrocytes (Figure 6A). The motility ability of chondrocytes was also evaluated using a wound healing assay, which 
showed a significant increase in migratory capacity after treatment with TDN (Figure 6B and C).45 Additionally, 
immunofluorescent staining revealed that TDN helped maintain the relevant round and stereoscopic morphology of 
chondrocytes, indicating that TDN preserved the chondrocyte phenotype more effectively (Figure 6D and E).

TDN Promote the Repair and Regeneration of Cartilage
Osteoarthritis (OA) is thought to be the most prevalent chronic joint disease that causes pain and disability in the adult 
population.131,132 Chondrocytes are the only cell type present in articular cartilage, and their dysfunction breaks the 
balance between synthesis and degradation of extracellular matrix (ECM) molecule, leading to the degenerative and 

Figure 6 TDNs regulate chondrocyte performance. (A) Proliferation of chondrocytes detected by real-time cell analysis (RTCA). (B) The effect of TDNs on Chondrocyte 
migration through wound healing assays. (C) The statistical analysis of migrated cells. Data are presented as mean±SD (n=3). *P<0.05. (B and C) Reproduced from Shi S, Lin 
S, Shao X, Li Q, Tao Z, Lin Y. Modulation of chondrocyte motility by tetrahedral DNA nanostructures. Cell Prolif. 2017;50(5). Copyright 2017, with permission from John 
Wiley & Sons Ltd.45 (D) The fluorescent images of cytoskeleton in chondrocytes. Scale bars are 25 µm. (E) Changes of cell area distribution after exposure to TDNs. (A, 
D and E) Reproduced from Shao X, Lin S, Peng Q, et al. Tetrahedral DNA nanostructure: a potential promoter for cartilage tissue regeneration via regulating chondrocyte 
phenotype and proliferation. Small. 2017;13(12). Copyright 2017, with permission from Wiley VCH.19
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progressive pathological changes in OA.133 TDN, a promising therapeutic agent for tissue healing, has been shown to 
exert antiapoptotic and antioxidative effects.53,134 Moreover, TDN has demonstrated potential therapeutic value in OA by 
inhibiting IL-1β-stimulated apoptosis and oxidative stress in chondrocytes.108 To this end, Shi et al developed an 
injectable TDN/wogonin system by intercalating wogonin into double-stranded DNA groove, which exhibited remark-
able therapeutic efficacy in reducing inflammatory cytokine and matrix metalloproteinases (MMP1, MMP3, MMP13) 
expression, and increasing chondrogenic marker contents and the level of related inhibitory protein of MMPs in 
chondrocytes. The TDN/wogonin complex also led to a smoother and better-structured cartilage surface after injection 
in the rat knee-joint. (Figure 7A).25 Similarly, Li et al proposed a synovial mesenchymal stem cell (SMSCs)-based tissue 
engineering strategy, which combined TDN with chitosan (CS) hydrogel/3D-printed poly(ε-caprolactone) (PCL) hybrid 
scaffold encapsulated with SMSCs, and showed great potential as an effective method for cartilage tissue regeneration 
(Figure 7B).135 In this study, a hybrid scaffold consisting of chitosan (CS) hydrogel and 3D-printed poly(ε-caprolactone) 
(PCL) was utilized to encapsulate synovial membrane-derived stem cells (SMSCs) possessing excellent chondrogenic 
differentiation capacity.136,137 The resulting scaffold was then implanted into rabbit articular cartilage defects. To further 
enhance the regeneration process, TDN was injected into the articular cavity, which electrostatically bound to the CS 
hydrogel, providing an optimal microenvironment for the proliferation and chondrogenic differentiation of the SMSCs. 
As a result, the regeneration of the cartilage defect was significantly promoted.

Though these TDN-based strategies proposed novel therapies for cartilage repair and regeneration, their effectiveness 
remains uncertain, and there are several challenges to overcome. One such challenge is finding the optimal balance 
between the rapid degradation of TDN and the slow rate of tissue regeneration. As a result, there is a need for continuous 
TDN injections, which increase the risk of intra-articular infection. Nevertheless, TDN-based injective agents remain 
a promising approach for treating cartilage defects and osteoarthritis. However, further research is necessary to address 
these concerns and fully realize their potential as a viable treatment option. By overcoming these obstacles, TDN-based 
therapies could offer a much-needed solution to the growing problem of cartilage damage and degeneration.

Figure 7 TDN-based strategy for cartilage repair and regeneration. (A) Schematic diagram of the effects of TDN/wogonin complex on osteoarthritis. The middle section 
showed the synthesis of TDN/wogonin complex. The upper section showed the TDN/wogonin complex alleviated the inflammation of chondrocytes in OA. The lower 
section showed the TDN/wogonin complex alleviated OA in the rat model. Reproduced from Sirong S, Yang C, Taoran T, et al. Effects of tetrahedral framework nucleic acid/ 
wogonin complexes on osteoarthritis. Bone Res. 2020;8:6. Copyright 2020, with permission from Springer Nature.25 (B) Schematic diagram of TDN-based strategy for 
articular repair and regeneration. In this study, a cartilage regenerative system was assembled based on a chitosan (CS) hydrogel/3D-printed poly(ε-caprolactone) (PCL) 
hybrid containing synovial mesenchymal stem cells and recruiting Tetrahedral DNA nanostructure (TDN) injected into the articular cavity. Reproduced from Li P, Fu L, Liao 
Z, et al. Chitosan hydrogel/3D-printed poly(ε-caprolactone) hybrid scaffold containing synovial mesenchymal stem cells for cartilage regeneration based on tetrahedral 
framework nucleic acid recruitment. Biomaterials. 2021;278:121,131. Copyright 2021, with permission from Elsevier Ltd.135
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Prospects and Challenges
TDN-based nanostructures have been widely utilized in a variety of biomedical applications such as antibacterial therapy, 
biosensing, anticancer, and tissue engineering. Despite these promising applications, the development of TDN still faces 
certain challenges and obstacles that must be addressed before it can be successfully implemented in medical practice. 
Firstly, most studies on TDN are conducted in vitro or on small animals, which may not accurately reflect the 
complexities of the human body. Therefore, it is imperative to further confirm the clinical effects of TDN through 
similar studies on multiple large animals. Additionally, long-term cytotoxicity and biological availability of TDN should 
be investigated in depth to uncover any unknown risks or benefits. Secondly, the high cost of TDN synthesis may limit 
mass production and large-scale clinical application. To address this issue, DNA origami technology can be used to fold 
specific regions of long-stranded DNA into the desired structure, potentially enabling low-cost, simple, and efficient 
fabrication of mirror structures of TDN that possess greater serum stability and longer physical retention time. Finally, 
chemically modified TDN must meet the necessary requirements for in vivo application, including biostability, suitable 
pharmacodynamic and pharmacokinetic properties. Addressing these challenges will require continued research and 
development of TDN and other DNA nanomaterials with real therapeutic value.

Conclusion
In this review, we discuss the synthetic and biological characteristics of TDN, as well as their applications in antibacterial 
therapy, bone and cartilage tissue repair and regeneration. TDN possess several advantages, including simple self- 
assembly, high synthesis efficiency, stable microstructure, admirable biocompatibility, good stability, and abundant 
functional modification sites. Additionally, the unique spatial structure and small size of TDN enable them to enter 
various types of cells without the need for transfection agents. TDN-based nanocarriers provide a novel alternative for 
antimicrobial therapy. TDN not only improve the local concentration of antibiotics and their affinity to bacteria but also 
provide novel antimicrobial modalities that can directly kill drug-resistant bacteria and decrease the MIC of antibiotics at 
the genetic level. Furthermore, due to the physicochemical nature of DNA, TDNs are easily editable and exhibit 
prominent regulation ability on cellular behavior, including increased cell proliferation, migration, osteogenic differ-
entiation ability, anti-inflammatory and ROS-scavenging ability, and chondrocyte phenotype maintaining ability. These 
properties make TDN suitable for use as a bioactive nanomaterial or a targeted nanocarrier for therapeutic molecules in 
bone tissue repair and regeneration.
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