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Introduction
The largest organ in the human body and the entire 
defense system is the skin, which makes up approxi-
mately 15% of body weight [1]. To maintain homeosta-
sis, the many distinct cell types that make up the large 
and complex human skin interact with one another in a 
highly coordinated way [2]. Due to prolonged exposure, 
the skin is exposed to a variety of external stimuli. The 
most common skin injuries are caused by acute trauma, 
chronic trauma, or surgical procedures [3]. Oxidative 
stress, decreased angiogenesis, increased expression 
of proinflammatory cytokines, and bacterial infection 
all contribute to chronic inflammation in the wound 
microenvironment [4–6]. Overall, wound infection is 
characterized by the colonization of bacteria and other 
microbes, which can lead to delayed wound healing or 
cause the lesion to deteriorate.
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Abstract
Wounds are one of the most common health issues, and the cost of wound care and healing has continued 
to increase over the past decade. In recent years, there has been growing interest in developing innovative 
strategies to enhance the efficacy of wound healing. Tetrahedral framework nucleic acids (tFNAs) have emerged 
as a promising tool for wound healing applications due to their unique structural and functional properties. 
Therefore, it is of great significance to summarize the applications of tFNAs for wound healing. This review article 
provides a comprehensive overview of the potential of tFNAs as a novel therapeutic approach for wound healing. 
In this review, we discuss the possible mechanisms of tFNAs in wound healing and highlight the role of tFNAs in 
modulating key processes involved in wound healing, such as cell proliferation and migration, angiogenesis, and 
tissue regeneration. The targeted delivery and controlled release capabilities of tFNAs offer advantages in terms of 
localized and sustained delivery of therapeutic agents to the wound site. In addition, the latest research progress 
on tFNAs in wound healing is systematically introduced. We also discuss the biocompatibility and biosafety of 
tFNAs, along with their potential applications and future directions for research. Finally, the current challenges and 
prospects of tFNAs are briefly discussed to promote wider applications.
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Wounds are susceptible to infection by bacteria and 
other microorganisms, especially if the external environ-
ment is unclean or personal hygiene is poor. Infection can 
slow the wound healing process and may lead to more 
serious complications [7]. The main objective of wound 
care is to avoid serious infections, promote wound heal-
ing, and reduce scarring and pain [8]. Clinical profes-
sionals have struggled with wound healing for a long 
time, and new materials and techniques are desperately 
needed [9]. Although there are many nanoscale materials 
to choose from, in many cases, their size and shape are 
imprecise, they can only be distributed within a certain 
range, and it is difficult to achieve precise control. In con-
trast, framework nucleic acids self-assembled through 
DNA programming have the characteristics of single 
molecular weight, precise structure, controllable size 
and shape, and adjustable mechanical properties, which 
provide advanced materials for regulating cell transmem-
brane processes and organ targeting in vivo with tools 
[10–12]. For instance, oligonucleotides can be organically 
combined with tFNAs during the solid-phase synthesis of 
scaffold strands. Therefore, tFNAs are capable of loading 
therapeutic nucleic acids to promote wound healing [13]. 
tFNAs also enable site-specific organization of small or 
macromolecules or nanoparticles with nanometer preci-
sion [14–17].

tFNAs are pyramidal three-dimensional nanostruc-
tures formed by the complementary pairing of four sin-
gle-stranded DNAs [18, 19]. tFNAs are a novel class of 
DNA nanomaterials that have drawn significant interest 
because of their simple synthesis, high availability, stable 
structure, and variety of applications [20, 21]. tFNAs 
have a range of unique properties, including structural 
rigidity, tunable sizes, and the ability to engineer spe-
cific sequences into the edges or anchor them to struc-
tures [22]. The potential for wound healing of tFNAs may 
be attributed to their various molecular functions, such 
as inhibition of apoptosis, promotion of cell division, 
proliferation, and migration, inhibition of expression 
of anti-inflammatory factors, reduction of extracellular 
polysaccharides and biofilm, and reduction of reactive 
oxygen [23].

In summary, tFNAs have many merits, hold tremen-
dous potential for treating wound infection and are 
currently a hot research area in wound healing. While 
several excellent reviews on tFNAs have been published 
[24–28], reviews focusing on tFNAs for wound healing 
applications are urgently needed. Therefore, it is neces-
sary to summarize the latest advances to provide insights 
into the development trends of tFNAs in this research 
area. In this review, we summarize the latest achieve-
ments of tFNAs with promising applications from dif-
ferent perspectives, highlighting the characteristics of 
tFNAs and elaborating on their possible mechanisms for 

promoting wound healing and the progress of their appli-
cations. In addition, biosafety issues in their practical 
applications are discussed. Finally, a brief conclusion and 
discussion of the existing challenges and further perspec-
tives are given.

Wound healing process
Wound healing involves four distinct phases: hemosta-
sis, inflammation, proliferation, and dermal remodeling. 
These phases entail the intricate and coordinated interac-
tions of various cell types and growth factors, as shown in 
Fig. 1 [29].

Bleeding usually starts immediately after an injury. 
Vasoconstriction, primary hemostasis, and second-
ary hemostasis are the three main processes by which 
blood eliminates bacteria and other pathogens from the 
wound. Platelets and fibrinogen are the primary cellu-
lar and matrix components of this process, respectively. 
Vasoconstriction of the blood vessel wall is the first step 
of hemostasis after injury. Thus, primary and second-
ary hemostasis operate via two connected and concur-
rent pathways. Finally, the platelet plug and fibrin mesh 
eventually combine to form a thrombus, which stops the 
bleeding and maintains homeostasis. This produces a 
transient scaffold that enables the infiltration of healing 
cells [30]. After the inflammatory phase, the blood ves-
sels become more permeable, enabling immune cells and 
enzymes to reach the injury site. Neutrophils predomi-
nantly accumulate during the first three days, followed 
by monocytes. Reactive oxygen species (ROS) and matrix 
metalloproteinases (MMPs) are released by neutrophils 
and clear wound debris and any bacterial contamination 
simultaneously [31, 32]. Once at the injury site, mono-
cytes undergo differentiation to become macrophages, 
which phagocytize dead neutrophils and nonviable tissue 
fragments. Furthermore, the release of numerous growth 
factors and cytokines triggers the recruitment of fibro-
blasts, keratinocytes, and endothelial cells to repair dam-
aged vessels [33].

When the proliferative phase begins, which can con-
tinue for up to 14 days, these cells intensify the inflam-
matory response and cause the creation of granulation 
tissue. Angiogenesis, epithelialization, granulation tissue, 
and collagen deposition are all included in this phase [34, 
35]. To produce granulation tissue and deposit extracel-
lular matrix, endothelial cell proliferation and angiogene-
sis are necessary (ECM). This is encouraged by fibroblast 
growth factor (FGF) and vascular endothelial growth 
factor (VEGF) [36]. In the early stages, fibroblasts are 
the predominant cell type. Part of this population trans-
forms into myofibroblasts, which cause wound closure. 
ECM components are secreted by fibroblasts and are the 
basis for skin healing [37]. Remodeling is the third step of 
wound healing. All of these processes are activated after 
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the injury occurs and stop during this phase. The major-
ity of endothelial cells, macrophages, and myofibroblasts 
either undergo apoptosis (programmed cell death) or 
leave the wound, leaving a cell-free mass mainly com-
posed of collagen and other extracellular matrix proteins. 
Skin integrity and homeostasis are likely continuously 
regulated by the interaction between the epithelium and 
the mesenchyme [38]. Additional feedback loops must be 
in place to maintain other skin cell types. Additionally, 
the acellular matrix actively remodels itself throughout 6 
to 12 months, switching from having a backbone made 
primarily of type III collagen to one made primarily of 
type I collagen [39]. In this case, matrix metalloprotein-
ases, commonly secreted by macrophages, fibroblasts, 
and endothelial cells, function to strengthen the repaired 
tissue [40].

tFNAs in wound healing
Turberfield et al. [41] first proposed tetrahedral DNA 
nanostructures (TDNs), also known as “tetrahedral 
framework nucleic acids” (tFNAs), in 2005. Since then, 
numerous research teams have focused on tFNAs and 
their applications, and numerous fresh design approaches 
for tFNAs have been published in academic papers [42]. 
tFNAs are one of the simplest DNA polyhedrons with 
strong structural stability since each face is a complete 
triangle [43].

The majority of tFNAs use a standard synthesis process 
and have a homogeneous shape and size [44]. Four single 
nucleic acids make up the fundamental tetrahedral nano-
structure, which uses the complementary pairing prin-
ciple to self-assemble into a tetrahedral 3D structure [45, 
46]. Each single-stranded DNA was designed to include 
three sections of complementary sequences to the other 
three strands [47, 48]. Therefore, each strand that binds 
to the other three nucleic acids produces one side of the 

Fig. 1  A diagram of the wound healing process. PDGF: platelet-derived growth factor; FGF: fibroblast growth factor; EGF: epidermal growth factor; TGF: 
transforming growth factor; MCP-1: monocyte chemotactic protein 1. Reprinted with permission from Ref. [8]
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tetrahedron, and one of the three fragmented sequences 
that are combined in pairs creates the double-helix struc-
ture on the edge of the tetrahedron [49]. The synthesis 
of tFNAs involves two key steps: the design of individ-
ual nucleic acid strands and assembly into a tetrahedral 
structure [49–51]. First, suitable nucleic acid sequences 
are designed for the desired tFNA structure using com-
puter-aided design (CAD) or DNA origami techniques 
[52]. These sequences typically consist of tens to hun-
dreds of nucleotides, including complementary base pairs 
necessary for structural stability. Second, the assembly of 
individual nucleic acid strands is performed to transform 
them into the tetrahedral structure of tFNAs. Assem-
bly can be achieved through self-assembly or externally 
guided methods [21, 53]. Self-assembly involves the 
mutual binding of individual nucleic acid strands based 
on complementary base pairing in an appropriate buffer 
solution to form the tetrahedral structure [54]. Externally 
guided methods utilize auxiliary DNA or RNA molecules 
as templates or guides, which interact with the individ-
ual nucleic acid strands through specific complementary 
pairing, facilitating the formation of the desired tFNA 
structure [55]. During the synthesis process, critical fac-
tors include optimal reaction conditions, buffer solu-
tion selection, and precise control of reaction time [56]. 
Additionally, surface modification is an important aspect 
of tFNA synthesis. By introducing modified nucleotides 
or chemical modifications, the stability, biocompatibility, 
and functionality of tFNAs can be modulated [57, 58]. 
We compared some information related to tetrahedral 
framework nucleic acid synthesis and listed it in Table 1.

Compared to linear DNA or DNA octahedra, tFNAs 
are comparatively more stable [66]. tFNAs have the 
advantages of (i) tissue penetration and cellular uptake; 
(ii) better tolerance in biological environments; (iii) easy 
fabrication and high yield; and (iv) high yield and fast 
synthesis speed. It has been demonstrated that tFNAs 
are multifunctional DNA materials and can be used for 
a variety of applications, including biotherapeutics, drug 
delivery, bioimaging, and multiplexed sensing [67, 68]. In 
particular, tFNAs have found extensive use in the wound 
healing field [69, 70], as shown in Fig. 2. The main mech-
anisms and applications of tFNAs in wound healing are 
listed in Table 2.

In this section, the main applications of tFNAs in 
wound healing are described, including (a) as a delivery 
carrier; (b) regulation of cell proliferation and migration; 
and (c) pro-angiogenesis.

As a delivery carrier
Bacterial infection presents a formidable obstacle in the 
clinical management of open wounds, attributable to 
the diverse range of pathogens involved [77, 78]. Despite 
the availability of broad-spectrum chemical antibiotics, 

challenges persist regarding their biosafety, accuracy, and 
efficacy. Moreover, the emergence of antibiotic-resistant 
bacteria has compounded the complexity of treating 
infected wounds [79, 80]. Consequently, the develop-
ment of efficient delivery systems in wound healing 
assumes paramount importance in effectively address-
ing this issue [81–83]. In nanobiomedicine, drug delivery 
is a critical step. Many current drug carriers have some 
inherent limitations. For instance, hydrogels are a popu-
lar drug carrier, but some have poor biodegradability and 
may remain in the body for a long time, causing chronic 
inflammatory reactions or other adverse reactions [84–
88]. Another type of nanomaterial, metal-organic frame-
work materials, has been widely used as a drug delivery 
vehicle, but they are unstable in aqueous solutions, and 
their toxicity is not yet clear [89]. Compared to these 
drug carriers, tFNAs are composed of nucleic acids and 
are thus inherently biocompatible and biodegradable; 
their 3D geometry, surface chemistry, and dynamic func-
tions are all programmable, making them unique as carri-
ers in the treatment of wound healing [90, 91].

As highly loaded scaffolds that can regulate or main-
tain antimicrobial drug delivery, the use of DNA nano-
structures as delivery vehicles for antimicrobial drugs has 
attracted interest [92–95]. Comparing DNA nanomateri-
als to more conventional drug delivery methods, such as 
organic nanomaterials or inorganic nanoparticles, DNA 
nanomaterials have demonstrated the capacity to pre-
cisely control the location and release of drug loading 
[96]. Due to their customizable functionality and bio-
compatibility, tFNAs have a wide range of applications 
in numerous fields [70]. In addition, tFNAs are a much 
smaller structure that can produce a similar result com-
pared to the intricate DNA origami structure used as the 
carrier [44]. When tFNAs are encapsulated in tetrahe-
dral nanostructures, they should have three properties to 
function in drug transport: (i) biological stability of DNA 
tetrahedra under physiological or pathological conditions 
to protect cargo; (ii) ease of cell membrane permeability 
to transport cargo; and (iii) structural integrity duration 
and cellular distribution for cargo release [97, 98].

Recent studies have demonstrated that inorganic-
based nanomaterials can cause toxicity, malfunction, 
and abnormalities in the mammalian cell system [99]. As 
a result, it is important to search for substitute materi-
als that can complete the original task of delivering anti-
microbial agents without harming the patient’s healthy 
cells. In their study, Setyawati et al. [59] delivered actino-
mycin D with tFNAs and integrated both antimicrobial 
and imaging capabilities into a single DNA-based entity 
called DPAu/AMD (Fig.  3A). To identify and evaluate 
the effectiveness of this nanotheranostic DNA structure, 
they further coupled red-emitting gold nanoclusters (Au 
NCs) on the apexes. It has been demonstrated that AMD 
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Table 1  Synthesis methods and conditions of tFNAs
Synthesis method Experimental method Specific sequence (from 5’ to 3’) Number of bases per 

single strand
Ref

Self-assembled Heated at 95 °C for 
2 min followed by incu-
bation in ice bath

S1 ACA TTC CTA AGT CTG AAA CAT TAC AGC TTG
CTA CAC GAG AAG AGC CGC CAT AGT A
S2 SH-C6-TAT CAC CAG GCA GTT GAC AGT GTA
GCA AGC TGT AAT AGA TGC GAG GGT CCA ATA C
S3 -SH-C6-TCA ACT GCC TGG TGA TAA AAC GAC
ACT ACG TGG GAA TCT ACT ATG GCG GCT CTT C
S4 -SH-C6-TTC AGA CTT AGG AAT GTG CTT CCC
ACG TAG TGT CGT TTG TAT TGG ACC CTC GCA T

73  
[59]

Self-assembled Heat up to 95 °C for 
10 min then cool down 
to 4 °C for half an hour

S1​A​T​T​T​A​T​C​A​C​C​C​G​C​C​A​T​A​G​T​A​G​A​C​G​T​A​T​C​A​C​C​A​G
​G​C​A​G​T​T​G​A​G​A​C​G​A​A​C​A​T​T​C​C​T​A​A​G​T​C​T​G​A​A
S2​A​C​A​T​G​C​G​A​G​G​G​T​C​C​A​A​T​A​C​C​G​A​C​G​A​T​T​A​C​A​G​C
​T​T​G​C​T​A​C​A​C​G​A​T​T​C​A​G​A​C​T​T​A​G​G​A​A​T​G​T​T​C​G
S3​A​C​T​A​C​T​A​T​G​G​C​G​G​G​T​G​A​T​A​A​A​A​C​G​T​G​T​A​G​C​A​A
​G​C​T​G​T​A​A​T​C​G​A​C​G​G​G​A​A​G​A​G​C​A​T​G​C​C​C​A​T​C​C
S4​A​C​G​G​T​A​T​T​G​G​A​C​C​C​T​C​G​C​A​T​G​A​C​T​C​A​A​C​T​G​C​C
​T​G​G​T​G​A​T​A​C​G​A​G​G​A​T​G​G​G​C​A​T​G​C​T​C​T​T​C​C​C​G

63  
[60]

Self-assembled Heated to 95 °C for 
4 min and cooled rapid-
ly on ice for 30 min

S1​C​G​C​G​A​C​T​T​A​G​G​T​C​C​A​T​A​A​T​C​A​A​G​G​G​G​C​C​G​G​T​G
​A​G​A​T​G​G​G​A​G​T​G​A​A​C​G​G​G​T​C​T​G​G
S2​T​A​G​C​G​T​T​A​G​G​A​C​A​A​C​G​G​A​A​T​C​T​C​A​C​C​G​G​C​C​C​C
​T​T​G​A​T​A​C​G​T​G​C​G​G​G​T​C​T​G​A​T​A​A
S3​T​T​A​T​G​G​A​C​C​T​A​A​G​T​C​G​C​G​A​G​T​C​C​A​G​A​A​T​A​A​G​G
​A​A​C​T​T​T​A​T​C​A​G​A​C​C​C​G​C​A​C​G​T​A
S4​A​C​T​C​C​A​G​A​C​C​C​G​T​T​C​A​C​T​C​C​C​T​C​C​G​T​T​G​T​C​C​A​A
​C​G​C​T​A​A​G

54;54;
54;40

 
[61]

Self-assembled Denatured at 95 °C for 
5 min and then cooled 
to 4 °C for 1 h

S1​C​C​A​G​G​C​A​G​T​T​G​A​G​A​C​G​A​A​C​A​T​T​C​C​T​A​A​G​T​C​T​G
​A​A​A​T​T​T​A​T​C​A​C​C​C​G​C​C​A​T​A​G​T​A​G​A​C​G​T​A​T​C​A
S2​C​T​T​G​C​T​A​C​A​C​G​A​T​T​C​A​G​A​C​T​T​A​G​G​A​A​T​G​T​T​C​G​A
​C​A​T​G​C​G​A​G​G​G​T​C​C​A​A​T​A​C​C​G​A​C​G​A​T​T​A​C​A​G
S3​G​G​T​G​A​T​A​A​A​A​C​G​T​G​T​A​G​C​A​A​G​C​T​G​T​A​A​T​C​G​A​C
​G​G​G​A​A​G​A​G​C​A​T​G​C​C​C​A​T​C​C​A​C​T​A​C​T​A​T​G​G​C​G
S4​C​C​T​C​G​C​A​T​G​A​C​T​C​A​A​C​T​G​C​C​T​G​G​T​G​A​T​A​C​G​A​G
​G​A​T​G​G​G​C​A​T​G​C​T​C​T​T​C​C​C​G​A​C​G​G​T​A​T​T​G​G​A​C

65;64
64;64

 
[62]

DNA origami Annealed at 95 °C for 
30 s, followed by a tem-
perature decrease of 
10 min/ °C until 65 °C, 
afterward a decrease of 
20 min/ °C until 20 °C

S1​G​A​C​T​A​A​A​G​G​A​G​G​A​T​A​T​C​A​T​C​G​G​A​C​A​G
S2​C​G​C​A​T​A​A​C​G​G​T​C​G​A​A​A​G​G​C​C​G​A​T​C​G​T​C​A​C
S3​T​A​T​T​C​C​G​A​T​A​T​T​A​G​C​T​T​T​A​G​C​T​T
S4​A​G​T​T​T​C​C​A​T​T​A​A​T​T​G​T​A​T​C​G​G​T​A​T​A​G​C​G​G​G​C​T
TTT

26;29
23;35

 
[63]

Enzymatic assembly Heated to 90 °C for 
5 min and then cooled 
down to 4 °C for 10 min

S1​A​C​A​C​T​A​C​G​T​C​A​G​A​A​C​A​G​C​T​T​G​C​A​T​C​A​C​T​G​G​T​C
​A​C​C​A​G​A​G​T​A
S2​A​C​G​A​G​C​G​A​G​T​T​G​A​T​G​T​G​A​T​G​C​A​A​G​C​T​G​A​A​T​G​C
​G​A​G​G​G​T​C​C​T
S3​T​C​A​A​C​T​C​G​C​T​C​G​T​A​A​C​T​A​C​A​C​T​G​T​G​C​A​A​T​A​C​T
​C​T​G​G​T​G​A​C​C
S4​T​C​T​G​A​C​G​T​A​G​T​G​T​A​T​G​C​A​C​A​G​T​G​T​A​G​T​A​A​G​G​A
​C​C​C​T​C​G​C​A​T

41  
[64]

Enzymatic assembly Heated to 70 °C for 
5 min and then cooled 
down to 4 °C for 1 h

S1​A​G​G​C​A​G​T​T​G​A​G​A​C​G​A​A​C​A​T​T​C​C​T​A​A​G​T​C​T​G​A​A
​A​T​T​T​A​T​C​A​C​C​C​G​C​C​A​T​A​G​T​A​G​A​C​G​T​A​T​C​A​C​C
S2​T​A​T​T​T​T​G​T​T​A​T​G​T​G​T​T​A​T​G​T​G​T​T​A​T​A​T​T​C​A​G​A​C​T​T
​A​G​G​A​A​T​G​T​T​C​G​A​C​A​T​G​C​G​A​G​G​G​T​C​C​A​A​T​A​C​C​G
S3​C​C​C​C​C​C​C​T​A​A​C​C​C​C​C​C​C​T​A​A​C​C​C​C​C​C​C​T​A​A​C​C
​C​C​C​C​C​A​T​A​C​T​G​T​A​A​T​C​G​A​C​G​G​G​A​A​G​A​G​C​A​T​G​C​C​C
​A​T​C​C​A​C​T​A​C​T​A​T​G​G​C​G​G​G​T​G​A​T​A​A​A
S4​C​C​T​C​G​C​A​T​G​A​C​T​C​A​A​C​T​G​C​C​T​G​G​T​G​A​T​A​C​G​A​G
​G​A​T​G​G​G​C​A​T​G​C​T​C​T​T​C​C​C​G​A​C​G​G​T​A​T​T​G​G​A​C

63;67
91;63

 
[65]
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binds to the dsDNA template and prevents DNA-depen-
dent RNA synthesis, thereby disrupting the RNA elonga-
tion process [100]. DPAu/AMD was readily absorbed by 
E. coli and S. aureus and caused their death. The tFNAs 
were able to release the drug that would kill the bacte-
rium by preventing RNA production once it had entered 
the cell and been broken down by DNase (Fig. 3B).

Tetrahedral nanostructures were shown to effectively 
penetrate cells due to their sharp corners [101], and by 
functionalizing tFNAs with ligands or medicines, tailored 
drug delivery was made possible [102, 103]. Researchers 
[60] have used two mouse models of systemic peritonitis 
and local wound infections to investigate the in vivo anti-
microbial efficacy of a tFNA-antibiotic compound (TAC) 
(Fig.  3C). Due to increased bacterial antibiotic absorp-
tion and improved drug transport across cell membranes, 
TAC demonstrated a significant growth inhibitory effect 
on methicillin-resistant MRSA and E. coli in vitro. They 
conducted animal experiments using intraperitoneal and 
subcutaneous injections. According to the findings, TAC 
demonstrated good biosafety, increased the survival rate 
of mice that were severely infected, and aided in the heal-
ing of local infections (Fig. 3D-E).

Drug-resistant strains have developed quickly in recent 
decades as a result of improper medication usage [104]. 
However, few studies have used DNA nanomaterials as 
carriers of antibiotics to treat bacterial resistance to a 

certain degree. To reduce antibiotic efflux from antibi-
otic-insensitive bacteria, there may be a way to improve 
the delivery of antibiotics by endocytosis using tFNAs 
[105]. Sun et al. [106] investigated the delivery of erythro-
mycin to E. coli (tFNAs-Ery) (Fig. 4A). Bacteria absorbed 
more erythromycin because of the tFNA carrier, which 
also helped the membrane stay stable. Additionally, it 
improved the passage of drugs across the membrane, 
increasing bacterial cell wall permeability and reducing 
drug resistance. tFNA-Ery allowed more erythromycin 
to effectively penetrate the cell, making it more effective 
than erythromycin alone due to the high transmembrane 
penetration capability of tFNAs. According to these find-
ings, tFNAs help to increase the concentration of eryth-
romycin in target cells (Fig. 4B-C).

Many chronic infections are caused by biofilm forma-
tion, which is a significant serious health problem. Since 
conventional therapies such as mechanical debridement, 
antibiotics, or biofilm destroyers are impotent against the 
biofilm’s capacity for self-protection and potent toxicity, 
the only workable solution is to stop biofilm formation in 
its earliest stages [108, 109]. Zhang et al. [107] developed 
a self-assembly framework nucleic acid delivery system 
that can deliver antisense oligonucleotides for target-
ing particular genes into bacterial cells (Fig.  4D). When 
delivered into the bacterial cells, the production of extra-
cellular polysaccharide (EPS) and the biofilm thickness 

Fig. 2  Tetrahedral DNA nanostructures play a vital role in the repair and regeneration of several tissues. Reprinted with permission from Ref. [23]
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were both significantly decreased. Based on the results 
obtained, a concentration of 750 nM ASO-tFNA simul-
taneously inhibited the expression of gtfBCD, gbpB, and 
ftf and resulted in significant inhibition of EPS synthesis, 
thus reducing biofilm formation and virulence in the ini-
tial phase. A new nucleic acid-based nanomaterial with 
multitarget inhibition has a great deal of potential for 
treating persistent infections caused by biofilms (Fig. 4E).

It has been demonstrated that particular antisense pep-
tide nucleic acids (asPNAs) target particular genes and 
repress transcription. Without a valid vector, however, 
few asPNA molecules penetrate bacterial cells [110]. 
Zhang and his coworkers [111] developed an efficient 
tFNA system for delivering asPNAs (P-TDNS). Although 
asPNA had some distinctive advantages, because it was 
not charged, it had difficulty penetrating bacterial cell 
walls. By efficiently delivering asPNA to drug-resistant 
bacterial cells and dramatically lowering the expression 
of the target gene, the engineered tFNA delivery sys-
tem was able to successfully suppress cell growth (ftsZ). 
P-TDNA can pass through MRSA cell walls. Additionally, 
they had the ability to transport antisense antibiotics to 
specific genes, which efficiently suppressed their expres-
sion and, in a concentration-dependent way, hindered 
the proliferation of MRSA cells. The findings imply that 
tFNAs are a potential asPNA drug delivery system and an 
excellent method for delivering drugs to animal cells.

Cell-penetrating peptides have some significant prob-
lems, including inherent toxicity to both bacterial and 
mammalian cells. Moreover, it is currently costly and 
time-consuming to synthesize peptide-conjugated anti-
sense oligonucleotides on a large scale. In the presence 
of cefotaxime, Readman et al. [61] developed and evalu-
ated a DNA tetrahedral nanoparticle vector with a tai-
lored anti-blaCTX−M−group 1 antisense peptide nucleic 
acid (PNA4) to break through the bacterial cell wall. 
Previous research on this anti-blaCTX−M−group 1 PNA 
demonstrated that it can partially restore cefotaxime sen-
sitivity in strains with decreased resistance phenotypes 
and translationally limit the development of β-lactamase 
CTX-M-group 1 infield and clinical E. coli isolates [112]. 
PNA4 was added to the DNA tetrahedron vector struc-
ture, which resulted in a dose-dependent CTX-enhanc-
ing effect. When the DNA tetrahedron vector and PNA4 
were present, the MIC (relative to CTX) of an E. coli field 
isolate containing the BlaCTX-M-3 plasmid dropped 
from 35 to 16 mg/L, indicating that a DNA tetrahedron 
was able to enter through the bacterial cell wall and 
deliver its payload, which was able to specifically attach 
to its target and suppress CTX-M protein production.

Regulation of cell proliferation and migration
Cell proliferation and migration are necessary bio-
logical behaviors [113]. The inflammatory phase, the Ta
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tissue formation phase, and the tissue reorganization 
and remodeling phase are the three main stages of the 
complicated processes involved in the healing of cutane-
ous wounds [114] and may involve a variety of cell types, 
including keratinocytes and fibroblasts. Collagen remod-
eling and new tissue growth are part of the tissue reor-
ganization and remodeling phase, which results in the 
creation of a scar [115]. The ability of injured tissues and 
organs to perform normally might be impacted by poor 
posttraumatic wound healing.

The wound healing process for corneal damage is intri-
cate and involves cell migration, cell death, and cell pro-
liferation [116]. Once tFNAs are carried into cells, several 
biological processes can be impacted, including osteo-
genic differentiation, regeneration of nerve tissue, and 
anti-inflammatory and antioxidant activities [117, 118]. 
Moreover, tFNAs are simple to synthesize into eye drops. 
Taking corneal wound healing as an example, Liu et al. 
[25] explored the effect of tFNAs on wound healing and 
investigated the impact of tFNAs on HCEC migration 
and proliferation after corneal alkali burns. Interestingly, 
the experimental group was treated with tFNA eye drops 
prepared with normal saline solution (250 × 10− 9 M) eye 
drops. The findings demonstrated that tFNAs might 

quicken the migration and proliferation of HCECs in 
vitro. The biological function change in HCECs caused by 
tFNAs may be related to the increase in p38 and ERK1/2 
phosphorylation levels (Fig.  5A). tFNAs can increase 
the transparency of the cornea following corneal burns 
and speed up the healing rate of the corneal wound. The 
wound healing effects of tFNAs on the corneal epithe-
lium can be explained by their anti-inflammatory, anti-
oxidant, and regenerative potential (Fig. 5B).

Regular ssDNAs are difficult to integrate into cells, 
while tFNAs can be abundantly taken up by caveolin-
mediated endocytosis without the need for further 
delivery aids [119–121]. Earlier research has shown that 
tFNAs can stimulate cell migration and proliferation 
while also reducing inflammatory responses [122]. In 
this study, Zhu et al. [28] examined the effects of tFNAs 
on keratinocytes (HaCaT cell line) and fibroblasts (HSF 
cell line) in vitro and in vivo. After subcutaneous injec-
tion of 100 µL of 125 nM tFNAs, the results showed that 
in vitro, by activating the AKT signaling pathway, tFNAs 
can increase the migration and proliferation of HaCaT 
and HSF cells, as well as the secretion of growth factors 
by HSF cells, and suppress inflammatory responses in 
HaCaT cells. In addition, tFNAs had the power to prompt 

Fig. 3  tFNAs as a delivery carrier with antibacterial activity. (A) Schematic representation of nanotheranostic DPAu/AMD synthesis. DP: DNA nanopyra-
mid; AMD: Actinomycin D. Reprinted with permission from Ref. [59]. (B) DPAu/AMD-treated E. coli and S. aureus cells were stained with live/dead cell 
stain to validate the killing effect. E. coli: Escherichia coli; S. aureus: Staphylococcus aureus. Reprinted with permission from Ref. [59]. (C) tFNAs-Antibiotic 
Compound (TAC) improved the survival rate of severely infected mice and promoted the healing of local infections by the excellent delivery capability of 
tFNAs. tFNAs: tetrahedral framework nucleic acids. Reprinted with permission from Ref. [60]. (D) Confocal laser scanning microscopy images of bacterial 
uptake of tFNAs and TACs in MRSA at 90 min. Reprinted with permission from Ref. [60]. (E) Confocal laser scanning microscopy images of bacterial uptake 
of tFNAs and TACs in E. coli at 90 min. ssDNA: single-stranded DNA. Reprinted with permission from Ref. [60]
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healing of the skin wound and decrease the formation of 
scars in vivo. These results suggest that tFNAs have great 
potential for clinical applications to lessen scarring and 
hasten the healing of wounds.

Chronic wounds do not heal as a result of decreased 
growth factor production, impaired angiogenesis, 
decreased cell proliferation and migration, ongoing 
inflammatory response, and abnormal collagen forma-
tion [123]. tFNAs may have an impact on many signal-
ing pathways, including the Nrf2 and Wnt pathways, 
to encourage angiogenesis, hasten wound healing, and 
enhance healing quality [124, 125]. Wang et al. [27] inves-
tigated the healing mechanisms and therapeutic effects 
of tFNAs in diabetic wounds (Fig. 5C). The study showed 
that treatment with tFNAs under high glucose condi-
tions increased cell migration and proliferation. In vitro, 
tFNAs also modulated the expression of growth factors. 
After subcutaneous injection of tFNAs, the in vivo test 
showed that tFNAs promoted collagen, capillary, and 
epidermal regeneration in addition to accelerating the 
healing of diabetic wounds. The Wnt pathway was also 
activated, and growth factor secretion was improved by 
tFNAs in diabetic wounds (Fig. 5D-E).

Under pathological circumstances, wound healing pro-
cesses can become dysregulated and chronic, which can 
result in fibrosis [126]. Inflammation has been proposed 
to precede the development of fibrosis, and mounting 
research has revealed that several inflammatory media-
tors play a role in the fibrogenesis process [127]. tFNAs 
can regulate fibrotic processes and have a beneficial 
impact on the therapeutic management of fibrotic dis-
ease. Epithelial-mesenchymal transition (EMT), excessive 
extracellular matrix deposition, fibroblast proliferation, 
and transformation are regarded as the main patho-
genic alterations that might cause fibrotic illnesses [127]. 
Zhang et al. [75] examined the antifibrotic effects of 
tFNAs on alveolar epithelial cells in lung tissue. With the 
stimulation of TGF-1, a cellular fibrosis model was cre-
ated, and its underlying molecular mechanisms as well 
as the creation of ROS, ECM, and EMT with fibrogenesis 
were studied. ECM deposition and EMT are both impor-
tant pathological mechanisms responsible for fibrosis 
development, as demonstrated in Fig. 6A, and it is cru-
cial to inhibit the EMT process to treat fibrotic disorders. 
ROS overproduction and the TGF-1-induced EMT pro-
cess were inhibited by tFNAs. Collagen I and fibronectin 
are two key molecules that influence the development of 

Fig. 4  tFNAs as a delivery carrier with antibacterial activity. (A) tFNAs increase the erythromycin efficiency by delivering it more inside the cells. Ery: 
erythromycin. Reprinted with permission from Ref. [106]. (B) Confocal laser scanning microscopy images of bacterial uptake of tFNAs and tFNAs-Ery in E. 
coli at 90 min. Reprinted with permission from Ref. [106]. (C) Flow cytometry analysis of the uptake rates of E. coli incubated with ssDNA, tFNAs and tFNAs-
Ery. Reprinted with permission from Ref. [106]. (D) Schematic representation of how tFNAs deliver ASOs to inhibit the formation of bacterial biofilms by 
targeting genes related to EPS synthesis. ASOs: antisense oligonucleotides. Reprinted with permission from Ref. [107]. (E) Dual-label imaging and three-
dimensional visualization of EPS (red) and bacteria (green) in S. mutans biofilms after treatment with ASOs-tFNA at 500 nM and 750 nM. Reprinted with 
permission from Ref. [107]
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fibrosis, and tFNA therapy downregulates their expres-
sion. In addition, the WB results also demonstrated that 
tFNAs inhibit the expression of α-SMA. According to 
these findings, tFNAs may represent a new DNA nano-
material that has the potential to control the EMT pro-
cess (Fig. 6B).

When the degree or duration of skin injury surpasses 
the capacity of tissue repair, fibrosis predominates the 
healing process. The need for medications that effectively 
suppress skin fibrosis and lessen immunogenicity, inflam-
mation, apoptosis, and pyroptosis is highlighted by the 
need that current approaches for treating skin fibrosis are 
inadequate and have adverse effects. Recently, Jiang et al. 
[128] examined the potential of tFNAs for the in vivo and 
in vitro treatment of skin fibrosis (Fig. 6C). According to 
the in vitro findings, the expression of proteins involved 
in the pyroptosis pathway was suppressed by tFNA ther-
apy. tFNA therapy decreased the levels of inflammatory 
proteins and cytokines while inhibiting EMT, ECM depo-
sition, and the Smad2/3 pathways. The skin thickness of 
mice was decreased by 33% after subcutaneous treat-
ment with tFNAs along with relative decreases in fibrosis 
levels. It also ensured that the skin’s architectural integ-
rity was maintained and that it was resistant to adverse 
external stimuli. The study found that tFNAs have the 

potential to cure disorders linked to pyroptosis and have 
a synergistic function in fibrosis therapy (Fig. 6D-E).

Angiogenesis
Blood vessels are distributed throughout the body, carry-
ing nutrition and oxygen and eliminating CO2 and waste 
to satisfy all kinds of physical needs. Early vasculariza-
tion is therefore a defining characteristic of tissue repair, 
including bone regeneration and skin wound healing 
[129, 130]. Some wounds have a propensity to heal slowly, 
leading to the development of chronic wounds. Numer-
ous factors can influence the chronicity of wounds, 
including circulatory disorders, diabetes mellitus, com-
promised immune function, and local pressure. These 
factors create a challenging environment for the wound, 
impeding the formation of new tissue and blood vessels 
and consequently causing delays in the healing process 
[131–133]. One of the main issues with wound healing 
is angiogenesis, which is a crucial mechanism by which 
cells at the wound site obtain oxygen and nutrients [134]. 
According to previous studies, tFNAs may impact a vari-
ety of biological behaviors in cells, including chondro-
cyte migration and proliferation, mesenchymal stem cell 
osteogenesis, and the antioxidant and anti-inflammatory 
capacities of macrophages [135]. Additionally, tFNAs 

Fig. 5  tFNAs promote regulation of cell proliferation and migration. (A) tFNAs promote corneal epithelial wound healing. Reprinted with permission 
from Ref. [25]. (B) An in vitro scratch wound healing assay detected the effect of tFNAs at different concentrations on the migration of human corneal 
epithelial cells (HCECs). Reprinted with permission from Ref. [25]. (C) Schematic diagram of the regulatory effects of tFNAs on TGF-β1-induced fibrogen-
esis via interaction with Smad2/Smad3 signals. Reprinted with permission from Ref. [28]. (D) Images of scratch tests on HaCaT cells treated with different 
concentrations of tFNAs at 0 h, 6 h, and 24 h. Reprinted with permission from Ref. [28]. (E) Statistical analysis of scratch tests on HaCaT cells and HSF cells. 
Reprinted with permission from Ref. [28]
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encourage the release of vascular endothelial growth fac-
tor and basic fibroblast growth factor from the wound 
surface, which aids in wound healing.

For instance, Zhao et al. [136] showed that tFNAs may 
penetrate endothelial cells (ECs) and stimulate EC migra-
tion, tube formation, proliferation, and expression of 
angiogenic growth factors by triggering the Notch sig-
naling pathway (Fig. 7A). Angiogenesis is a complex pro-
cess in which endothelial cell-stimulated factors activate, 
proliferate, migrate, and reconstruct new blood vessels 
in vivo [137]. Consequently, EC migration and prolif-
eration are crucial for angiogenesis. The RTCA test indi-
cated that tFNAs could promote EC proliferation after 
12  h of cultivation. With the increase in the concentra-
tion of tFNAs, the proliferation promotion effect was 
enhanced, and the results indicated that at 250 nmol L− 1, 
tFNAs could enter ECs and stimulate EC migration, pro-
liferation, tube formation, and angiogenesis. The wound 
healing test indicated that tFNAs could significantly pro-
mote EC migration after 24 h. These findings suggest that 
tFNAs play an important role in angiogenesis promotion 
(Fig. 7B-C).

Neovascularization is essential for the healing of dam-
aged tissue, as the formation of new blood vessels makes 

it easier to form granulation tissue and retain keratin-
forming cells [138, 139]. A growing body of research 
suggests that tFNAs have advantageous impacts on the 
biological activities of cells, such as cell migration, pro-
liferation, and anti-inflammatory and oxidant resistance 
qualities [140]. To determine whether tFNAs can encour-
age angiogenesis in diabetic wounds, Lin et al. [72] inves-
tigated the curative effect of tFNAs on diabetic mucosal 
wound healing and related angiogenesis in an in vivo 
diabetic animal model (Fig. 7D). A balance was achieved 
between oxidative and antioxidative factors in the tFNA 
regulation process. Anti-inflammatory and antioxidant 
indicators were increased. After cell ingestion, anti-
oxidant and angiogenesis-promoting actions may be 
observed. After subcutaneous treatment with tFNAs, 
diabetic rats treated with tFNAs showed better healing 
ability of the ulceration. tFNAs were shown to acceler-
ate epithelialization, vascularization, collagen deposi-
tion, and alignment to facilitate diabetic wound healing. 
According to the study, in the healing of diabetes, tFNAs 
can reduce inflammation, prevent oxidative damage, and 
promote angiogenesis (Fig. 7E-F).

Necrosis or the absence of new tissue is caused by a 
lack of new blood vessels in the material, ischemia in the 

Fig. 6  tFNAs promote regulation of cell proliferation and migration. (A) Schematic diagram of the regulatory effects of tFNAs on TGF-β1-induced fi-
brogenesis via interaction with Smad2/Smad3 signals. ROS: reactive oxygen species; EMT: epithelial-mesenchymal transition; ECM: extracellular matrix. 
Reprinted with permission from Ref. [75]. (B) TFNAs reduce TGF-β1-induced α-SMA expression in RLE-6TN cells. TGF-β1: Transforming growth factor beta 
1. Reprinted with permission from Ref. [75]. (C) tFNAs reduce skin fibrosis by inhibiting the pyroptosis pathway. Reprinted with permission from Ref. [128]. 
(D) Western blotting (WB) analysis of the α-SMA, fibronectin, collagen I, E-cadherin, and Smad2/3 expression levels. Reprinted with permission from Ref. 
[128]. (E) Immunofluorescence (IF) micrographs of TGF-β- and tFNA-treated HaCaT cell 3D reconstruction diagrams and statistical analyses of IF and WB 
results for protein expression. Reprinted with permission from Ref. [128]
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center, and a discontinuous supply of nutrients and oxy-
gen [141]. As a result, Zhao et al. [124] created aptamer-
tFNA, tFNA-Apt02, and tFNA-AptVEGF by combining 
tetrahedral framework acid with two different angio-
genic DNA aptamers. Both in vitro and in vivo studies 
were conducted to determine their impacts on angio-
genesis (Fig.  8A). The tFNAs showed a higher capacity 
to stimulate angiogenesis when they were transformed 
with the aptamers Apt02 and AptVEGF. They encour-
aged the growth and migration of human umbilical vein 
endothelial cells (HUVECs), as well as the development 
of tubes, spheroid sprouts, and microvessels. It appears 
that aptamer-tFNA interactions are not only detrimen-
tal to their individual capabilities but also exhibit greater 
angiogenesis potential when combined (Fig. 8B).

Insufficient local angiogenesis can exacerbate the 
inflammatory response and lead to cell dysfunction, 
which in turn results in severe environmental condi-
tions [142, 143]. Lipids, peptides, and proteins that stick 
to tFNAs shield them from their complicated environ-
ment and preserve their antioxidant capacity. Lin et al. 
[74] created p@tFNA, which is a tetrahedral framework 
nucleic acid (tFNA)-based peptide delivery system, to 
address the problems with therapeutic peptide stability 

and intracellular administration in diabetic wound heal-
ing. While tFNAs served as a frame and hollow interior 
space for the electrostatic adsorption of healing peptides, 
peptides were attached outside of tFNAs for wrapping. 
Peptides were more easily absorbed and remained stable 
in the tFNA frame, while the peptide shielded the tFNAs 
from DNase. Through ERK1/2 phosphorylation, p@tFNA 
assisted in overcoming the angiogenesis barriers caused 
by AGEs. After subcutaneous treatment with tFNAs, the 
antioxidation activity exhibited by p@tFNA also paved 
the way for diabetic wound healing. As a result, both in 
vitro and in vivo, p@tFNA can enhance angiogenesis and 
the healing of diabetic wounds. p@tFNA promoted the 
formation of blood vessels, collagen deposition, and epi-
dermal covering, thus laying the foundation for improved 
regenerative effects in skin defects (Fig. 8C-E).

Biocompatibility and biosafety
To strengthen the further antibacterial applications of 
tFNAs, it is necessary to evaluate their biosafety. The 
programmability, biocompatibility, and biostability of 
tFNAs have led to their widespread usage in biomedicine. 
(i) Programmability: As previously mentioned, DNA 
nanostructures range in size from a few nanometers to 

Fig. 7  Angiogenesis-promoting effects of tFNAs. (A) tFNAs promote endothelial cell proliferation, migration, and angiogenesis via the Notch signaling 
pathway. TDN: tetrahedral DNA nanostructures. Reprinted with permission from Ref. [136]. (B) TDNs promoted tube formation of endothelial cells (ECs). 
Reprinted with permission from Ref. [136]. (C) Measurement of master junctions and master segments; Reprinted with permission from Ref. [136]. (D) 
Schematic diagram of the antioxidative and angiogenesis-promoting effects of tFNAs in diabetic wound healing. Reprinted with permission from Ref. 
[72]. (E) Tube formation assay. AGEs: advanced glycation end products. Reprinted with permission from Ref. [72]. (F) Semiquantification analysis of the 
major junctions and lengths of formed vessels. Reprinted with permission from Ref. [72]
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micrometers and have diverse shapes, giving tFNAs vari-
able cellular absorption pathways and targeting and traf-
fic differently in animal models [144, 145]. (ii) Biosafety: 
The results of the available study indicate that tFNAs 
demonstrate good biosafety. The remainder can be bro-
ken down in the liver or circulation without posing a 
long-term safety risk when using tFNAs that are ratio-
nally designed to quickly reach the target location and 
demonstrate their efficacy [146]. Because of the great 
biocompatibility and intrinsic low toxicity of tFNAs from 
ssDNA and dsDNA, they can be used in vivo, including 
in cells, tissues, and organisms [147]. (iii) Biostability: 
Densely packed tFNAs typically demonstrate superior 
resistance to nuclease degradation since they have much 
less exposed free ssDNA [148]. Long-term drug release, 
targeted drug administration, and other applications are 
made possible by increased stability in the physiological 
environment and an extended retention period in animal 
models [149].

Summary and outlook
In recent years, the new field of tFNAs for wound healing 
applications has shown versatile potential and attracted 
increasing interest. In this review, we discuss the current 

use of tFNAs in wound healing. First, we summarize 
the advantages of tFNAs in promoting wound heal-
ing, including simple synthesis and high stability, which 
provide a foundation for the subsequent construction 
of drug-loaded imaging and targeted therapy. Then, we 
introduce the mechanism and application of tFNAs in 
wound healing. At the same time, tFNAs, combined with 
other materials such as antibacterial agents and antisense 
peptide nucleic acids, have superior antibacterial proper-
ties and target specific genes, thereby achieving efficient 
antibacterial activity. The incorporation of small-mol-
ecule drugs and bioactive factors into tFNAs has facili-
tated the inhibition of inflammation, decreased infection, 
accelerated wound closure, and reduced scar formation.

Hence, tFNAs in wound healing applications hold 
promising prospects. First, in facilitating wound regen-
eration, tFNAs can target specific genes or signaling 
pathways to enhance key biological processes involved 
in wound healing, such as cell proliferation, migration, 
and differentiation. This accelerates wound repair and 
promotes the formation of new tissue. Then, in anti-
inflammatory and anti-infective potency, tFNAs can 
be utilized to suppress inflammatory responses and 
reduce the risk of infection. By regulating the expression 

Fig. 8  Angiogenesis-promoting effects of tFNAs. (A) Angiogenic aptamer-modified tFNAs promote angiogenesis in vitro and in vivo. Reprinted with 
permission from Ref. [124]. (B) Tube-formation assay for evaluating vascularization after treatment with nanoparticles. VEGF: Vascular endothelial growth 
factor. Reprinted with permission from Ref. [124]. (C) Cellular uptake of FAM-labeled peptides and FAM-labeled p@tFNA. Reprinted with permission from 
Ref. [74]. (D) Tube formation assay. p@tFNAs: tetrahedral framework nucleic acid (tFNA)-based peptide. AGEs: advanced glycation end products. Reprinted 
with permission from Ref. [74]. (E) Analysis of tube nodes, junctions, meshes, total meshes area, branching lengths and branching intervals of formed 
vessels. p@tFNAs: tetrahedral framework nucleic acid (tFNA)-based peptide; AGEs: advanced glycation end products. Reprinted with permission from 
Ref. [74]
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of inflammation-related genes and intervening in the 
growth of pathogenic microorganisms, tFNAs have the 
potential to lower the likelihood of wound infections, 
improving wound cleanliness and health. Third, in the 
regulation of cell proliferation and migration, tFNAs 
furnish a three-dimensional architectural framework 
that facilitates the proliferation and motility of cells. 
Functioning as a dynamic scaffold, tFNAs orchestrate 
the orchestrated expansion of cells within injured tis-
sue, stimulating neovascularization and tissue regenera-
tion. By regulating collagen synthesis, cell migration, and 
extracellular matrix remodeling, tFNAs hold promise in 
improving wound healing outcomes and reducing the 
risk of scar formation. Fourth, in fostering angiogenesis, 
tFNAs can stimulate endothelial cell proliferation and the 
expression of angiogenesis-related factors, facilitating the 
formation of new blood vessels. This enhances oxygen 
and nutrient supply to the wound, boosting blood flow 
and expediting the wound healing process. Last but not 
least, in personalized therapy, with their tunable and cus-
tomizable nature, tFNAs can be tailored to meet the spe-
cific needs of individual wounds. By selecting appropriate 
functional nucleic acid sequences and administration 
methods, precise treatments can be achieved for different 
wound types and stages, maximizing efficacy and person-
alized therapeutic outcomes.

In conclusion, tFNAs exhibit vast application prospects 
in wound healing. Further research and development 
efforts will optimize tFNA design and administration 
strategies, driving their widespread clinical implementa-
tion and providing more effective and personalized solu-
tions for wound management.

With growing interest in tFNAs as smart platforms for 
biological applications, tFNAs are regarded as superior 
agents for therapeutic wound healing. However, there are 
still several challenges to overcome before these frame-
work materials can be used for clinical diagnosis and 
treatment. Therefore, this paper also provides a corre-
sponding perspective based on the authors’ insights.

The improvement of the preparation and application of 
tFNAs in the future can be considered from the follow-
ing aspects. (1) The safety of tFNAs cannot be ignored. 
Regarding biomedical applications, the materials chosen 
by researchers must be nontoxic and harmless, paying 
special attention to side effects, metabolism, and possible 
immune responses of the body. The therapeutic mecha-
nism and toxicity of tFNAs in wound healing should be 
studied by large-scale clinical trials in the future. In par-
ticular, further experiments are needed to elucidate the 
interaction of tFNAs with wound cells, as well as the deg-
radation, metabolism, and clearance pathways of tFNAs. 
Universal and complete screening and evaluation crite-
ria to detect toxicity also need to be established. (2) The 
physicochemical properties of tFNAs should be studied 

more deeply, and their combination with other materials 
should be considered to obtain better biocompatibility 
and better wound healing effects while minimizing side 
effects on normal tissues. (3) The design of tFNAs can be 
enhanced in various fields, such as materials science, nan-
otechnology, pharmacy, and clinical medicine. Research-
ers need to expand the field of application and focus on 
solving practical problems. (4) Clinical translation has 
always been a challenge for nanomaterials. A method to 
industrialize the production of tFNAs while ensuring that 
the products are stable, safe, and controllable is a major 
problem that researchers need to overcome.

In our opinion, framework nanomaterials have great 
potential for use in wound healing and regeneration. 
Although great research progress has been made based 
on tFNAs, there is still much work to be done on tFNAs 
in skin wound healing applications compared to other 
fields. In conclusion, we hope that the current challenges 
will encourage and trigger more efforts in this emerging 
field of research. With an increasing number of explo-
rations from all over the world, we believe that novel 
framework materials based on tFNAs will have bright 
prospects in the future.

Acknowledgements
Not applicable.

Author contributions
W.Z.: data curation, formal analysis, validation, writing—original draft, 
writing—review & editing. J.L.: funding acquisition, supervision, writing—
original draft. L.Z.: supervision, validation, writing—original draft. D.S.: 
conceptualization, funding acquisition, project administration, supervision, 
writing—original draft, writing—review & editing.

Funding
This work was supported by the National Natural Science Foundation 
of China (Grant Nos.: 82373841, 82003710 and 82173808), the Natural 
Science Foundation of Guangdong Province (Grant No.: 2021B1515020100), 
the Guangzhou Basic and Applied Basic Research Project (Grant No.: 
2023A04J1163), the National Key Clinical Specialty Construction Project 
(Clinical Pharmacy), and High-Level Clinical Key Specialty (Clinical Pharmacy) 
in Guangdong Province, China.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
We have included figures and tables from previously published literature with 
required copyright permission from the copyright holder. We have mentioned 
this in the manuscript with proper citation.

Competing interests
The authors declare no competing interests.

Received: 8 November 2023 / Accepted: 21 February 2024



Page 15 of 17Zou et al. Journal of Nanobiotechnology          (2024) 22:113 

References
1.	 Liang Y, Liang Y, Zhang H, Guo B. Antibacterial biomaterials for skin wound 

dressing. Asian J Pharm Sci. 2022;17:353–84.
2.	 Mathes SH, Ruffner H, Graf-Hausner U. The use of skin models in drug devel-

opment. Adv Drug Deliv Rev. 2014;69–70:81–102.
3.	 Wang X, Chang J, Wu C. Bioactive inorganic/organic nanocomposites for 

wound healing. Appl Mater Today. 2018;11:308–19.
4.	 Jaggessar A, Shahali H, Mathew A, Yarlagadda P. Bio-mimicking nano and 

micro-structured surface fabrication for antibacterial properties in medical 
implants. J Nanobiotechnol. 2017;15:64.

5.	 Zhao X, Pei D, Yang Y, Xu K, Yu J, Zhang Y, Zhang Q, He G, Zhang Y, Li A, et 
al. Green Tea Derivative Driven Smart Hydrogels with Desired functions for 
Chronic Diabetic Wound Treatment. Adv Funct Mater. 2021;31:2009442.

6.	 Gould L, Abadir P, Brem H, Carter M, Conner-Kerr T, Davidson J, DiPietro L, 
Falanga V, Fife C, Gardner S, et al. Chronic wound repair and healing in older 
adults: current status and future research. J Am Geriatr Soc. 2015;63:427–38.

7.	 Jiang L, Loo SCJ. Intelligent nanoparticle-based dressings for bacterial wound 
infections. ACS Appl Mater Interfaces. 2021;4:3849–62.

8.	 Wang W, Lu KJ, Yu CH, Huang QL, Du YZ. Nano-drug delivery systems in 
wound treatment and skin regeneration. J Nanobiotechnol. 2019;17:82.

9.	 Wang M, Huang X, Zheng H, Tang Y, Zeng K, Shao L, Li L. Nanomaterials 
applied in wound healing: mechanisms, limitations and perspectives. J 
Control Release. 2021;337:236–47.

10.	 Jiang SX, Ge ZL, Mou S, Yan H, Fan CH. Designer DNA nanostructures for 
therapeutics. Chem. 2021;7:1156–79.

11.	 Qian L, Wang Y, Zhang Z, Zhao J, Pan D, Zhang Y, Liu Q, Fan CH, Hu J, He L. 
Analogic China map constructed by DNA. Chin Sci Bull. 2006;51:2973–6.

12.	 He SL, Ge ZL, Zuo XL, Fan CH, Mao XH. Dynamic regulation of DNA nano-
structures by noncanonical nucleic acids. NPG Asia Mater. 2021;13:42.

13.	 Chen L, Zhang J, Lin Z, Zhang ZY, Mao M, Wu JC, Li Q, Zhang YQ, Fan CH. 
Pharmaceutical applications of framework nucleic acids. Acta Pharm Sin B. 
2022;12:76–91.

14.	 Tian TR, Zhang T, Shi SR, Gao Y, Cai XX, Lin YF. A dynamic DNA tetrahedron 
framework for active targeting. Nat Protoc. 2023;18:1028–55.

15.	 Yan R, Cui WT, Ma WJ, Li JJ, Liu ZQ, Lin YF. Typhaneoside-Tetrahedral Frame-
work nucleic acids system: mitochondrial recovery and antioxidation for 
acute kidney Injury treatment. ACS Nano. 2023;17:8767–81.

16.	 Zhang HL, Chao J, Pan D, Liu HJ, Qiang Y, Liu K, Cui CJ, Chen JH, Huang Q, Hu 
J, et al. DNA origami-based shape IDs for single-molecule nanomechanical 
genotyping. Nat Commun. 2017;8:14738.

17.	 Zhang T, Ma HS, Zhang XL, Shi SR, Lin YF. Functionalized DNA nanomaterials 
targeting toll-like receptor 4 prevent bisphosphonate-related osteonecrosis 
of the Jaw via regulating mitochondrial homeostasis in macrophages. Adv 
Drug Deliv Rev. 2023;33:2213401.

18.	 Liang L, Li J, Li Q, Huang Q, Shi J, Yan H, Fan C. Single-particle tracking and 
modulation of cell entry pathways of a tetrahedral DNA nanostructure in live 
cells. Angew Chem Int Ed Engl. 2014;53:7745–50.

19.	 Zhang Q, Lin S, Wang L, Peng S, Tian T, Li S, Xiao J, Lin Y. Tetrahedral framework 
nucleic acids act as antioxidants in acute kidney injury treatment. Chem Eng 
J. 2021;413:127426.

20.	 Shi S, Li Y, Zhang T, Xiao D, Tian T, Chen T, Zhang Y, Li X, Lin Y. Biological 
Effect of differently sized Tetrahedral Framework nucleic acids: endocytosis, 
Proliferation, Migration, and Biodistribution. ACS Appl Mater Interfaces. 
2021;13:57067–74.

21.	 Yan JQ, Zhan XH, Zhang ZZ, Chen KQ, Wang ML, Sun Y, He B, Liang Y. Tetra-
hedral DNA nanostructures for effective treatment of cancer: advances and 
prospects. J Nanobiotechnol. 2021;19:412.

22.	 Zhu D, Pei H, Yao GB, Wang LH, Su S, Chao J, Wang LH, Aldalbahi A, Song SP, 
Shi JY, et al. A surface-confined Proton-Driven DNA pump using a dynamic 
3D DNA Scaffold. Adv Healthc Mater. 2016;28:6860–5.

23.	 Dou Y, Cui W, Yang X, Lin Y, Ma X, Cai X. Applications of tetrahedral DNA 
nanostructures in wound repair and tissue regeneration. Burns Trauma. 
2022;10:tkac006.

24.	 Hong SB, Jiang WD, Ding QF, Lin KL, Zhao CC, Wang XD. The current progress 
of tetrahedral DNA nanostructure for antibacterial application and bone 
tissue regeneration. Int J Nanomed. 2023;18:3761–80.

25.	 Liu NX, Zhang XL, Li N, Zhou M, Zhang TX, Li SH, Cai XX, Ji P, Lin YF. Tetrahedral 
Framework nucleic acids promote corneal epithelial Wound Healing in Vitro 
and in vivo. Small. 2019;15:1901907.

26.	 Shao XR, Hu Z, Zhan YX, Ma WJ, Quan L, Lin YF. MiR-26a-tetrahedral frame-
work nucleic acids mediated osteogenesis of adipose-derived mesenchymal 
stem cells. Cell Prolif. 2022;55:e13272.

27.	 Wang ZJ, Lu H, Tang T, Liu L, Pan BH, Chen JQ, Cheng DS, Cai XX, Sun Y, Zhu F, 
Zhu SH. Tetrahedral framework nucleic acids promote diabetic wound heal-
ing via the wnt signalling pathway. Cell Prolif. 2022;55:e13316.

28.	 Zhu JY, Zhang M, Gao Y, Qin X, Zhang TX, Cui WT, Mao CC, Xiao DX, Lin YF. 
Tetrahedral framework nucleic acids promote scarless healing of cutane-
ous wounds via the AKT-signaling pathway. Signal Transduct Target Ther. 
2020;5:120.

29.	 Sun BK, Siprashvili Z, Khavari PA. Advances in skin grafting and treatment of 
cutaneous wounds. Science. 2014;346:941–5.

30.	 Li R, Liu K, Huang X, Li D, Ding J, Liu B, Chen X. Bioactive materials 
promote Wound Healing through Modulation of Cell behaviors. Adv Sci. 
2022;9:e2105152.

31.	 Eming SA, Krieg T, Davidson JM. Inflammation in wound repair: molecular 
and cellular mechanisms. J Invest Dermatol. 2007;127:514–25.

32.	 Gilroy DW, Lawrence T, Perretti M, Rossi AG. Inflammatory resolution: new 
opportunities for drug discovery. Nat Rev Drug Discov. 2004;3:401–16.

33.	 Chin JS, Madden L, Chew SY, Becker DL. Drug therapies and delivery 
mechanisms to treat perturbed skin wound healing. Adv Drug Deliv Rev. 
2019;149–150:2–18.

34.	 Minutti CM, Knipper JA, Allen JE, Zaiss DM. Tissue-specific contribution of 
macrophages to wound healing. Semin Cell Dev Biol. 2017;61:3–11.

35.	 Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activa-
tion. Nat Rev Immunol. 2008;8:958–69.

36.	 Legrand JMD, Martino MM. Growth factor and cytokine Delivery systems for 
Wound Healing. Cold Spring Harb Perspect Biol. 2022;14:a041234.

37.	 Ho J, Walsh C, Yue D, Dardik A, Cheema U. Current advancements and strate-
gies in tissue Engineering for Wound Healing: a Comprehensive Review. Adv 
Wound Care. 2017;6:191–209.

38.	 Szabowski A, Maas-Szabowski N, Andrecht S, Kolbus A, Schorpp-Kistner 
M, Fusenig NE, Angel P. c-Jun and JunB Antagonistically Control Cytokine-
regulated mesenchymal–epidermal Interaction in skin. Cell. 2000;103:745–55.

39.	 Lovvorn HN, Cheung DT, Nimni ME, Perelman N, Estes JM, Adzick NS. Relative 
distribution and crosslinking of collagen distinguish fetal from adult sheep 
wound repair. J Clin Pediatr Surg. 1999;34:218–23.

40.	 Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and regenera-
tion. Nature. 2008;453:314–21.

41.	 Goodman RP, Schaap IA, Tardin CF, Erben CM, Berry RM, Schmidt CF, Turb-
erfield AJ. Rapid chiral assembly of rigid DNA building blocks for molecular 
nanofabrication. Science. 2005;310:1661–5.

42.	 Zhang P, Fischer A, Ouyang Y, Wang JB, Sohn YS, Nechushtai R, Pikarsky E, Fan 
CH, Willner I. Aptamer-modified DNA tetrahedra-gated metal-organic frame-
work nanoparticle carriers for enhanced chemotherapy or photodynamic 
therapy. Chem Sci. 2021;12:14473–83.

43.	 Dong YH, Yao C, Zhu Y, Yang L, Luo D, Yang DY. DNA functional materials 
assembled from branched DNA: design, synthesis, and applications. Chem 
Rev. 2020;120:9420–81.

44.	 Xie NL, Liu SY, Yang XH, He XX, Huang J, Wang KM. DNA tetrahedron nano-
structures for biological applications: biosensors and drug delivery. Analyst. 
2017;142:3322–32.

45.	 Feng N, Shen JJ, Li C, Zhao QQ, Fodjo EK, Zhang L, Chen SF, Fan QL, Wang LH. 
Tetrahedral DNA-directed core-satellite assembly as SERS sensor for mercury 
ions at the single-particle level. Analyst. 2022;147:1866–72.

46.	 Tong CY, Hu YL, Xie Q, Zhou T, Fan JL, Qin Y, Liu B, Wang W. Sensitive RNase 
a detection and intracellular imaging using a natural compound-assisted 
tetrahedral DNA nanoprobe. Chem Commun. 2020;56:3229–32.

47.	 Zhou ZX, Fan DQ, Wang JB, Sohn YS, Nechushtai R, Willner I. Triggered dimer-
ization and trimerization of DNA tetrahedra for multiplexed miRNA detection 
and imaging of Cancer cells. Small. 2021;17:2007355.

48.	 Feng N, Zhang L, Shen JJ, Hu YL, Wu WB, Fodjo EK, Chen SF, Huang W, Wang 
LH. SERS molecular-ruler based DNA aptamer single-molecule and its appli-
cation to multi-level optical storage. Chem Eng J. 2022;433:133666.

49.	 Nangreave J, Han DR, Liu Y, Yan H. DNA origami: a history and current per-
spective. Curr Opin Chem Biol. 2010;14:608–15.

50.	 Zhang F, Nangreave J, Liu Y, Yan H. Structural DNA nanotechnology: state of 
the art and future perspective. J Am Chem Soc. 2014;136:11198–211.

51.	 Dong JY, Zhou C, Wang QB. Towards active self-assembly through DNA 
nanotechnology. Top Curr Chem. 2020;378:33.

52.	 Wang PF, Gaitanaros S, Lee S, Bathe M, Shih WM, Ke YG. Programming 
self-assembly of DNA origami honeycomb two-Dimensional lattices and 
Plasmonic metamaterials. J Am Chem Soc. 2016;138:7733–40.

53.	 Li J, Pei H, Zhu B, Liang L, Wei M, He Y, Chen N, Li D, Huang Q, Fan 
CH. Self-assembled multivalent DNA nanostructures for noninvasive 



Page 16 of 17Zou et al. Journal of Nanobiotechnology          (2024) 22:113 

intracellular delivery of immunostimulatory CpG oligonucleotides. ACS Nano. 
2011;5:8783–9.

54.	 Fu XY, Peng FQ, Lee J, Yang Q, Zhang F, Xiong MY, Kong GZ, Meng HM, Ke 
GL, Zhang XB. Aptamer-functionalized DNA nanostructures for Biological 
Applications. Top Curr Chem. 2020;378:21.

55.	 Ma NN, Minevich B, Liu JL, Ji M, Tian Y, Gang O. Directional Assembly of 
Nanoparticles by DNA shapes: towards designed architectures and function-
ality. Top Curr Chem. 2020;378:36.

56.	 Guan CY, Zhu XL, Feng C. DNA nanodevice-based drug Delivery systems. 
Biomolecules. 2021;11:1855.

57.	 Xu XM, Winterwerber P, Ng D, Wu YZ. DNA-Programmed Chemical synthesis 
of polymers and inorganic nanomaterials. Top Curr Chem. 2020;378:31.

58.	 Chidchob P, Sleiman HF. Recent advances in DNA nanotechnology. Curr Opin 
Chem Biol. 2018;46:63–70.

59.	 Setyawati MI, Kutty RV, Tay CY, Yuan X, Xie J, Leong DT. Novel theranostic DNA 
nanoscaffolds for the simultaneous detection and killing of Escherichia coli 
and Staphylococcus aureus. ACS Appl Mater Interfaces. 2014;6:21822–31.

60.	 Sun Y, Chen XY, Shi SR, Tian TR, Liu ZQ, Luo E, Lin YF. Tetrahedral Framework 
nucleic acids: a Novel Strategy for Antibiotic Treating Drug-resistant infec-
tions. Biomacromolecules. 2023;24:1052–60.

61.	 Readman JB, Dickson G, Coldham NG. Tetrahedral DNA nanoparticle vector 
for intracellular delivery of targeted peptide nucleic acid antisense agents to 
restore antibiotic sensitivity in Cefotaxime-Resistant Escherichia coli. Nucleic 
Acid Ther. 2017;27:176–81.

62.	 Kim KR, Jegal H, Kim J, Ahn DR. A self-assembled DNA tetrahedron as a carrier 
for < i > in vivo liver-specific delivery of siRNA. Biomater Sci. 2020;8:586–90.

63.	 Liu FY, Liu XM, Gao WD, Zhao LB, Huang Q, Arai T. Transmembrane capability 
of DNA origami sheet enhanced by 3D configurational changes. iScience. 
2023;26:106208.

64.	 Li ZZ, Wang JB, Zhou ZX, O’Hagan MP, Willner I. Gated transient dissipative 
dimerization of DNA tetrahedra nanostructures for programmed DNAzymes 
Catalysis. ACS Nano. 2022;16:3625–36.

65.	 Kim SH, Kim KR, Ahn DR, Lee JE, Yang EG, Kim SY. Reversible regulation of 
enzyme activity by pH-Responsive encapsulation in DNA nanocages. ACS 
Nano. 2017;11:9352–9.

66.	 Zhang T, Tian T, Zhou R, Li S, Ma W, Zhang Y, Liu N, Shi S, Li Q, Xie X, et al. 
Design, fabrication and applications of tetrahedral DNA nanostructure-based 
multifunctional complexes in drug delivery and biomedical treatment. Nat 
Protoc. 2020;15:2728–57.

67.	 He LC, Mu J, Gang O, Chen XY. Rationally Programming nanomaterials with 
DNA for Biomedical Applications. Adv Sci. 2021;8:2003775.

68.	 Kong Y, Du Q, Li J, Xing H. Engineering bacterial surface interactions using 
DNA as a programmable material. Chem Commun. 2022;58:3086–100.

69.	 Zhang T, Tian T, Lin Y. Functionalizing Framework Nucleic-Acid-based nano-
structures for Biomedical Application. Adv Mater. 2021;34:e2107820.

70.	 Li S, Tian T, Zhang T, Cai X, Lin Y. Advances in biological applications of self-
assembled DNA tetrahedral nanostructures. Mater Today. 2019;24:57–68.

71.	 Peng Q, Shao XR, Xie J, Shi SR, Wei XQ, Zhang T, Cai XX, Lin YF. Understanding 
the Biomedical effects of the self-assembled tetrahedral DNA nanostructure 
on living cells. ACS Appl Mater Interfaces. 2016;8:12733–9.

72.	 Lin S, Zhang Q, Li S, Zhang T, Wang L, Qin X, Zhang M, Shi S, Cai X. Antioxida-
tive and angiogenesis-promoting effects of Tetrahedral Framework nucleic 
acids in Diabetic Wound Healing with activation of the Akt/Nrf2/HO-1 
pathway. ACS Appl Mater Interfaces. 2020;12:11397–408.

73.	 Chen RQ, Wen DK, Fu W, Xing L, Ma L, Liu Y, Li H, You C, Lin YF. Treatment 
effect of DNA framework nucleic acids on diffuse microvascular endothelial 
cell injury after subarachnoid hemorrhage. Cell Prolif. 2022;55:e13206.

74.	 Lin SY, Zhang Q, Li SH, Qin X, Cai XX, Wang HM. Tetrahedral framework nucleic 
acids-based delivery promotes intracellular transfer of healing peptides and 
accelerates diabetic would healing. Cell Prolif. 2022;55:e13279.

75.	 Zhang T, Gao Y, Xiao D, Zhu J, Zhou M, Li S, Zhang M, Lin Y, Cai X. Nucleic 
acid based tetrahedral framework DNA nanostructures for fibrotic diseases 
therapy. Appl Mater Today. 2020;20:100725.

76.	 Shi SR, Yang C, Tian TR, Li SH, Lin SY, Zhang YX, Shao XR, Tao Z, Lin YF, Cai XX. 
Effects of tetrahedral framework nucleic acid/wogonin complexes on osteo-
arthritis. Bone Res. 2020;8:6.

77.	 Mo FY, Zhang MJ, Duan XW, Lin CY, Sun DP, You TH. Recent advances in Nano-
zymes for Bacteria-infected wound therapy. Int J Nanomed. 2022;17:5947–90.

78.	 Vivcharenko V, Trzaskowska M, Przekora A. Wound dressing modifications for 
Accelerated Healing of infected wounds. Int J Mol Sci. 2023;24:7193.

79.	 Öhnstedt E, Vägesjö E, Fasth A, Tomenius HL, Dahg P, Jönsson S, Tyagi N, 
Åström M, Myktybekova Z, Ringstad L, et al. Engineered bacteria to accelerate 

wound healing: an adaptive, randomised, double-blind, placebo-controlled, 
first-in-human phase 1 trial. EClinicalMedicine. 2023;60:102014.

80.	 Caselli L, Malmsten M. Skin and wound delivery systems for antimicrobial 
peptides. Curr Opin Colloid Interface Sci. 2023;65:101701.

81.	 Aliouat H, Peng Y, Waseem Z, Wang S, Zhou W. Pure DNA scaffolded drug 
delivery systems for cancer therapy. Biomaterials. 2022;285:121532.

82.	 Patel A, Goswami S, Hazarika G, Sivaprakasam S, Bhattacharjee S, Manna D. 
Sulfonium-cross-linked hyaluronic acid-based self-healing hydrogel: Stimuli-
Responsive drug carrier with inherent antibacterial activity to Counteract 
Antibiotic-resistant Bacteria. Adv Healthc Mater 2023:e2302790.

83.	 Wu T, Wang H, Tian R, Guo S, Liao Y, Liu J, Ding B. A DNA origami-based 
bactericide for efficient Healing of infected wounds. Angew Chem Int Edit. 
2023;62:e202311698.

84.	 Chen Z, Zhao JL, Wu H, Wang HB, Lu XH, Shahbazi MA, Wang SG. A triple-net-
work carboxymethyl chitosan-based hydrogel for hemostasis of incompress-
ible bleeding on wet wound surfaces. Carbohydr Polym. 2023;303:120434.

85.	 Musaie K, Abbaszadeh S, Nosrati-Siahmazgi V, Qahremani M, Wang SG, 
Eskandari MR, Niknezhad SV, Haghi F, Li YL, Xiao B, Shahbazi MA. Metal-
coordination synthesis of a natural injectable photoactive hydrogel with 
antibacterial and blood-aggregating functions for cancer thermotherapy and 
mild-heating wound repair. Biomater Sci. 2023;11:2486–503.

86.	 Tang JW, Yi WW, Yan JH, Chen Z, Fan HW, Zaldivar-Silva D, Agüero L, Wang 
SG. Highly absorbent bio-sponge based on carboxymethyl chitosan/poly-γ-
glutamic acid/platelet-rich plasma for hemostasis and wound healing. Int J 
Biol Macromol. 2023;247:125754.

87.	 Yu Y, Zheng XY, Liu XY, Zhao JL, Wang SG. Injectable carboxymethyl chitosan-
based hydrogel for simultaneous anti-tumor recurrence and anti-bacterial 
applications. Int J Biol Macromol. 2023;230:123196.

88.	 Zhang XY, Zhao JL, Xie P, Wang SG. Biomedical Applications of electrets: 
recent advance and future perspectives. J Funct Biomater. 2023;14:320.

89.	 Sun YJ, Zheng LW, Yang Y, Qian X, Fu T, Li XW, Yang ZY, Yan H, Cui C, Tan WH. 
Metal-Organic Framework Nanocarriers for Drug Delivery in Biomedical 
Applications. Nano-Micro Lett. 2020;12:103.

90.	 Ge ZL, Gu HZ, Li Q, Fan CH. Concept and Development of Framework Nucleic 
acids. J Am Chem Soc. 2018;140:17808–19.

91.	 Li SH, Liu YH, Tian TR, Zhang T, Lin SY, Zhou M, Zhang XL, Lin YF, Cai XX. 
Bioswitchable Delivery of microRNA by Framework nucleic acids: application 
to bone regeneration. Small. 2021;17:2104359.

92.	 Obuobi S, Skalko-Basnet N. Nucleic acid hybrids as Advanced Antibacterial 
Nanocarriers. Pharmaceutics. 2020;12:643.

93.	 Liu Y, Sun Y, Li S, Liu M, Qin X, Chen X, Lin Y. Tetrahedral Framework nucleic 
acids deliver antimicrobial peptides with Improved effects and less suscepti-
bility to bacterial degradation. Nano Lett. 2020;20:3602–10.

94.	 Sun Y, Li S, Zhang Y, Li Q, Xie X, Zhao D, Tian T, Shi S, Meng L, Lin Y. Tetrahedral 
Framework nucleic acids loading Ampicillin improve the drug susceptibility 
against Methicillin-Resistant Staphylococcus aureus. ACS Appl Mater Inter-
faces. 2020;12:36957–66.

95.	 Hu Y, Chen Z, Zhang H, Li M, Hou Z, Luo X, Xue X. Development of DNA 
tetrahedron-based drug delivery system. Drug Deliv. 2017;24:1295–301.

96.	 Xu W, He W, Du Z, Zhu L, Huang K, Lu Y, Luo Y. Functional nucleic acid nano-
materials: Development, Properties, and applications. Angew Chem Int Ed 
Engl. 2021;60:6890–918.

97.	 Zhang T, Cui W, Tian T, Shi S, Lin Y. Progress in Biomedical Applications of Tet-
rahedral Framework Nucleic Acid-based Functional systems. ACS Appl Mater 
Interfaces. 2020;12:47115–26.

98.	 Yao L, Li JJ, Qin X, Liu ZQ, Jiang YY, Zhang TX, Lin YF. Antifibrotic and antioxi-
dant effects of a Tetrahedral Framework Nucleic Acid-based Chlorogenic Acid 
Delivery System. ACS Mater Lett. 2023;5:1153–63.

99.	 Setyawati MI, Tay CY, Chia SL, Goh SL, Fang W, Neo MJ, Chong HC, Tan SM, Loo 
SCJ, Ng KW, et al. Titanium dioxide nanomaterials cause endothelial cell leaki-
ness by disrupting the homophilic interaction of VE-cadherin. Nat Commun. 
2013;4:1673.

100.	 Krugh TR. Association of actinomycin D and deoxyribodinucleotides 
as a model for binding of the drug to DNA. Proc Natl Acad Sci U S A. 
1972;69:1911–4.

101.	 Li M, Ding HM, Lin MH, Yin FF, Song L, Mao XH, Li F, Ge ZL, Wang LH, Zuo XL, 
et al. DNA Framework-programmed cell capture via Topology-Engineered 
receptor-ligand interactions. J Am Chem Soc. 2019;141:18910–5.

102.	 Walsh AS, Yin HF, Erben CM, Wood MJA, Turberfield AJ. DNA cage delivery to 
mammalian cells. ACS Nano. 2011;5:5427–32.



Page 17 of 17Zou et al. Journal of Nanobiotechnology          (2024) 22:113 

103.	 Ma WJ, Zhang YX, Zhang YX, Shao XR, Xie XP, Mao CC, Cui WT, Li Q, Shi JY, Li J, 
et al. An Intelligent DNA nanorobot with in Vitro enhanced protein lysosomal 
degradation of HER2. Nano Lett. 2019;19:4505–17.

104.	 Muhaj FF, George SJ, Tyring SK. Bacterial antimicrobial resistance and derma-
tological ramifications. Br J Dermatol. 2022;187:12–20.

105.	 Bush K, Courvalin P, Dantas G, Davies J, Eisenstein B, Huovinen P, Jacoby GA, 
Kishony R, Kreiswirth BN, Kutter E, et al. Tackling antibiotic resistance. Nat Rev 
Microbiol. 2011;9:894–6.

106.	 Sun Y, Liu Y, Zhang B, Shi S, Zhang T, Zhao D, Tian T, Li Q, Lin Y. Erythromycin 
loaded by tetrahedral framework nucleic acids are more antimicrobial sensi-
tive against Escherichia coli (E. Coli). Bioact Mater. 2021;6:2281–90.

107.	 Zhang Y, Xie X, Ma W, Zhan Y, Mao C, Shao X, Lin Y. Multi-targeted antisense 
oligonucleotide delivery by a Framework Nucleic Acid for Inhibiting Biofilm 
formation and virulence. Nanomicro Lett. 2020;12:74.

108.	 Mann EE, Wozniak DJ. Pseudomonas biofilm matrix composition and niche 
biology. FEMS Microbiol Rev. 2012;36:893–916.

109.	 Koo H, Allan RN, Howlin RP, Stoodley P, Hall-Stoodley L. Targeting microbial 
biofilms: current and prospective therapeutic strategies. Nat Rev Microbiol. 
2017;15:740–55.

110.	 Bessa LJ, Ferreira M, Gameiro P. Evaluation of membrane fluidity of multidrug-
resistant isolates of Escherichia coli and Staphylococcus aureus in presence 
and absence of antibiotics. J Photochem Photobiol B. 2018;181:150–6.

111.	 Zhang Y, Ma W, Zhu Y, Shi S, Li Q, Mao C, Zhao D, Zhan Y, Shi J, Li W, et al. 
Inhibiting methicillin-resistant Staphylococcus aureus by tetrahedral DNA 
nanostructure-enabled antisense peptide nucleic acid delivery. Nano Lett. 
2018;18:5652–9.

112.	 Readman JB, Dickson G, Coldham NG. Translational inhibition of CTX-M 
extended spectrum β-Lactamase in clinical strains of Escherichia coli by Syn-
thetic antisense oligonucleotides partially restores sensitivity to Cefotaxime. 
Front Microbiol. 2016;7:110.

113.	 McClintock JL, Ceresa BP. Transforming growth Factor-α enhances corneal 
epithelial cell Migration by promoting EGFR Recycling. Invest Ophthalmol Vis 
Sci. 2010;51:3455–61.

114.	 Reinke JM, Sorg H. Wound repair and regeneration. Eur Surg Res. 
2012;49:35–43.

115.	 Gibran NS, Boyce S, Greenhalgh DG. Cutaneous wound healing. J Burn Care 
Res. 2007;28:577–9.

116.	 Liu CY, Kao WW. Corneal epithelial Wound Healing. Prog Mol Biol Transl Sci. 
2015;134:61–71.

117.	 Ma WJ, Xie XP, Shao XR, Zhang YX, Mao CC, Zhan YX, Zhao D, Liu MT, Li QS, Lin 
YF. Tetrahedral DNA nanostructures facilitate neural stem cell migration via 
activating RHOA/ROCK2 signalling pathway. Cell Prolif. 2018;51:e12503.

118.	 Yu Z, Xiao CW, Huang YZ, Chen MJ, Wei W, Yang XX, Zhou HF, Bi XP, Lu LN, 
Ruan J, Fan XQ. Enhanced bioactivity and osteoinductivity of carboxymethyl 
chitosan/nanohydroxyapatite/graphene oxide nanocomposites. RSC Adv. 
2018;8:17860–77.

119.	 Fu W, You C, Ma L, Li H, Ju Y, Guo X, Shi SR, Zhang T, Zhou RH, Lin YF. 
Enhanced efficacy of Temozolomide loaded by a Tetrahedral Framework 
DNA nanoparticle in the therapy for Glioblastoma. ACS Appl Mater Interfaces. 
2019;11:39525–33.

120.	 Mao C, Pan W, Shao X, Ma W, Zhang Y, Zhan Y, Gao Y, Lin Y. The Clearance 
Effect of Tetrahedral DNA nanostructures on Senescent Human dermal 
fibroblasts. ACS Appl Mater Interfaces. 2019;11:1942–50.

121.	 Zhang M, Zhu JY, Qin X, Zhou M, Zhang XL, Gao Y, Zhang TX, Xiao DX, Cui WT, 
Cai XX. Cardioprotection of Tetrahedral DNA nanostructures in Myocardial 
Ischemia-Reperfusion Injury. ACS Appl Mater Interfaces. 2019;11:30631–9.

122.	 Cui W, Zhan Y, Shao X, Fu W, Xiao D, Zhu J, Qin X, Zhang T, Zhang M, Zhou Y, 
Lin Y. Neuroprotective and neurotherapeutic effects of Tetrahedral Frame-
work Nucleic acids on Parkinson’s Disease in Vitro. ACS Appl Mater Interfaces. 
2019;11:32787–97.

123.	 Guo S, Dipietro LA. Factors affecting wound healing. J Dent Res. 
2010;89:219–29.

124.	 Zhao D, Liu MT, Li JJ, Xiao DX, Peng SL, He Q, Sun Y, Li QR, Lin YF. Angiogenic 
aptamer-modified Tetrahedral Framework Nucleic Acid promotes Angiogen-
esis in Vitro and in vivo. ACS Appl Mater Interfaces. 2021;13:29439–49.

125.	 Rockey DC, Bell PD, Hill JA. Fibrosis–a common pathway to organ injury and 
failure. N Engl J Med. 2015;372:1138–49.

126.	 Kandhare AD, Bodhankar SL, Mohan V, Thakurdesai PA. Effect of glycosides 
based standardized fenugreek seed extract in bleomycin-induced pulmonary 

fibrosis in rats: decisive role of Bax, Nrf2, NF-kappaB, Muc5ac, TNF-alpha and 
IL-1beta. Chem Biol Interact. 2015;237:151–65.

127.	 Dees C, Chakraborty D, Distler JHW. Cellular and molecular mechanisms in 
fibrosis. Exp Dermatol. 2021;30:121–31.

128.	 Jiang Y, Li S, Zhang T, Zhang M, Chen Y, Wu Y, Liu Y, Liu Z, Lin Y. Tetrahedral 
Framework nucleic acids inhibit skin fibrosis via the Pyroptosis Pathway. ACS 
Appl Mater Interfaces. 2022;14:15069–79.

129.	 Risau W. Mechanisms of angiogenesis. Nature. 1997;386:671–4.
130.	 Liu W, Zhang G, Wu J, Zhang Y, Liu J, Luo H, Shao L. Insights into the angio-

genic effects of nanomaterials: mechanisms involved and potential applica-
tions. J Nanobiotechnol. 2020;18:9.

131.	 Shaabani E, Sharifiaghdam M, Faridi-Majidi R, De Smedt SC, Braeckmans K, 
Fraire JC. Gene therapy to enhance angiogenesis in chronic wounds. Mol 
Ther–Nucleic Acids. 2022;29:871–99.

132.	 Nour S, Imani R, Chaudhry GR, Sharifi AM. Skin wound healing assisted by 
angiogenic targeted tissue engineering: a comprehensive review of bioengi-
neered approaches. J Biomed Mater Res Part A. 2021;109:453–78.

133.	 Veith AP, Henderson K, Spencer A, Univer A, Baker AB. Therapeutic strate-
gies for enhancing angiogenesis in wound healing. Adv Drug Deliv Rev. 
2019;146:97–125.

134.	 Zhao D, Cui W, Liu M, Li J, Sun Y, Shi S, Lin S, Lin Y. Tetrahedral Framework 
Nucleic Acid promotes the treatment of bisphosphonate-related osteone-
crosis of the Jaws by promoting angiogenesis and M2 polarization. ACS Appl 
Mater Interfaces. 2020;12:44508–22.

135.	 Shi S, Lin S, Shao X, Li Q, Tao Z, Lin Y. Modulation of chondrocyte motility by 
tetrahedral DNA nanostructures. Cell Prolif. 2017;50:e12368.

136.	 Zhao D, Liu M, Li Q, Zhang X, Xue C, Lin Y, Cai X. Tetrahedral DNA nanostruc-
ture promotes endothelial cell proliferation, Migration, and Angiogenesis via 
Notch Signaling Pathway. ACS Appl Mater Interfaces. 2018;10:37911–8.

137.	 Italiano JE Jr., Richardson JL, Patel-Hett S, Battinelli E, Zaslavsky A, Short S, 
Ryeom S, Folkman J, Klement GL. Angiogenesis is regulated by a novel 
mechanism: pro- and antiangiogenic proteins are organized into separate 
platelet alpha granules and differentially released. Blood. 2008;111:1227–33.

138.	 Eelen G, de Zeeuw P, Simons M, Carmeliet P. Endothelial cell metabolism in 
normal and diseased vasculature. Circ Res. 2015;116:1231–44.

139.	 De Bock K, Georgiadou M, Carmeliet P. Role of endothelial cell metabolism in 
vessel sprouting. Cell Metab. 2013;18:634–47.

140.	 Zhang Q, Lin SY, Shi SR, Zhang T, Ma QQ, Tian TR, Zhou TF, Cai XX, Lin YF. Anti-
inflammatory and antioxidative effects of Tetrahedral DNA nanostructures 
via the modulation of macrophage responses. ACS Appl Mater Interfaces. 
2018;10:3421–30.

141.	 Santos MI, Reis RL. Vascularization in bone tissue Engineering: physiology, 
current strategies, Major hurdles and Future challenges. Macromol Biosci. 
2010;10:12–27.

142.	 Wang P, Huang S, Hu Z, Yang W, Lan Y, Zhu J, Hancharou A, Guo R, Tang B. 
In situ formed anti-inflammatory hydrogel loading plasmid DNA encoding 
VEGF for burn wound healing. Acta Biomater. 2019;100:191–201.

143.	 Werner S. Regulation of wound healing by growth factors and cytokines. 
Physiol Rev. 2003;83:835–70.

144.	 Hu QQ, Li H, Wang LH, Gu HZ, Fan CH. DNA nanotechnology-enabled drug 
Delivery systems. Chem Rev. 2019;119:6459–506.

145.	 Bastings MMC, Anastassacos FM, Ponnuswamy N, Leifer FG, Cuneo G, Lin 
CX, Ingber DE, Ryu JH, Shih WM. Modulation of the Cellular Uptake of DNA 
Origami through Control over Mass and shape. Nano Lett. 2018;18:3557–64.

146.	 Dong YH, Han JP, Yang DY. Gene-like construction of DNA functional materi-
als. Acta Polym Sin. 2021;52:1441–58.

147.	 Bila D, Radwan Y, Dobrovolskaia MA, Panigaj M, Afonin KA. The Recognition 
of and reactions to Nucleic Acid nanoparticles by Human Immune cells. 
Molecules. 2021;26:4231.

148.	 Massich MD, Giljohann DA, Seferos DS, Ludlow LE, Horvath CM, Mirkin CA. 
Regulating Immune Response using Polyvalent Nucleic Acid-Gold Nanopar-
ticle conjugates. Mol Pharm. 2009;6:1934–40.

149.	 Xu R, Li Y, Zhu C, Liu D, Yang YR. Cellular Ingestible DNA nanostructures for 
Biomedical Applications. Adv NanoBiomed Res. 2023;3:2200119.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Tetrahedral framework nucleic acids for improving wound healing
	﻿Abstract
	﻿Introduction
	﻿Wound healing process
	﻿tFNAs in wound healing
	﻿As a delivery carrier
	﻿Regulation of cell proliferation and migration
	﻿Angiogenesis

	﻿Biocompatibility and biosafety
	﻿Summary and outlook
	﻿References


