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Abstract: Lung injury is a pathological condition caused by a range of direct or indirect factors that disrupt the alveolar-capillary 
barrier and damage the structure of the lung parenchyma, leading to impaired gas exchange and compromised respiratory function. 
Lung injury shows a high incidence worldwide and remains associated with high mortality, and safe, effective, and reliable therapeutic 
strategies for this condition are still lacking. Tetrahedral framework nucleic acids (tFNAs) represent a significant advancement in 
nucleic acid nanotechnology. As novel therapeutic agents and nanocarriers, tFNAs possess an intrinsic capacity to scavenge reactive 
oxygen species, thus mitigating oxidative stress. Additionally, their unique tetrahedral geometry facilitates endocytosis-mediated 
cellular uptake and confers them with excellent tissue permeability, enabling them to traverse the lung mucosal barrier. These 
properties collectively enhance cell–drug interactions. As a result, tFNAs show multidimensional therapeutic potential for the 
treatment of lung injuries and provide innovative strategies for managing complex pathological conditions. This review summarizes 
the recent advances in the application of tFNAs for lung injury repair, with a focus on their mechanisms of action, treatment strategies, 
and current challenges. The goal of this review is to promote breakthroughs in lung injury treatment. 
Keywords: self-assembled DNA nanomaterials, tetrahedral framework nucleic acid, lung injury, pulmonary fibrosis, drug delivery, 
targeted therapy

Introduction
Lung injury has long been a serious public health concern worldwide. The common etiologies of lung injury include 
pneumonia, smoking, transfusion-related complications, and other inflammatory conditions. In recent years, with rising 
environmental pollution, the number of lung injury cases has increased substantially, impacting global incidence rates, 
patients’ quality of life, and overall public health safety.1–3 Lung injury, as a core pathological link in the onset and 
progression of respiratory diseases, is characterized by pathological changes, disruption of structural integrity, and gas 
exchange dysfunction in lung tissue. Based on the disease course and clinical features, lung injury can be classified into 
two major categories: acute lung injury (ALI) and chronic lung injury. ALI is a clinical syndrome characterized by 
diffuse alveolar damage, inflammatory exudation, and pulmonary edema. Pathologically, it manifests as extensive injury 
to the alveolar epithelium and vascular endothelium, exudation of protein-rich edematous fluid, and formation of hyaline 
membranes.4,5 Its most severe and critical form, acute respiratory distress syndrome (ARDS), is frequently encountered 
in clinical practice, characterized by rapid onset and high mortality rates. In an international observational study 

International Journal of Nanomedicine 2026:21 611318                                                          1
© 2026 Song et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                             

Open Access Full Text Article

https://doi.org/10.2147/IJN.S611318
Received: 24 March 2026
Accepted: 20 May 2026
Published: 10 June 2026

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0003-2682-0755
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


conducted in 2019, the morbidity and mortality rates among 23280 ARDS patients across 27 countries were found to be 
17% and 3%, respectively, highlighting the complex and multifactorial pathogenesis of this condition.6 Furthermore, 
a separate study covering 50 countries and regions found that ARDS accounted for 10.4% of intensive care unit (ICU) 
admissions, with mortality rates reaching up to 40%.7 Unfortunately, research shows that long-term quality of life 
remains impaired among ARDS survivors.8,9 In contrast to ALI, chronic lung injury involves prolonged, progressive 
structural and functional damage to lung tissues and typically progresses slowly. Its prominent pathological changes 
include persistent inflammation, fibroblast activation, and excessive deposition of extracellular matrix, ultimately leading 
to irreversible damage and pathological changes.10 Chronic lung injury serves as a common pathological foundation for 
a range of chronic lung diseases, including pulmonary fibrosis, radiation-induced lung injury, lung cancer, and chronic 
obstructive pulmonary disease, all of which pose serious threats to human health and safety. However, conventional 
treatment approaches such as pharmacotherapy, surgical interventions, and physical therapies often exhibit limited 
efficacy, lead to significant side effects, and carry a high risk of recurrence. In this context, the rapid development of 
nanomaterial science has offered new opportunities to optimize therapeutic strategies for lung injury and to advance the 
development of targeted pharmacotherapies.

Owing to the emergence and rapid development of nanomaterials, revolutionary biomedical tools have now been 
developed. Deoxyribonucleic acid (DNA), composed of monomeric nucleotides, serves as the molecular basis for storing 
genetic information. With its characteristic double helix structure, DNA plays a critical role in regulating biological 
functions. In 1982, Professor Nadrian Seeman proposed the groundbreaking concept that DNA could be utilized as 
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a structural material capable of self-assembling into geometrically defined nanoscale objects. This idea laid the founda
tion for the development of DNA nanostructures.11 Among the most promising of these structures are tetrahedral 
framework nucleic acids (tFNAs), first synthesized by Turberfield et al in the early 2000s using a one-pot annealing 
method.12 tFNAs are novel three-dimensional nanomaterials constructed via DNA nanotechnology. They consist of four 
equidistant, programmable single-stranded DNA molecules and self-assemble based on the Watson-Crick base pairing 
principle. Owing to their unique design, tunability, and biocompatibility, tFNAs have garnered significant attention and 
have emerged as a versatile platform for applications in diagnostics, therapeutics, drug delivery, and regenerative 
medicine. In recent years, the optimization of tFNAs for biomedical applications has become a major focus of research. 
Numerous studies have demonstrated the potential of tFNAs in biosensing,13,14 targeted drug delivery,15–17 tissue 
regeneration,18,19 and even as therapeutic agents for serious diseases.15,20,21 These broad application prospects have 
attracted considerable interest from researchers in the field of biomedicine.

With advances in science and technology and growing clinical demands, the field of medical materials is entering 
a new era of innovation. The emergence of novel medical materials is increasingly supporting precision medicine and 
personalized therapy.22 Compared to conventional materials, the new medical materials offer superior biocompatibility, 
flexibility, biodegradability, and multifunctional therapeutic potential. They not only help reduce healthcare costs but also 
maintain or enhance clinical efficacy, providing patients with safer and more effective diagnostic and treatment plans. 
tFNAs are a classic example of this new class of advanced medical materials. Building upon their biological properties 
and regulatory functions, recent studies have highlighted their use as therapeutic agents and drug carriers.

This review explores the potential clinical applications of tFNAs in the context of lung injury repair, analyzes the 
challenges associated with their clinical translation, and provides an outlook on future development directions. The goal 
of this review is to inform and guide ongoing development in the field of nanoscale framework nucleic acid structures to 
address key healthcare needs.

Pathological Features and Challenges for Treating Lung Injury
The lungs are highly complex organs. The endothelial cells of the lungs, as key components of the capillary-alveolar unit, 
form a semipermeable selective barrier essential for maintaining normal pulmonary function. This barrier regulates blood 
flow, restricts excessive fluid extravasation, and hinders the infiltration of inflammatory cells.23 An intact alveolar 
epithelial barrier maintains a relatively dry alveolar environment, free from inflammatory cell infiltration, thereby 
ensuring effective gas exchange.24 The vast surface area of these endothelial cells enables the lungs to efficiently 
oxygenate blood before it enters the systemic circulation. Therefore, the structural integrity of the alveolar epithelium and 
capillary endothelium is crucial for maintaining lung homeostasis.

ALI
ALI is a clinical syndrome characterized by acute diffuse alveolar damage. It presents with bilateral pulmonary infiltrates 
on chest imaging as well as hypoxemia, without left atrial hypertension. ALI is primarily triggered by direct lung insults, 
such as pneumonia and aspiration, or by systemic inflammatory events, including sepsis. ARDS represents the severe 
end-stage manifestation of ALI, marked by profound hypoxemia, extensive alveolar edema, and a higher mortality rate. 
Both ALI and ARDS share similar pathophysiological mechanisms, including increased pulmonary capillary perme
ability, inflammatory cell infiltration, and disruption of the alveolar-epithelial barrier. However, ARDS is associated with 
more severe respiratory impairments and multi-organ dysfunction. Overall, ALI and ARDS are serious multifactorial 
respiratory conditions associated with lung inflammation and can be highly fatal.

The pathogenesis of ALI/ARDS involves multiple factors, including pneumonia caused by environmental particles, 
bacterial or viral infections, sepsis, trauma, the aspiration of gastric contents, drowning, and transfusion-related 
infections.25–27 These triggers initiate an inflammatory response that is mediated by polymorphonuclear leukocytes 
(PMNs), macrophages, alveolar epithelial cells, and endothelial cells. Following direct or indirect injury to lung tissue, 
these cells become activated. Then, they begin secreting pro-inflammatory cytokines such as tumor necrosis factor-alpha 
(TNF-α), interleukin-1 (IL-1), and IL-8, along with inflammatory mediators such as elastase, collagenase, and various 
chemokines. This molecular cascade leads to further cellular damage and perpetuates a self-amplifying cycle of 
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inflammation.28 In the presence of pro-inflammatory factors, endothelial cells express adhesion molecules such as 
P-selectin, E-selectin, and intercellular adhesion molecule-1, which interact with anti-receptors such as P-selectin 
glycoprotein ligand-1 and β-2 integrin on PMNs. These interactions allow endothelial cells to capture PMNs, which 
subsequently transmigrate through the endothelium to reach sites of inflammation.23 The activation and migration of 
PMNs provoke alveolar inflammation, damaging both the vascular endothelium and alveolar epithelium. This damage 
compromises the integrity of the alveolar-capillary barrier, increasing the permeability of vascular endothelial and 
epithelial barriers and allowing the leakage of protein-rich fluids—including plasma and inflammatory cells—into the 
alveolar space. Such leakage results in pulmonary edema, a reduced alveolar surface area, and impaired gas exchange.29– 

31 Therefore, the effective management of pulmonary edema is essential to maintain adequate gas exchange in patients 
with ALI/ARDS.

At present, the treatment strategies for ALI/ARDS include respiratory support therapy, cell transplantation, gene 
therapy, and drug treatment. The drugs commonly used in clinical practice to treat ALI include glucocorticoids, anti- 
oxidative stress drugs, non-steroidal anti-inflammatory drugs, and vasodilators, but these agents often cause significant 
adverse effects. The prolonged or high-dose administration of glucocorticoids can increase the risk of infection, 
hyperglycemia, osteoporosis, gastrointestinal ulcers, and other adverse outcomes.32 Moreover, the pathogenesis of 
ALI/ARDS involves a complex interplay of cellular processes and molecular pathways, which form intricate regulatory 
networks. This complexity hinders the identification of precise therapeutic targets.33 Consequently, there is a pressing 
need to develop more targeted pharmacological treatments with reduced side effects.

Chronic Lung Injury
Pulmonary Fibrosis
Pulmonary fibrosis is a fatal, chronic, and progressive fibrotic interstitial lung disease characterized by excessive 
extracellular matrix (ECM) deposition and the formation and thickening of alveolar wall scars. The primary pathological 
process of pulmonary fibrosis involves the chronic inflammation triggered by initial injury or exposure to internal or 
external pathogenic factors. This eventually leads to aberrant tissue repair and progressive functional impairment of 
culminating in respiratory failure and death. Currently, the imbalance between tissue damage and wound repair is 
considered the fundamental mechanism underlying fibrosis. This imbalance manifests in two major physiological 
processes: the dysregulated proliferation or apoptosis of fibroblasts and myofibroblasts, and the abnormal synthesis or 
degradation of ECM components.34 Myofibroblasts, a specialized group of fibroblasts characterized by the presence of 
stress fibers and adhesion plaques, play a central role in mediating wound healing and are key contributors to pulmonary 
fibrosis.35 Transforming growth factor-β1 (TGF-β1), a pro-fibrotic cytokine derived from macrophages, promotes the 
proliferation of fibroblasts and enhances their differentiation into myofibroblasts via the fibroblast-to-myofibroblast 
transition (FMT), and it also enhances ECM contraction by stimulating the formation of contractile stress fibers.15 

Furthermore, TGF-β1 induces the epithelial–mesenchymal transition (EMT), wherein alveolar epithelial cells acquire 
mesenchymal characteristics, leading to increased ECM production and accumulation in the alveolar wall.36 This process 
enhances cellular migratory capacity and causes irreversible damage to the alveolar architecture. Under normal physio
logical conditions, fibroblasts migrate to sites of injury and differentiate into myofibroblasts under the regulation of TGF- 
β1. These myofibroblasts are responsible for producing ECM components such as collagen, proteoglycans, fibronectin, 
and other matrix molecules in response to inflammatory and chemotactic signals from immune cells and macrophages. In 
healthy tissues, ECM production is tightly regulated, and most myofibroblasts undergo apoptosis after wound healing. 
Meanwhile, a small proportion of these cells transform into quiescent fibroblasts to maintain tissue homeostasis.37,38 

However, persistent inflammation promotes sustained myofibroblast differentiation and inhibits myofibroblast apoptosis. 
This leads to excessive ECM accumulation and abnormal deposition, ultimately causing alveolar wall scarring and 
fibrotic remodeling.31,34,39

Unfortunately, once pulmonary fibrosis becomes irreversible, the median survival time after diagnosis is only 3 to 5 
years.40 Given that its mortality rate is higher than that of many cancers, pulmonary fibrosis is often referred to as 
a “tumor-like disease.” In 2014, pirfenidone (PFD) and nintedanib were approved for the treatment of clinical pulmonary 
fibrosis by the US Food and Drug Administration. Although these drugs improve lung function and enhance patients’ 
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quality of life, they do not eradicate the disease. Moreover, both compounds are poorly soluble in water, undergo rapid 
degradation and excretion, and do not achieve sufficient concentrations at sites of fibrosis, resulting in low treatment 
efficacy. Additionally, they are associated with significant adverse effects, including dermatologic reactions (rash), 
gastrointestinal bleeding, vomiting, and severe diarrhea, which limit their widespread clinical use.41,42 Importantly, the 
management of pulmonary fibrosis continues to be hindered by the lack of curative therapies, as current treatments 
merely slow disease progression instead of inducing complete remission. Known molecular targets for pulmonary fibrosis 
include TGF-β1, receptor tyrosine kinases, connective tissue growth factor, and the Wnt/β-catenin signaling pathway. 
However, the pharmacological agents targeting these pathways are still being developed. Therefore, there is an urgent 
need to enhance the targeted delivery of therapeutic agents to lung tissue in order to improve drug efficacy and clinical 
outcomes.

Radiation-Induced Lung Injury (RILI)
Radiotherapy is a common strategy for the treatment of malignant tumors in the chest and abdomen, including gastric 
cancer, lymphomas, and breast tumors. However, the lung is a radiosensitive organ. Hence, radiotherapy inevitably 
causes some damage to lung tissues. Therefore, RILI limits the ability to increase radiation doses to tumor tissues and 
consequently reduces the overall effectiveness of radiotherapy.43 RILI includes both early radiation pneumonitis and late- 
stage pulmonary fibrosis, and its pathogenesis involves a complex interplay of multiple cell types and molecular 
mediators.44 Early radiation pneumonitis is caused by an exudative inflammatory response. Following the exposure of 
lung tissues to ionizing radiation, reactive oxygen species (ROS) are generated in large quantities. Alveolar epithelial 
cells, as an important component of the alveolar barrier, are the first to experience oxidative damage. This damage 
initiates a series of inflammatory reactions and PMN chemotaxis, leading to the altered secretion of inflammatory 
cytokines, chemokines, and growth factors such as IL-4, IL-13, interferon-γ (IFN-γ), prostaglandin E2 (PGE2), and TGF- 
β1.45,46 These chemotactic signals recruit PMNs and macrophages to the alveoli and interstitium of the lungs, triggering 
an acute inflammatory response that is accompanied by extensive fibrin exudation. In the later stages of RILI, abnormal 
tissue repair processes result in the excessive secretion and deposition of ECM, which disrupts the normal tissue 
architecture, reducing alveolar surface area and progressively impairing pulmonary function. Macrophage-derived 
TGF-β1 plays a crucial role in promoting the accumulation of fibroblasts and myofibroblasts. Notably, it drives fibrotic 
progression by facilitating alveolar EMT and FMT, ultimately causing the structural remodeling of lung tissues.47,48

Currently, the treatment of RILI is associated with several major challenges. First, the disease course exhibits 
spatiotemporal heterogeneity: the acute phase necessitates the rapid suppression of the inflammatory cascade, whereas 
the chronic phase requires the reversal of fibrosis. In addition, significant individual variations in radiosensitivity 
complicate the development of personalized treatment plans. As RILI is a complication of radiotherapy for thoracic 
and abdominal tumors, any therapeutic interventions need to avoid interference with ongoing tumor treatment. In 
addition, drug delivery is a major challenge because the physiological barriers within the lungs make it challenging to 
achieve therapeutic concentrations at the site of injury following systemic administration, while inhaled formulations 
show limitations such as uneven distribution and poor formulation stability.

Lung Cancer
Lung cancer is a malignant respiratory tract tumor that originates in the epithelium of the bronchial mucosa and has long 
remained a significant clinical challenge. Similar to other chronic diseases, lung cancer is a multifactorial condition that 
develops slowly under the influence of various risk factors. These include long-term exposure to cigarette smoke, environ
mental pollutants (eg, PM25), and specific chemical agents.25,49 One of the primary mechanisms through which these risk 
factors contribute to tumorigenesis is the targeted induction of DNA damage in epithelial cells, leading to mutations in 
oncogenes, such as RAS and ALK gene rearrangements and loss, as well as the inactivation of tumor suppressor genes such as 
TP53, RB, and P16. These genetic alterations result in uncontrolled cell proliferation, resistance to apoptosis, and disruption 
of cell cycle regulation.50 Growth factors—peptide molecules produced in large quantities by various types of cells—play 
pivotal roles in regulating cell proliferation, differentiation, metastasis, and apoptosis. The receptors for these growth factors 
are located on the cell surface and are critical for transmitting extracellular signals into the intracellular environment. Among 
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these, epidermal growth factor (EGF) and its receptor (EGFR) act as key regulators in lung cancer development. The 
disruption of these molecules is a key contributor to the pathogenesis of lung cancer.51 The formation of blood vessels is also 
crucial for both normal and pathological tissue growth. This process is typically self-limiting, but in malignant tumors, 
abnormal angiogenesis occurs because the division rate and survival time of endothelial cells become several hundred-fold 
higher. Vascular endothelial growth factor (VEGF) is among the most important and strongest angiogenic mediators. In 
cancer, including lung cancer, the VEGF signaling pathway is persistently activated, shifting the balance in favor of pro- 
angiogenic over anti-angiogenic signals, thereby promoting tumor vascularization and growth. VEGF mRNA is abundantly 
expressed in tumor cells, including lung cancer cells. Tumor cells facilitate capillary proliferation by secreting VEGF, 
enabling the establishment of a tumor-specific microcirculation.52,53 Meanwhile, the resident immune cells within the 
alveolar microenvironment are polarized by tumor cells to produce immunosuppressive cytokines such as IL-10, creating 
an immunosuppressive microenvironment that further supports tumor development and progression.54

In the context of lung cancer drug therapy, three major clinical challenges have emerged: enhancing drug targeting, 
overcoming multidrug resistance, and minimizing adverse effects. These challenges collectively limit the efficacy of 
current treatments in inhibiting tumor growth, metastasis, and recurrence.55 Therefore, there is an urgent need to develop 
safe and precise drug delivery systems, formulate multi-targeted therapeutic strategies, and explore dynamic drug 
resistance monitoring technologies based on tumor evolution trajectories. The mechanism diagram illustrating lung 
injury for Figure 1.

Figure 1 External stimuli impair normal cell behavior and lung parenchyma in the alveoli, destroy the alveolar-capillary barrier, and induce lung injury. Factors such as smoke, 
radiation, pollutants, genetics, and microorganisms can damage normal cell behavior in the alveoli, causing inflammatory storms and the release of growth factors, while also 
disrupting the alveolar capillary barrier, leading to increased vascular permeability, infiltration of inflammatory cells (macrophages, neutrophils, T cells), and infiltration of 
protein-rich fluids into the alveolar cavity. This results in pulmonary edema, ECM deposition, EMT, FMT, and immune dysfunction. It will eventually lead to hypoxia and may 
lead to serious consequences such as fibrosis and tumor formation.
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Emergence of Nanomaterials and the Characteristics of tFNAs
Emergence of Nanomaterials
Humankind’s understanding of matter at the nanoscale level can be traced back to the 4th century BC, when the ancient 
Greek philosopher Democritus proposed the atomic theory. During the Middle Ages, alchemists unintentionally produced 
gold sols by heating metal salt solutions. These colloidal systems, which exhibited unique optical properties, were used to 
color glass, although their underlying nature remained unknown at the time.

Nanomaterials are defined as materials that possess at least one dimension within the nanoscale range (1–100 nm) or 
are composed of nanoscale units in a three-dimensional configuration. Lying between micro and macroscale systems, 
nanomaterials encompass a variety of structures, including nanoparticles, nanosheets, and nanocapsules.56 Based on their 
intrinsic properties, nanomaterials can be classified into several categories, such as inorganic nanomaterials, organic 
nanomaterials, metallic nanomaterials, and biological nanomaterials. In 1857, Michael Faraday conducted the first 
systematic study on the synthesis and properties of gold nanoparticles.57 This observation marked the early identification 
of the size-dependent properties of nanoparticles. However, progress in the field remained limited for decades due to 
inadequate technologies. Nevertheless, a significant breakthrough was made after the invention of the scanning tunneling 
microscope, which enabled the direct visualization and manipulation of individual atoms for the first time. This 
technological advancement catalyzed the emergence of nanomaterials and the rapid development of associated technol
ogies. Following this, numerous innovative design concepts and novel nanomaterials such as DNA nanostructures were 
introduced, unlocking new opportunities across a wide array of sectors, including healthcare, environmental protection, 
construction, and agriculture. In the field of medicine in particular, the integration of nanotechnology is transforming 
traditional models of disease prevention, diagnosis, and treatment.

Nanotechnology and biomaterials have since jointly opened novel avenues of research. DNA is a fundamental 
biomolecule with high efficiency and stability, having evolved over time, and has found applications for treating various 
clinical diseases. In 2004, Turberfield et al introduced tFNAs, the simplest polyhedral DNA nanostructures. Following 
this, in 2006, scientists developed a groundbreaking technology for DNA self-assembly known as DNA origami.58 The 
rise of DNA origami technology created new opportunities and strategies for the development of DNA nanomaterials.

DNA nanostructures, as a new class of nanomaterials developed in recent years, have undergone four stages of 
evolution.59 2D DNA tiles constituted the first iteration of these nanostructures, while the second generation included 
rigid DNA double crossover structures. This was followed by the third generation of 3D DNA nanostructures, and finally 
the fourth generation of arbitrarily shaped DNA nanostructures. These progressive improvements have significantly 
lowered the complexity of fabricating large-scale, multi-layered DNA structures with dynamic environmental response 
capabilities, expanding the applications of DNA nanomaterials.60,61 Compared to other polyhedral DNA structures, the 
synthesis of tetrahedral nanostructures is simpler and more efficient, and yields of up to 90% can be achieved (versus 
76% for dodecahedra and only 69% larger buckyball-like structures). This is consistent with the general decrease in yield 
as the size of the target structure increases.62 Therefore, among the various types of DNA polyhedra, tFNAs remain the 
most studied and impactful.

Characteristics of tFNAs
One of the most promising applications of nanomaterials in biomedicine lies in drug delivery. However, with expanding 
research into nanotechnology, the challenges associated with liposomes, nanoparticles, and other carriers—such as 
excessive toxicity, non-degradability, insufficient loading efficiency, poor stability, and lack of specificity—have gradu
ally become apparent.63,64 The accumulation of toxic nanoparticles and the difficulty of degrading these inorganic 
nanomaterials have necessitated the development of nanomaterials with high biocompatibility and degradability. In this 
context, tFNAs stand out as representative third-generation nanomaterials due to their unique structural and functional 
properties.

Notably, tFNAs possess features such as programmability, biocompatibility, degradability, and high stability.12,65,66 

Their editability is reflected in the flexibility of their structural design, and researchers can precisely control the size of 
tFNAs by adjusting the sequence length of individual DNA strands. The editability of tFNAs also manifests in the 
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presence of numerous modifiable sites, which can be controlled via chemical coupling or complementary base pairing to 
assemble functional groups at specific sites. This allows functions to be achieved after modification.66 Meanwhile, DNA 
tetrahedra can be intelligently controlled through clever designs to respond to various stimuli. Since DNA is a natural 
biomacromolecule, DNA materials exhibit good biocompatibility, facilitating their use in various biological applications. 
tFNAs can also be efficiently taken up by various cells, such as lung fibroblasts, Schwann cells, and chondrocytes, and 
promote significant cell proliferation.15,67,68 They also show limited cytotoxicity, which is another important aspect of 
biocompatibility, indicating their potential role in promoting cell growth. As DNA nanostructures, tFNAs can be 
gradually degraded in vivo by nucleases to produce nucleotide fragments without the long-term risk of 
accumulation.69 Their inherent stability derives from a hydrogen bonding network formed by complementary base 
pairing, enabling tight strand binding, which prevents their dissociation. The tetrahedral geometric shape exhibits good 
spatial symmetry, effectively distributing molecular stresses and further enhancing structural stability. This tetrahedral 
configuration contributes to the stability of tFNAs in complex environments, which is fundamental for biological 
applications. Compared to linear DNA, tFNAs show significantly higher resistance to enzymatic degradation in solutions 
containing 10% fetal bovine serum, largely due to the triple branching connections at their vertices and their unexposed 
3′ ends, which collectively enhance structural integrity.70,71 In contrast to 24-hour DNA octahedra, tFNAs maintain their 
integrity within cells for at least 48 hours, likely due to their higher DNA density and shorter oligonucleotide 
components.72–74 Additionally, tFNAs as DNA nanomaterials have side lengths under 10 nm and can self-assemble 
quickly.12 Thus, tFNAs are providing considerable advantages as new carrier materials.

Biological Mechanisms Underlying the Role of tFNAs in Lung Injury Repair
Targeted Delivery and Synergistic Drug Treatment
Traditional drug delivery systems have several limitations, including inadequate bioavailability, suboptimal targeting, and 
a heightened risk of cytotoxicity. With the rapid advancement of nanomedicine, the integration of nanotechnology into 
precision drug delivery has become a major focus of contemporary biomedical research. This is particularly pertinent in 
the context of pulmonary disease treatment, wherein precise drug delivery, minimal adverse effects, and improved 
therapeutic efficacy are critical objectives. Harnessing the unique properties of DNA, researchers are developing 
efficient, safe, targeted, and multifunctional DNA nanostructures as delivery vehicles. The construction of intelligent 
therapeutic DNA nanomachines presents both substantial scientific interest and clinical promise. Extensive studies have 
demonstrated that tFNAs, designed based on the principles of Watson-Crick base pairing in single-stranded DNA, can 
achieve the precise loading and targeted delivery of functional nucleic acids, aptamers, or small-molecule drugs. This is 
accomplished through strategies such as vertex modification, mosaic modification, sequence replacement, and cantilever 
design, enhancing the therapeutic potential of tFNAs (Figure 2). Although tFNAs can serve as a structure for loading 
various therapeutic agents, the methods and rates of loading may vary. Vertex modification involves functionalizing the 
vertices of tFNAs with specific groups that may serve to stabilize the tFNA nanostructure, facilitate molecular recogni
tion, or deliver biologically active compounds.75–77 Mosaic modification entails the conjugation of functional molecules 
or chemical groups to the double-helical regions of tFNAs. In some studies, for instance, embedding pirfenidone into the 
double-helical groove of tFNAs led to the formation of a stable complex and significantly enhanced therapeutic 
outcomes.15 In contrast, sequence replacement involves substituting one or more strands, or specific segments of strands, 
within the tFNA with custom-designed nucleic acid sequences to achieve functionalization. Through this strategy, 
combined with the precise design of each strand and a stable combination of DNA duplexes, three single strands of 
a tFNA were replaced with three independent miR-155 inhibitors, effectively restoring immune homeostasis in the 
lungs.78 Finally, cantilever modification refers to the attachment of functional groups or molecules to the side arms of 
tFNAs. This involves designing the base sequences such that the intersection of the 5′ and 3′ ends lies at the edge, center, 
or another non-terminal region of the tFNA. In previous studies, chemotherapeutic agents were successfully applied to 
the side arms of tFNAs for tumor treatment using this method.79 Additionally, specific DNA sequences within tFNAs 
themselves have demonstrated inherent therapeutic effects in cases of some diseases.15
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One of the most significant advantages of the tFNA structure is its ability to enhance endocytosis and tissue penetration. 
Compared to most organic or inorganic nanoparticles, tFNAs are natural biomacromolecules with excellent biocompatibility 
and biodegradability and can penetrate mammalian cells without requiring lipid-based transfection. Single-stranded and 
double-stranded DNA molecules are typically impermeable to the plasma membrane due to their polyanionic properties. 
Moreover, exposed oligodeoxynucleotides are not readily internalized and are rapidly degraded by nucleases in the serum or 
the cytoplasm.80 However, the unique spatial topology of tFNAs gives them excellent transmembrane permeability, allowing 
them to act as effective transport vehicles. Upon contact with the cell membrane, the antenna-like extensions of tFNAs 
adhere to the membrane, reducing charge repulsion and redistributing membrane surface charges. They then efficiently 
traverse the cell membrane via the caveolin-mediated pathway, facilitating successful cellular uptake. When conjugated with 
additional aptamers for nuclear localization, tFNAs can also bypass lysosomal degradation.81,82 This caveolin-mediated 
internalization mechanism involves the formation of caveolae (membrane invaginations rich in caveolin proteins) that 
selectively capture and transport specific molecules into cells, enabling targeted delivery. The high intracellular uptake 
efficiency of tFNAs, along with their surface-exposed nucleotide sequences, enables the co-delivery of therapeutic cargos, 
including negatively charged nucleic acids, aptamers, and neutrally charged peptides that selectively recognize over
expressed markers at injury sites.72,83,84 The stability of DNA nanostructures is influenced by factors such as concentration, 
intracellular or extracellular nuclease activity, and innate immune responses. Notably, tFNAs have demonstrated structural 
stability in living cells for up to 48 hours, meeting the essential requirements for effective drug delivery systems.85 In co- 
delivery applications, tFNAs protect charged molecules from enzymatic degradation through steric hindrance and enhance 
cellular uptake by modulating surface charge, thereby reducing systemic toxicity while preserving therapeutic efficacy.86 

These advances provide a solid theoretical and technical foundation for the development of lung injury treatments.

Anti-Inflammatory and Immunoregulatory Effects
Inflammation is typically triggered by host immune responses to physical or chemical stimuli or pathogenic micro
organisms. In several diseases, uncontrolled inflammation is a key pathological process, and is mediated primarily 

Figure 2 The advantages and disadvantages of multifunctional modification methods based on nano-platform tFNAs in the treatment of lung injury.
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through four mechanisms: ROS-induced oxidative stress, the JAK-STAT pathway, the nuclear factor κ light chain 
enhancer (NF-κB) pathway, and the mitogen-activated protein kinase (MAPK) pathway.87 Hence, tFNAs could 
modulate inflammatory signaling pathways via multiple targets. Zhang et al comprehensively analyzed the immuno
modulatory effects of tFNAs on RAW264.7 cells and found that 250 nM tFNA could reduce the expression of nitric 
oxide, IL-1β, IL-6, and TNF-α in lipopolysaccharide (LPS)-stimulated RAW264.7 cells by inhibiting MAPK 
phosphorylation.88 Following this, the promising anti-inflammatory potential of tFNAs was extensively 
explored.15,89 Macrophages, as key effector cells responsible for secreting pro-inflammatory cytokines, phagocytosing 
pathogens, and clearing cellular debris, are central to the initiation and progression of inflammatory responses. These 
cells can polarize into either M1 or M2 phenotypes in response to microenvironmental signals, adopting either pro- 
inflammatory or anti-inflammatory roles, respectively.90 Inducible nitric oxide synthase (iNOS) and arginase serve as 
markers for the M1 and M2 phenotypes, respectively. M1 macrophages, characterized by iNOS expression, secrete 
pro-inflammatory cytokines that contribute to secondary inflammation and are thus referred to as pro-inflammatory 
macrophages. In contrast, M2 macrophages, marked by arginase expression, release factors that promote tissue repair 
and are known as repair macrophages. Owing to their excellent biocompatibility, tFNAs exhibit strong anti- 
inflammatory effects after cellular uptake. They can promote the polarization of M1 macrophages toward the M2 
phenotype and suppress the production of inflammatory cytokines such as TNF-α and IL-6, thereby exerting potent 
anti-inflammatory effects.91

T cells are known contributors to autoimmune diseases, and they also play a crucial role in the development of 
systemic and local inflammation. Self-assembled tFNAs have been shown to enter and accumulate in the cytoplasm of 
primary human T cells, where they inhibit the excessive secretion of pro-inflammatory cytokines by activated T cells. 
Mechanistically, tFNAs regulate T cell-mediated adaptive immunity by inhibiting the phosphorylation of c-Jun 
N-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK) under physiological conditions. In vitro studies 
further confirm that tFNAs possess significant immunomodulatory effects under pathological conditions, effectively 
suppressing pro-inflammatory cytokine secretion.89 Moreover, related research has demonstrated that tFNAs can regulate 
both T cell differentiation and macrophage polarization, highlighting their broad immunomodulatory potential 
(Figure 3).65,92

Anti-Oxidative Stress
Oxidative stress, resulting from an imbalance between oxidative and antioxidant capacities within an organism, 
plays a critical role in the pathogenesis of numerous diseases. In inflammatory microenvironments, ROS levels are 
elevated, contributing to the release of proteases and other detrimental intermediates. This process directly 
damages intracellular proteins and lipids and thereby exacerbates oxidative stress. Studies have shown that the 
ROS-induced apoptosis of alveolar epithelial cells significantly impairs normal lung tissue repair and accelerates 
the progression of fibrosis.93 Notably, tFNAs have been identified as highly effective ROS scavengers, providing 
both antioxidant and anti-apoptotic benefits across a range of diseases. This ROS-eliminating capacity can be 
attributed to the intrinsic properties of DNA, which naturally possesses the ability to neutralize ROS.94 In contrast 
to single-stranded DNA, the unique tetrahedral geometry and efficient cellular uptake of tFNAs enhance their 
ROS-clearing potential.95 The interplay of ROS, inflammation, and apoptosis has been implicated in the pathogen
esis of fibrosis. Research by Zhang et al demonstrated a significant reduction in ROS generation in rat type II 
alveolar epithelial cells (RLE-6TN) following treatment with tFNA. This indicated that tFNAs are promising 
DNA-based nanomedicine agents, capable of modulating pulmonary fibrosis progression through both anti- 
inflammatory effects and suppression of ROS production.96 Heme oxygenase-1 (HO-1), a cytoprotective factor 
regulated by nuclear factor erythroid 2-related factor 2 (NRf2), plays a pivotal role in alleviating cellular stress, 
controlling apoptosis, and managing inflammation. Notably, tFNAs have been shown to inhibit LPS-induced ROS 
generation and apoptotic cell death in macrophages by upregulating HO-1 mRNA expression.88 The potent anti- 
inflammatory and antioxidant properties exhibited by tFNAs upon cellular uptake present a novel approach for 
organ protection (Figure 3).
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Promoting Tissue Repair and Regeneration
Interestingly, tFNAs also exert beneficial effects on cellular behavior, with their potential for tissue repair and regenera
tion attributed to multiple molecular mechanisms. These include the inhibition of apoptosis, stimulation of cell division, 
promotion of cell proliferation and migration, suppression of inflammatory cytokine expression, reduction of extracel
lular polysaccharide and biofilm formation, and regulation of ROS production.97 Collectively, these functions contribute 
to enhanced wound healing, minimize scar formation, and improve the regeneration of vascular and neural tissues. 
Studies have demonstrated that tFNAs promote cell proliferation by activating Wnt/β-catenin signaling.98 In particular, 
mouse L929 fibroblasts were found to exhibit the highest proliferation rate after 24 hours of exposure to 250 nM tFNA. 
This effect was likely associated with the upregulation of cyclin-dependent kinase-like protein, which regulates the 
S phase of the cell cycle. However, it is important to note that tFNAs did not significantly affect the cell cycle in 
bronchial epithelial cells, cancer cells, or macrophages (Figure 3).

Specific Therapeutic Applications of tFNAs in Lung Injury
Therapy for ALI
ALI and its severe form, ARDS, are rapidly progressive forms of pneumonia. In these conditions, the early inhibition of 
inflammation is necessary to prevent further disease progression. These pathological processes are closely related to the 
cytokine storm mediated by macrophages, which play a key role in the defense against pathogen invasion, clearance of 
cellular debris, and regulation of inflammatory responses in ALI.99 Upon activation, macrophages trigger the release of 

Figure 3 The tFNAs promote lung injury repair by driving M2 transition, inhibiting T cells, scavenging ROS, and regulating cell cycles. tFNAs play an immunomodulatory role 
by promoting macrophage polarization to the reparative M2 phenotype, regulating T cell factors, inhibiting pro-inflammatory factors such as TNF-α and IFN-γ, and enhancing 
the anti-inflammatory factor IL-10. Together, these changes inhibit inflammation, promote tissue healing and vascular repair, and reduce scar formation. The green upward 
and downward arrows indicate upregulation and downregulation, respectively; the blue and red T-arrows indicate inhibition.
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pro-inflammatory mediators within lung tissue, which in turn promote PMN infiltration and compromise the integrity of 
the endothelial barrier. This leads to increased pulmonary microvascular permeability, resulting in interstitial and alveolar 
edema, atelectasis, and hyaline membrane formation. This ultimately causes acute hypoxic respiratory dysfunction or 
respiratory failure. Recent studies have shown that tFNAs can regulate oxidative stress and macrophage-mediated 
inflammatory responses by inhibiting the phosphorylation of MAPK family proteins, including ERK1/2, JNK1/2/3, 
and p38.88

The widespread misuse of antibiotics has led to the emergence of drug-resistant pathogens.100 These pathogens resist 
the effect of drugs by forming biofilms and release hemolytic toxins into the host’s circulatory system while also 
damaging cellular membranes, significantly increasing membrane permeability. Furthermore, they impair macrophage 
activation, suppress host immune responses, and promote the recruitment and proliferation of myeloid-derived suppressor 
cells, thereby disrupting both innate and adaptive immunity. This immune evasion ultimately results in severe patholo
gical damage and dysfunction in lung tissues.101,102 To overcome both the immunosuppressive effects and drug resistance 
mechanisms of these pathogens, researchers have developed biomimetic nano-delivery systems based on tFNAs, with 
simultaneously optimized antibacterial treatment and immune regulation.103 One such system was prepared by covalently 
loading the tFNA skeleton with tobramycin and coating it with a neutrophil–platelet-derived hybrid membrane to enable 
precise and targeted antibiotic delivery, toxin neutralization, as well as immune microenvironment modulation.103 The 
biomimetic nano-therapeutic significantly enhanced drug accumulation at the site of pulmonary infection through active 
targeting mechanisms facilitated by the biomimetic membrane. Simultaneously, the pattern recognition receptors on the 
membrane surface enabled the synchronous clearance of bacteria and their secreted toxins.

Inhibiting pathogenic microRNAs within the body is considered a key therapeutic strategy, as these regulatory 
molecules are involved in approximately 60% of intracellular protein expression processes. Meanwhile, given the 
sensitivity of DNA molecules to ROS, the use of exogenous DNA nanostructures to scavenge intracellular ROS has 
demonstrated functional efficacy. Yao et al developed a three-dimensional t-sponge carrier that integrates an antisense 
miR-155 aptamer and a ROS-scavenging module onto a tFNA platform, achieving dual-mode synergistic regulation 
through “base complementary trapping” and “redox-sensitive binding”.78 When delivered via nebulization to modulate 
the local immune microenvironment in ALI, the tFNAs facilitated the rapid penetration of microRNA inhibitors and 
enhanced pulmonary retention. This combination approach effectively reduced the intracellular levels of pathogenic miR- 
155 and ROS. The target protein of miR-155, suppressor of cytokine signaling 1 (SOCS-1), is a key regulatory factor that 
promotes the degradation of NF-κB. By adsorbing miR-155, which is highly expressed during inflammation, t-sponge 
reduces the inhibition of SOCS-1, thereby enabling the negative regulation of inflammation via the NF-κB pathway. This 
downregulation decreases the mRNA expression of LPS-induced ALI-related inflammatory factors (TNF-α, IL-6, IL-1β, 
and iNOS) and the chemokine CXCL1. Additionally, it promotes macrophage polarization toward the anti-inflammatory 
M2 phenotype, remodels the local immune microenvironment, and mitigates oxidative stress, thus alleviating lung injury.

Therapy for Pulmonary Fibrosis
The onset and progression of pulmonary fibrosis represent highly complex processes driven by epithelial cell injury due 
to inflammatory cytokines, oxidative stress, and other pathological factors. This process is further complicated by 
excessive EMT, FMT, and ECM accumulation, along with the activation of multiple associated signaling pathways. 
Zhang et al developed a pulmonary fibrosis cell model using alveolar epithelial cells derived from lung tissue and 
induced fibrosis using TGF-β1 stimulation to explore the therapeutic potential of tFNAs.96 Their findings indicated that 
tFNAs can downregulate the expression of critical fibrosis markers, including α-smooth muscle actin (α-SMA), collagen 
I (Col I), and fibronectin. This antifibrotic effect is achieved through the inhibition of ROS production and the down
regulation of the Smad 2/Smad 3 signaling pathway, which plays a significant role in regulating EMT and ECM 
production. Collectively, these mechanisms contribute to the inhibition of fibrosis progression. Existing medications 
for fibrosis are primarily administered orally in the form of tablets or capsules. However, oral administration presents 
several limitations, including high dosage requirements, limited targeting capability, and no treatment precision. In 
contrast, tracheal aerosol delivery is a widely accepted and non-invasive route of administration. Nebulized inhalation 
can address the shortcomings of oral administration by reducing the dosage and frequency of administration. One study 

https://doi.org/10.2147/IJN.S611318                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 12

Song et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



showed that the nebulized inhalation of drugs can increase the local concentration of PFD in the lungs and accelerate the 
rate of drug absorption.104,105 In a recent study, Xie et al delivered PFD via intratracheal nebulization using a Pt complex 
formed by loading PFD onto tFNAs.15 This strategy significantly improved the solubility and bioavailability of PFD, 
enabling targeted and quantitative delivery to the lungs. In vivo, the Pt complex enhanced immune regulation, exerted 
anti-inflammatory and antioxidant effects, and modulated the TGF-β1/Smad signaling pathway. These combined effects 
led to improved body weight recovery in pulmonary fibrosis mouse models, restored lung tissue architecture, and reduced 
mortality. In vitro studies further confirmed the antifibrotic efficacy of Pt, as evidenced by the downregulation of collagen 
I and α-SMA expression.15 Additionally, Pt inhibited excessive fibroblast activation and EMT in epithelial cells exposed 
to TGF-β1, while also suppressing the production of the pro-inflammatory factor NOD-like receptor thermal protein 
domain-associated protein 3 (NLRP3) and oxidative mediator NADPH oxidase-4 (NOX4).

In addition, Li et al found that the signaling pathway responsible for macrophage polarization, ie, the CCL2/CCR2 
axis (including JAK/STAT, MAPK, and NF-κB signaling pathways), is activated in pulmonary fibrosis The activation of 
this axis promotes M1 macrophage-mediated myofibroblast activation and exacerbates alveolar inflammation. Given the 
central role of this signaling axis in macrophage migration, proliferation, and polarization, targeting the CCL2/CCR2 axis 
represents a promising therapeutic strategy.106 To this end, Li et al engineered a multi-adhesive terminal tFNA platform 
for the delivery of quadruple siCCR2 RNA in a mouse model of persistent pulmonary fibrosis mediated by pulmonary 
alveolar inflammation, induced by bleomycin and chest irradiation. By targeting the CCL2/CCR2 axis to deplete M1 
macrophages and inhibit their recruitment to the lung parenchyma, the activation of fibroblasts was effectively 
suppressed, thereby mitigating fibrotic progression.105 Overall, these findings regarding tFNAs provide novel perspec
tives for the application of novel nucleic acid nanomaterials for the treatment of fibrotic diseases.

Therapy for Lung Cancer
In recent decades, targeted therapies and immunotherapies have significantly improved survival outcomes for patients 
with advanced lung cancer. However, the frequent emergence of drug resistance continues to compromise the long-term 
prognosis of these patients.107 Drug resistance refers to the capacity of tumor cells to activate various defense 
mechanisms that diminish or negate the cytotoxic and inhibitory effects of anticancer drugs. Paclitaxel (PTX), 
a widely used chemotherapeutic agent, promotes microtubule polymerization, disrupts cellular function, and induces 
apoptosis. However, its clinical efficacy is significantly limited by resistance.108 The major mechanisms underlying PTX 
resistance in tumors include decreased drug influx, enhanced drug efflux, activation of DNA repair pathways, and 
inhibition of apoptosis.109 o overcome these limitations, a PTX/tFNA drug delivery system was developed, in which PTX 
was loaded onto tFNAs.110 Studies have shown that tFNAs enhance the uptake of PTX by cancer cells and prevent drug 
efflux by exploiting caveolin-mediated endocytosis and exocytosis pathways. Moreover, the PTX/tFNA system down
regulates the expression of multidrug resistance genes and P-glycoprotein, thereby limiting drug efflux, increasing cancer 
cell death, and reversing PTX resistance in lung cancer. In addition, the progression of lung cancer is heavily influenced 
by the tumor microenvironment (TME), a complex system of tumor cells, surrounding tissues, and immune cells that is 
characterized by hypoxia, immunosuppression, low pH, and inflammatory cell infiltration.111 Immune suppression is the 
primary factor hindering tumor elimination and has a direct impact on treatment efficacy. In a recent study, a novel 
inhalation strategy using nebulized tetrahedral DNA nanomachines was proposed. Subsequently, an inhalable pH- 
responsive tetrahedral DNA nanomachine was engineered for the treatment of metastatic lung cancer. This carrier 
incorporated immunomodulatory CpG oligonucleotides and antagonistic DNA aptamers that targeted programmed cell 
death ligand 1 (PD-L1).112 This carrier system was designed to release CpG and PD-L1 aptamers specifically in the 
acidic TME through the fine-tuning of their molar ratio, thereby blocking the PD-1/PD-L1 immune checkpoint axis. The 
CpG oligonucleotides were then internalized by antigen-presenting cells, triggering anti-tumor immune activation and 
cytokine secretion. Additionally, the use of the inhalation approach could bypass the lung mucosal barrier, significantly 
enhance drug accumulation within the tumor site, suppress tumor growth, and prolong survival in murine models. This 
study confirmed that genetically engineered tetrahedral DNA structures can effectively penetrate the lung mucus and 
tissue barriers to deliver immunotherapeutic agents directly to tumor tissues. Nonetheless, further optimization is 
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required to achieve sustained therapeutic effects and improved clinical outcomes. A diagram of the mechanistic pathway 
of the tFNAs nano-platform for treating lung injury is shown in Figure 4.

Beyond this, recent investigations have also revealed differences in the microbial composition of tumor tissues and 
normal tissues.113 Specific microorganisms have been found to preferentially accumulate at tumor sites, suggesting their 
potential utility as precision carriers for anticancer drugs. Building on this concept, a novel bacterial nanoplatform was 
developed to target tumor-associated biofilms and modulate the TME.114 This strategy involved modifying the anti-tumor 

Figure 4 The tFNAs nano-platform penetrates the mucosal barrier for targeted, efficient drug delivery to treat lung injury. After the tFNAs-based nanoplatform penetrates 
the mucus barrier and is endocytosed by macrophages, it promotes macrophage polarization from the pro-inflammatory M1 to the reparative M2 phenotype. The platform 
simultaneously modulates key pathological pathways by inhibiting inflammation (NF-κB/MAPK), fibrosis (TGF-β1/Smad), ROS, and EMT to restore immune homeostasis and 
achieve integrated therapeutic efficacy. The black upward and downward arrows indicate upregulation and downregulation, respectively; the black T-arrows indicate 
inhibition.
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aptamer AS1411 and the chemotherapeutic agent 5-fluorouracil, conjugating both to a single-stranded DNA-based tFNA, 
and using Streptococcus mutans as a biological carrier. This system enabled synergistic biofilm targeting and immune 
modulation, offering considerable potential for clinical translation. In the future, biomimetic nanocomposites based on 
bacterial carriers and tetrahedral DNA nanomedicines could be expanded to the treatment of a wide range of malig
nancies. Table 1 summarizes some preclinical studies on the use of tFNAs for treating lung injury, highlighting their 
design and therapeutic outcomes.

Optimization and Clinical Challenges of tFNAs
With the rapid development of DNA nanotechnology and molecular biology, DNA nanocarriers and nucleic acid 
therapies have advanced considerably, demonstrating immense potential in the field of biomedicine. tFNAs, the simplest 
DNA polyhedral structures, have shown great biomedical potential. However, the clinical translation of these tFNAs is 
still associated with several challenges, and specific solutions are required to ensure their successful integration into 
medical practice.

Targeted Optimization
Due to their exceptional programmability, biocompatibility, and significant cellular uptake and tissue penetration 
capabilities, tFNAs have demonstrated significant potential as delivery platforms for various bioactive molecules. 
However, some limitations remain, including susceptibility to enzymatic degradation and insufficient ability to cross 
physiological barriers. Although tFNAs can increase the intracellular uptake of aptamers and small-molecule drugs, these 
agents are loaded onto the tFNA exoskeleton. The drug loading, biological stability, and off-target effects of these static 
structures under complex biological conditions thus remain unclear. For the delivery of small interfering RNA (siRNA) 
or microRNA, the “tail-like” structures at the apex can be modified using simple and convenient designs, but the sticky 
ends protruding from the exoskeleton are prone to degradation during transport.121 Additionally, off-target effects remain 
a major concern in many gene therapy applications.

Table 1 Application and Mechanism of tFNAs for Treating Lung Injury

Types Disease Agents Modification Mechanism and Effect Refs.

ALI N/A Dimethyl 
fumarate and 
Tuftsin

Mosaic and 
cantilever

By integrating three regulatory strategies to suppress pyroptosis: tFNAs exert 
intrinsic ROS-scavenging activity, while the released DMF activates the NRF2/HO-1 
axis to further eliminate intracellular ROS and directly inhibits GSDMD cleavage.

[115]

ALI ARDS Nobiletin and 
Tuftsin

Mosaic and 
cantilever

Tuftsin delivers tFNAs to alveolar macrophages, triggering nobiletin release and 
BMAL1 activation, which upregulates the BMAL1/PFKFB3 axis to suppress 
glycolysis, inflammation, and oxidative stress.

[116]

ALI N/A N/A N/A tFNAs activate the CGAS-STING pathway to induce autophagy, inhibit oxidative 
stress and apoptosis, reduce inflammation, and improve survival rate.

[117]

Chronic lung injury Pulmonary 
fibrosis

LC4 Mosaic and 
vertex

By targeting SNX3, it exerts dual inhibition on the Wnt/β-catenin pathway: 
blocking Wntless degradation and CK-1α membrane trafficking, alleviating fibrosis 
and improving lung function.

[118]

Chronic lung injury Pulmonary 
fibrosis

N/A N/A tFNAs exert anti-fibrotic effects by inhibiting ROS and the TGF-β/Smad pathway, 
suppressing EMT, and reducing ECM deposition.

[96]

Chronic lung injury Lung 
cancer

miR-126-3p Sequence 
replacement

Triggering the entropy drive amplifies fluorescence, releases miR-126-3p to inhibit 
the ADAM9 pathway, induces cancer cell apoptosis and inhibits EMT, enables 
imaging and treatment.

[119]

Chronic lung injury Pulmonary 
fibrosis

metformin Mosaic tFNAs penetrate the dual barriers of lung mucus and epithelium, where they 
respond to DNase I in lysosomes and release the drug. This activates the AMPK 
pathway, inhibits EMT and collagen deposition.

[120]

Abbreviations: DMF, Dimethyl fumarate; ROS, Reactive oxygen species; NRF2, Nuclear factor erythroid 2-related factor 2; HO-1, Heme oxygenase-1; GSDMD, Gasdermin 
D; BMAL1, Brain and Muscle ARNT-Like 1; PFKFB3, 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; CGAS-STING, Cyclic GMP-AMP synthase-Stimulator of 
Interferon Genes; SNX3, Sorting nexin 3; CK-1α, Casein kinase 1α; EMT, Epithelial-mesenchymal transition; ECM, Extracellular matrix; ADAM9, A disintegrin and 
metalloprotease 9; DNase I, Deoxyribonuclease I; AMPK, Adenosine 5′-monophosphate-activated protein kinase.
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The precise regulation of target genes using oligonucleotides has garnered increasing interest due to the remarkable 
therapeutic effects and enormous potential for improvement. However, achieving targeted delivery, enhancing functional 
performance, overcoming nuclease degradation, and ensuring successful lysosomal escape remain challenging.122 To over
come these obstacles, researchers have proposed an active strategy designed to optimize tFNA targeting, promote the stable 
encapsulation of DNA tetrahedral vectors, and enable controlled, stimulus-responsive release. Thus, a versatile platform 
tailored for diverse drug delivery requirements can be fabricated.123 In one study, siRNA was successfully encapsulated 
within dynamic lysosome-activated tFNA nanocapsules to achieve targeted, stimulus-responsive release.124 Thus, a versatile 
platform tailored for diverse drug delivery requirements can be fabricated. In one study, siRNA was successfully encapsu
lated within dynamic lysosome-activated tFNA nanocapsules to achieve targeted, stimulus-responsive release. This method 
involving complete encapsulation could prevent the premature dissociation of the drug–carrier complex at physiological 
temperatures, offer sufficient amounts of cargo securing force, protect siRNA against enzymes, and achieve pH-dependent 
release in target organelles. The targeting efficiency could be further improved through antibody-coupling strategies. For 
instance, doxorubicin (DOX), a potent chemotherapeutic agent, was embedded within a tFNA vector and coupled with the 
pro-apoptotic peptide D-(KLAKLAK)2 (KLA) to achieve mitochondrial targeting.125 In this system, DOX exerted cytotoxic 
effects against tumor cells, while KLA facilitated mitochondrial localization of DOX and activated intrinsic apoptotic 
pathways, enhancing anticancer efficacy. However, major transport barriers, including the blood–brain barrier and the plasma 
membrane, still limit the effective delivery of tFNAs. Although fluorescence imaging studies have confirmed that tFNAs 
enter cells primarily via caveolin-mediated endocytosis, this receptor-dependent pathway does not guarantee the efficient 
transport of DNA nanostructures across all barriers. Therefore, it remains critical to develop tFNA-based drug delivery 
systems capable of penetrating a range of different physiological barriers, increasing selective uptake by diseased tissues or 
cells, and reducing their uptake in healthy cells and tissues.126

Security Assessment
The safety and stability of tFNAs in vivo are critical to their biological applications and are key prerequisites for 
advancing their clinical translation. While mononucleotides are inherently biocompatible and biodegradable, their 
incorporation into DNA nanostructures may alter these properties. Although current evidence supports the good 
biocompatibility of tFNAs, the potential for long-term toxicity cannot be ignored. Previous studies have also demon
strated the safety of single-dose administration. However, comprehensive histopathological analysis after long-term, 
high-dose treatment, particularly in major organs such as the liver, kidneys, and spleen, is still lacking. Therefore, further 
investigation is still needed to fully assess the potential toxic effects of tFNAs. Recent research has provided important 
insights into the in vivo distribution, metabolism, and biosafety of tFNAs. In one study, tFNAs were labeled with the 
fluorescent dye Cy5 and their distribution in mice was tracked using in vivo imaging.127 Following the tail vein injection 
of Cy5-labeled tFNA, the fluorescence intensity increased in multiple organs in a time-dependent manner. Notably, strong 
signals were detected in the kidneys and brain during the early post-injection phase, confirming that tFNA accumulated 
rapidly in these tissues after entering the bloodstream. In addition, the fluorescence signal gradually shifted toward the 
bladder, suggesting that the tFNA was effectively processed and metabolized by the kidneys.128,129 Similarly, other 
studies have also demonstrated that tFNAs are excreted via the kidneys. This rapid clearance suggests that tFNAs can be 
effectively eliminated from the systemic circulation, thus reducing the risk of adverse reactions following long-term 
exposure. The findings suggest that the risk of tFNA accumulation in major organs is low, further supporting the safety of 
tFNAs. However, such clearance dynamics may also limit the sustained accumulation of tFNAs in target tissues, such as 
lung lesions, the available evidence is insufficient. In this context, a comprehensive analysis of the affected metabolic 
pathways and elimination mechanisms will be crucial to clarify the pharmacokinetic properties of tFNAs.

Furthermore, a detailed long-term evaluation of the immunomodulatory effects of tFNAs is also warranted. Despite 
being the simplest DNA nanostructures, tFNAs exhibit significantly greater structural complexity than conventional 
oligonucleotides. Their three-dimensional configuration and potential exogenous modifications can trigger immune 
responses as foreign entities, raising concerns about immunogenicity. Current immunological assessments largely rely 
on in vitro cellular models, while in vivo immune responses (such as antibody production and complement activation) 
remain inadequately explored. Recent studies suggest that tFNAs can partially activate the cGAS-STING pathway, a key 
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inflammatory signaling cascade, and that the extent of activation correlates positively with the length of the DNA single 
strand.130 However, these findings have been validated only in vitro using a single cell type, and it remains unclear 
whether such activation translates into downstream inflammatory responses in vivo. In addition, factors such as the 
dosage, frequency, and route of tFNA administration must be carefully considered to optimize tFNA-based therapy while 
minimizing the risk of excessive immune activation. As such, a comprehensive evaluation of the immunostimulatory 
properties of tFNAs is essential before promoting their widespread clinical application.131

Clinical Translation Bottlenecks
Preclinical research on tFNAs has shown promising results in various disease models. However, it remains uncertain 
whether tFNAs can effectively transport therapeutic molecules that exceed their own size and molecular weight. Adding 
biomolecules on the vertices or arms of tFNAs may disrupt their inherent conformational flexibility, potentially 
compromising the stability, rigidity, and overall geometric structure of the assembled nanostructure.65 It is well 
established that the size, shape, and surface charge of DNA nanostructures influence their cellular uptake mechanisms, 
intracellular transport, and eventual destination. Further studies are needed to determine whether conjugation with 
complex biomolecular structures affects the internalization of tFNAs.132 Furthermore, current in vivo studies are 
primarily limited to murine models, and the therapeutic efficacy of tFNAs in humans remains to be further evaluated 
and verified. The transition from laboratory research to clinical application presents numerous challenges, the most 
important of which include production costs, scalability, consistency, and adherence to high manufacturing standards. For 
practical biomedical applications, it is essential to produce large quantities of high-purity functional DNA nanostructures. 
This places high demands on the reproducibility of the nanomaterial synthesis process and impacts systematic preclinical 
toxicity assessments and early-stage in vivo investigations. Although self-assembly technology has enabled the labora
tory-scale fabrication of DNA nanostructures, issues such as low production yield, significant batch-to-batch variability, 
and high costs make scaling up challenging. These limitations create significant barriers in preventing the clinical 
translation of tFNAs. Addressing these problems is crucial to realize the full therapeutic potential of tFNAs for 
biomedical applications. Several convenient and cost-effective purification techniques for DNA nanostructures have 
been implemented at the laboratory level, including Bellot’s agarose gel electrophoresis-based separation method and 
Lin’s rate-zonal centrifugation technique for purifying DNA origami nanostructures via rate zone centrifugation. 
Additionally, methods such as PCR amplification and microbial fermentation have been explored for cost control and 
the mass production of DN.133,134 However, these approaches are yet to achieve reliable and consistent results in large- 
scale DNA production. To overcome these challenges, researchers have proposed the DELIVER framework, which 
provides a roadmap for clinical research on nanomedicine.135 This framework comprehensively covers all the steps from 
design to clinical application and aims to systematically guide the development, optimization, and adoption of nanome
dicines and nucleic acid therapies in clinical practice.

Conclusion and Future Prospects
This article systematically reviews the research progress on tFNAs in lung injury repair. As a three-dimensional 
nanomaterial constructed using DNA nanotechnology, tFNAs can be used in clinical applications due to their 
unique tetrahedral structure, excellent biocompatibility, programmability, biodegradability, and high stability. Their 
unique ability to penetrate cell membranes and tissues without adjuvants makes them ideal candidates for drug 
delivery. They are small, can be distributed accurately, administered quickly and specifically, and have minimal 
impact on other organs. In specific application scenarios, tFNAs have been successfully used for anti-inflammatory 
immune regulation in ALI/ARDS, anti-fibrotic therapy in pulmonary fibrosis, and reversal of drug resistance and 
remodeling of the immune microenvironment in lung cancer, providing innovative strategies and a theoretical basis 
for the clinical treatment of lung injury. In summary, the biomedical applications of tFNAs are supported by two 
core aspects: (1) The unique physicochemical properties of DNA molecules, including sequence programmability, 
dynamic regulation of cell behavior, and efficient ROS scavenging, which collectively provide a versatile mole
cular toolbox for designing intelligent delivery systems; and (2) The spatial advantages conferred by their 
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tetrahedral topology, which facilitate enhanced cellular uptake through geometric adaptability, improve deep tissue 
penetration, and enable modular assembly for functional integration in complex biological environments.

Although tFNAs have demonstrated notable efficacy in the treatment of lung injuries, their therapeutic potential 
extends well beyond this domain. With the rapid advancement of DNA nanotechnology and a growing understanding of 
lung injury mechanisms, future research should aim to explore and ensure optimization in several key areas: (1) 
Standardized manufacturing: The fabrication of tFNAs involves a complex self-assembly mechanism and stringent 
purity standards. Achieving stable, efficient, and large-scale production will necessitate breakthroughs in synthesis 
technologies and process innovations. (2) Engineering of intelligent carriers: tFNAs are programmable and can respond 
to the environment. By leveraging physiological stimuli such as pH, ROS, temperature, specific oligonucleotides, or 

Figure 5 Optimization and exploration of a nano-drug-loading platform for lung injury based on tFNAs in the future. This future research strategy foresees an AI-driven 
approach to optimize lung injury models and tFNAs-based platforms. It integrates standardized tFNAs manufacturing with intelligent, environmentally responsive carrier 
engineering (eg, responsive to pH, ROS, ATP) to enable targeted and intelligent therapy.
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adenosine triphosphate (ATP) levels, the spatiotemporally dynamic and controllable release of drug molecules can be 
achieved for lung injury treatment, and the accuracy of drug delivery and treatment specificity can be improved. (3) 
Integration of artificial intelligence (AI): Continued advancements in AI algorithms, combined with improvements in 
DNA origami techniques, offer the potential to tailor tFNA-based therapies to individual patients. AI can not only be 
used to analyze the characteristics of individual lesions (through imaging and biomarker data) but also to design 
optimized DNA sequences and generate standardized databases, thereby expanding the capabilities of tFNAs for targeted 
disease treatment. (4) In-depth mechanistic analysis: Using spatial transcriptomics and single-cell multi-omics, future 
studies should explore the dynamic transcriptional reprogramming of immune cells, epithelial cells, and interstitial cells 
in lung tissue before and after tFNAs treatment. This could help elucidate key pathways involved in immune reprogram
ming and the reversal of lung injury pathology. (5) Optimization of research models: Although DNA-based drug delivery 
systems are not yet in clinical use, the field is advancing rapidly. Establishing lung injury models that more closely 
resemble human pathology (eg, organoids and humanized mouse models) and evaluating the differential effects of tFNAs 
at various stages of disease could be instrumental in accelerating the clinical translation of tFNAs (Figure 5). If 
significant advancements are achieved in these areas, tFNAs could emerge as a novel paradigm for nanodrug therapy 
in cases of lung injury treatment and offer a scalable framework for addressing chronic inflammation, fibrosis, and 
malignancies in other organ systems.
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